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Abstract

 The Appalachian Orogen in Atlantic Canada, and its extension into the Variscan Orogen 
of Europe, are crucial locations for the development of some of the earliest ideas associated with 
plate tectonic theory. The recognition of a boundary that separated rocks of Gondwanan faunal 
affi nity from those of Laurentian faunal affi nity in the northern Appalachians was fundamental in 
defi ning a Wilson cycle; the process of opening and closing an oceanic basin that pre-dated the At-
lantic Ocean.  Tectonic models for the Appalachian Orogen have become increasingly complex as 
more geological data have become available resulting in the subdivision of distinct exotic terranes 
(Avalonia, Ganderia and Meguma) and putative multiple subduction/accretion events. These ter-
ranes, collectively referred to as “peri-Gondwanan”, are generally interpreted to have been rifted 
from the northern Gondwanan margin in the early Paleozoic and sequentially accreted to the 
Laurentian margin via the closure various oceans, thereby suggesting successive Wilson cycles 
during the mid-late Paleozoic. A viable method for testing the model of multiple Wilson cycles 
is to investigate the hafnium isotopic arrays from zircon grains, which are capable of recording 
the evolution of complex accretionary orogenic systems. This thesis presents a comprehensive 
hafnium data set from igneous and sedimentary rocks in the Appalachian and Variscan orogens to 
assess the isotopic signature of sequential Wilson cycle tectonics. 
 Hafnium isotopic (εHf) arrays allow the provenance of exotic terranes in the Appalachi-
an-Variscan orogenic system to be established. Ganderia and Avalonia, and probably Meguma, 
were built on a Mesoproterozoic basement that must have formed along the former Grenvillian 
suture-zone. In Variscan Europe, εHf arrays show that Iberia was derived from the Saharan metac-
raton and Armorica from the West African Craton.  The Upper Allochthon of Iberia is often linked 
to the West African Craton, but it is more similar to the εHf array of Avalonia. Hafnium isotopes 
of magmatic and detrital zircons from Ganderia indicate the terrane hosted a long-lived magmatic 
arc that began between 800-750 Ma and continued until 450 Ma. The arc initially formed on ju-
venile Grenvillian crust, but a transition toward more evolved Hf isotopic compositions between 
650-600 Ma coincides with accretion of Ganderia to the Gondwanan margin.  Increasing amounts 
of juvenile crustal inputs between ~550-500 Ma are interpreted to refl ect subduction roll-back and 
eventual rifting of Ganderia from the margin, associated with opening of the Rheic Ocean. Juven-
ile zircons from the leading-edge arc system of Ganderia, the Penobscot-Popelogan-Victoria arcs, 
indicate that they were exclusively oceanic by ~500 Ma.  By contrast, evolved Hf values confi rm 
that the coeval Notre Dame arc developed on the Laurentian margin between ~515-430 Ma. The 
preservation of very evolved (εHf =-15 to -25) Notre Dame arc zircons in Ganderian overstep 
sequences confi rm the arrival of the leading edge of Ganderia to Laurentia by ~450 Ma. 
 The Dover Fault separates Ganderia from Avalonia. Monazite geochronology and mineral 
phase equilibria modelling of amphibolite facies rocks from within the fault system help constrain 
the younger tectonic evolution of Ganderia. The metamorphic rocks record two major stages of 
Ganderia evolution: (1) a low pressure (P), high temperature (T) (3-4 kbar, 600°C) event recorded 
by 460 ± 7 Ma monazites, associated with formation of the adjacent Tetagouche-Exploits back-arc 
basin, and (2) a higher P, lower T event (5-6 kbar, ~600-650°C) characterised by migmatisation 
and formation of garnet-sillimanite bearing metamorphic assemblages at 409 ± 6 Ma, interpreted 
to refl ect a short interval of compression associated with the widespread Acadian orogeny. 
 The Hf isotopic arrays show that Avalonia records a history of arc magmatism dating back 
to 800-750 Ma, when it formed on Grenvillian-aged crust. A shift to more juvenile (+εHf) values 
by 700 Ma indicates it had evolved to an oceanic terrane at that stage, but like Ganderia, it also 
records the transition toward more evolved Hf isotopic compositions between 650-600 Ma, coin-
ciding with accretion onto the Gondwanan margin. 



 Thereafter, it also records the shift back toward juvenile values as the terrane rifted from 
Gondwana to open the Rheic Ocean. The isotopic array of Meguma overlaps with those of Gan-
deria and Avalonia, indicating that it travelled the same journey.  Accordingly, the three terranes 
are combined and referred to as “composite Avalonia”.
The characteristic Hf array of composite Avalonia, and comparison with Hf data compilations 
from cratonic Amazonia, Baltica and Laurentia, allow Neoproterozoic to Paleozoic paleogeo-
graphic models to be reassessed. Avalonian continental arc magmatism began at ~800 Ma near 
the former Grenville suture-zone, most likely along the Laurentian margin. It is proposed that 
arc magmatism is the southern extension of the Valhalla arc in east Greenland. Propagation of an 
ocean spreading ridge behind the developing Valhalla Orogen opened the Asgard Sea, separating 
Baltica and Amazonia from Laurentia, possibly as early as 900 Ma.  Subduction was initiated 
along the Laurentian margin between ~800-750 Ma, and the uniform shift toward juvenile ε(Hf) 
values between 750-650 Ma suggests the arc retreated from Laurentia to form the microcon-
tinental ribbon of composite Avalonia by 700 Ma, opening proto-Iapetus as a back-arc basin 
between the ribbon and Laurentia. Migration of the composite Avalonian ribbon and its accretion 
to Gondwana by 650 Ma closed the Asgard  Sea, as   shown  by  the  reversal  of  εHf  data  to  
progressively  negative  values  between  650-600  Ma. 
 Reversal of the isotopic trend to +εHf values between 600-450 Ma for composite Ava-
lonia, along with the Iberian and Amorican terranes of Europe, shows that all developed as a 
retreating oceanic arc off the north Gondwanan margin. As the ribbon separated the Rheic Ocean 
formed, with Meguma as the trailing passive margin. Composite Avalonia migrated northward, 
initially closing the Tornquist Sea as it collided with Baltica, then closing Iapetus at ~450 Ma 
during protracted collision with Laurentia. Following the fi nal accretion of composite Avalonia 
by ~440 Ma, subduction stepped outboard into the trailing Rheic Ocean, placing composite Ava-
lonia in an upper plate, suprasubduction zone setting. The εHf array for the northern Appalachian 
Orogen shows a progressive homogenisation toward CHUR. This “arrow-head” εHf array is in-
terpreted to indicate crustal reworking during tectonic switching, between retreating (e.g. Salinic 
and Neoacadian orogenies) and advancing (e.g. Acadian orogeny) subduction episodes, which 
exclusively reworked the juvenile (Late Neoproterozoic) and Grenvillian-type basement. 
 The Variscan European hafnium array is remarkably similar to the Appalachian array 
between ~600-450 Ma in that both transition towards increasingly radiogenic values, indicating 
all the terranes along the northern Gondwanan margin developed into retreating magmatic arcs 
during subduction rollback. After ~450 Ma, the European arrays also record continual recycling 
of the former Neoproterozoic arc basement along a typical crustal evolutionary path, with limited 
input from the depleted mantle and no recycling of ancient Gondwanan crust. Intermittent back-
arc opening and closing events, including the Variscan orogeny at ~360 Ma, occurred throughout 
the Paleozoic and early Mesozoic of Europe. The Mesozoic-Cenozoic εHf array of Variscan 
Europe simply refl ects ongoing subduction-related magmatic activity in Europe associated with 
opening and closing of basins in the Tethyan oceanic realm, following Pangean amalgamation. A 
strong negative εHf excursion at 30 Ma indicates subduction and melting of Gondwanan cratonic 
lithosphere for the fi rst time since 600 Ma, suggesting the arrival of former Gondwana into the 
subduction zone. 
 Hf isotopic arrays indicates that the completion of the type-Wilson cycle in the northern 
Appalachians is marked only by termination of magmatism as the εHf array converged on CHUR 
at ~300 Ma. Similarly in Europe the collision of Gondwana with Laurentia to form Pangea is not 
refl ected in the εHf array and also refl ects only the reworking of composite Avalonia. Therefore, 
the assembly of Pangea could form only part of a larger, longer-term supercontinental cycle. 
Accordingly, Hf isotopic arrays provide an opportunity to reassess Precambrian supercontinent 
reconstructions at a cratonic scale, but are less likely to recognise individual Wilson cycles unless 
they involve reworking of cratonic crust at the beginning and end of each cycle.
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1. PLATE TECTONICS AND THE WILSON CYCLE CONCEPT

 Plate tectonics is perhaps the most important and fundamental theory in geology, of 
which the Wilson cycle forms an integral part. The Wilson cycle is coined after Tuzo Wilson 
(Wilson, 1966), based on his understanding of the Appalachian Orogen. The fi rst stage of a 
Wilson cycle involves splitting a tectonic plate apart, culminating in the opening of an ocean 
basin and the generation of oceanic crust as the two plates diverge (Fig. 1a-d). This is the classic 
“Atlantic-style ocean-opening process. The second phase involves the reversal of plate motion, 
subduction initiation, consumption of the oceanic plate, and eventual collision of continental 
margins and subsequent orogenesis (Fig. 1e-g). A complete Wilson cycle, simply put, is the 
opening and closing of an oceanic basin (Fig. 1).

 The northern Appalachian Orogen in Atlantic Canada (Nova Scotia, Newfoundland and 
New Brunswick) formed an important location for the early stages of defi ning plate tectonics and 
the key stages of a Wilson cycle. Crucial for recognising the process of oceanic basin opening 
and closing was the identifi cation of a suture zone that ran through Atlantic Canada and into 
Western Europe, separating rocks of Laurentian affi nity from those of Gondwanan affi nity (Fig. 
2, Wilson, 1966; Williams, 1979; Williams et al., 1988). Over the last four decades, technological 
advancements have further refi ned the fundamental principles of the Wilson cycle, with much 
of the work taking place in the type section of Atlantic Canada (Fig. 1). Building on Wilson’s 
(1966) concept, Williams (1979; 1988) recognised important contrasts in the lithology, fauna, 
metamorphic and igneous record of the Neoproterozoic-Paleozoic rocks of Newfoundland and 
Nova Scotia (Atlantic Canada), and subdivided them into distinct tectonostratigraphic zones. 
These are: Ganderia, Avalonia and Meguma, which preserve continental affi nity with Gondwana; 
and two distinct “oceanic” domains that have affi nities to Laurentia (Notre Dame Subzone) and 
Ganderia (Exploits Subzone) and represent vestiges of the closure of the ancient Iapetus Ocean 
(Fig. 2).  The complex geology preserved in the Appalachian Orogen is commonly is now 
interpreted to be the result of a culmination of multiple Wilson cycles (see van Staal et al., 1998; 
van Staal et al., 2007; van Staal et al., 2009; Barr et al., 2014 and references therein), and thus 
represents an ideal natural laboratory to investigate the isotopic record of Wilson cycles and the 
implications for plate tectonics. 

2. GEOLOGICAL FRAMEWORK OF THE APPALACHIAN OROGEN
 
 The three distinct continental blocks in the northern Appalachian Orogen, Ganderia, 

Avalonia and Meguma (Fig. 2), have been called “peri-Gondwanan” (O’Brien et al., 1983; 
Nance and Murphy, 1994; Barr and White, 1996; O’Brien et al., 1996), based on their apparent 
Gondwanan affi nity.  Avalonia and Ganderia are commonly interpreted to have occupied a 
location along the Amazonian margin of Gondwana in the latest Neoproterozoic (Nance et 
al., 2008), whereas the paleogeography of Meguma is more enigmatic. Sparse detrital zircon 
data suggests an affi nity with Avalonia and the West African Craton throughout the late 
Neoproterozoic-early Cambrian (Waldron et al., 2009). Subtle differences in the geological 
records of the peri-Gondwanan terranes have resulted in contrasting interpretations for the 
evolution of the terranes during the late Neoproterozoic-early Paleozoic, as discussed below. 

 These so-called peri-Gondwanan terranes, and their counterparts in Variscan Europe 
(Iberia, Armorica, Cadomia and the Pontides of Turkey), are frequently interpreted to have 
formed by one of two tectonic evolutionary models. The fi rst requires the closure of up to fi ve 

INTRODUCTION AND THESIS OUTLINE
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A)

B)

C)

D)

E)

F)

G)

Continental crust

Mantle

Asthenosphere

Mid-Ocean ridge
Ocean crust

Subduction zone

Continental collision

Ocean crust

The Wilson cycle

Figure 1
Simplifi ed schematic showing the major stages in an idealised Wilson cycle. a) A single stable craton. 
b) early-stages of rifting and extension including normal faulting and half-graben development. c) The 
initiation of plate divergence during the development of a proto-oceanic basin. d) An oceanic basin at 
its fullest width. e) Subduction of oceanic crust commences along one margin of the ocean-continent 
boundary, reversing the plate motions. f) Spreading has ceased in the oceanic basin as the mid-ocean 
ridge is eventually subducted. g) The two continents are drawn together as the ocean closes, completing 
the Wilson cycle. 
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ocean basins (see van Staal et al., 1998; van Staal et al., 2007; van Staal et al., 2009; Barr et al., 
2014 and references therein) during the protracted accretionary assembly of the peri-Laurentian 
margin, thus involving fi ve potential Wilson cycles. In this model, Ganderia, Avalonia and 
Meguma were separate terranes that were diachronously rifted from the Gondwanan margin 
during the late Cambrian to Silurian (Landing, 2004; Pollock, 2007; Pollock et al., 2009; van 
Staal et al., 2012; White and Barr, 2012).  The leading edge of Ganderia is interpreted to have 
arrived at the Laurentian margin by ~452 Ma (Pollock et al., 2007; van Staal et al., 2012), 
and the trailing passive margin at ~435-422 Ma (Pollock et al., 2011), after the closure of 
the Tetagouche-Exploits back-arc basin (van Staal, 1994; Zagorevski et al., 2007). Avalonia 
is considered to have arrived almost immediately after following the closure of the Acadian 
seaway (Zagorevski et al., 2007; van Staal et al., 2014). The arrival of Meguma is contentious, 
but in the separate terranes model, it arrived during the later stages of the Acadian orogeny or 
during the Neoacadian orogeny at ~390-370 Ma (Robinson et al., 1998; Moran et al., 2007; 
Stampfl i et al., 2011). 

 The second model proposes that a contiguous continental terrane (composite Avalonia) 
closed a single oceanic basin (Iapetus) as it assembled with Laurentia, and opened a second 
ocean (Rheic) during its departure of Gondwana (Murphy et al., 1999; Stampfl i and Borel, 2002; 
Murphy et al., 2004; Murphy and Keppie, 2005). The latter model requires the completion of 
a Wilson cycle during the closure of the Iapetus Ocean and the completion of a second cycle 
during the closure of the Rheic Ocean.

3. THE ZIRCON HAFNIUM METHOD AND ISOTOPIC ARRAYS

 Zircon can host up to 1% hafnium in its crystal structure and, because of its very low Lu/
Hf ratio, it essentially preserves the initial 176Hf/177Hf ratio (expressed as εHf) of its source 
magma at the time of crystallisation (Kinny and Maas, 2003). The Hf isotopic composition of 
a zircon grain can be used as a geochemical tracer of a host rock’s origin in the same way that 
whole-rock Nd isotopes are used. However, the greatest advantage of the Lu/Hf method over 
the Sm/Nd method is that it allows for greater resolution and detail regarding the source of 
magmas, with the εHf array generating at least two end-member source components from the 
population of analysed zircons, whereas the Nd data only provides a single isotopic value, based 
on a weighted average for the whole rock. The differences between hafnium data from zircons 
and whole rock Nd data is particularly evident in sedimentary rocks where the sources can be 
highly varied and Nd data alone are not able to identify the individual components (e.g. Howard 
et al., 2009).  Even in granites, which are commonly considered to have a single source, zircon 
hosted hafnium isotopes are able to identify mixed sources and inheritance within a single 
sample (Griffi n et al., 2002; Villaros et al., 2011; Zhou et al., 2012), detail that may be lost using 
whole rock Nd data alone (Hawkesworth and Kemp, 2006). 

 Hafnium isotope analysis of the zircon grains provides an important second dimension 
to U-Pb zircon geochronology, allowing the age-data to be presented in statistically robust, 
composite epsilon hafnium (εHf) arrays.  Hafnium isotopes in zircons can be used for a 
single crystallisation event to describe the crustal and/or mantle contribution to magmatism in 
individual granitic suites (Griffi n et al., 2002; Jiang et al., 2012), in regional studies to describe 
the tectonomagmatic evolution of cratons (Belousova et al., 2009) or at global scale to describe 
the nature of supercontinent cycles (Kemp et al., 2006; Condie and Aster, 2010) or crustal 
growth during the Earth’s history (Kemp et al., 2007). Comprehensive hafnium isotopic arrays 
permit rigorous comparisons to putative source cratons in provenance studies (Howard et al., 
2009; Wang et al., 2010; Linnemann et al., 2014), as well as allowing the geodynamic links 
between dispersed continental blocks to be tested, which would otherwise show only weak 
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geological connections (Henderson et al., 2016). 
 More recently, Hf arrays from detrital and magmatic zircons have been used to identify 

the isotopic signature of the closure phase of Wilson cycles (Collins et al., 2011; Smits et al., 
2014). Shifts in hafnium isotopic arrays are indicators of a fundamental change in tectonic 
conditions. Using Hf arrays from Phanerozoic orogens Collins et al., (2011) identifi ed two 
distinct orogenic systems that yield contrasting isotopic signatures; the “exterior” circum-
pacifi c orogens and the “interior” Alpine-Himalayan-Indonesian collisional orogens. Circum-
pacifi c orogens are characterised by extensional, accretionary processes and record a long-
term shift towards increasingly juvenile hafnium values, which refl ect the progressive removal 
of ancient lower crust and subcontinental lithospheric mantle (SCLM) during continuous 
subduction processes. In contrast, interior orogens, like the Himalayas, are characterised by the 
progressive accretion of continental fragments during successive Wilson cycles.  Subduction-
related magmatism is restricted to periods of ocean closure (Collins et al., 2011) and records 
an initial excursion towards the depleted mantle refl ecting juvenile arc magmas derived from 
the mantle wedge, followed by mixing with evolved magmas that mirror the composition of 
the upper plate lithosphere. The result of a long-lived accretionary system is a ‘saw-tooth’ type 
pattern in the Hf isotopic array (e.g. Fig. 4a). 

 A third Hf isotopic array has been recognised by Smits et al. (2014) in central Australia 
during the Paleoproterozoic-Mesoproterozoic (Fig. 3). The oldest zircons of the orogen are 
~1700 Ma and the large vertical array of εHf values, between +12 and -30, suggest a continental 
arc was built on Archean crust, which can be identifi ed as the West Australian Craton. The 
isotopic contraction of negative epsilon hafnium values towards positive values during a ~100 
myr interval between 1700-1600 Ma has been interpreted to refl ect the initiation of subduction 
retreat and the removal of vast continental ribbon from the West Australian Craton (Fig. 3). The 
process is marked by the development of an inverted “U-shaped” array, refl ecting the transition 
from a continental arc to an extensional, accretionary orogen analogous to the circum-Pacifi c 
array (Collins et al., 2011). The infl ection in the Hf array from positive to negative values at 
~1500 Ma suggests the continental ribbon then underwent crustal reworking. The next ~300 
myr shows the array follows a typical crustal evolutionary path (Lu/Hf= 0.015), indicating that 
working continued between 1500-1200 Ma, whereby little ancient or juvenile crust contributed 
to the magmatism (Fig. 3). At ~1200 Ma, a major negative excursion to εHf values of -30 
indicates re-introduction of Archean crust into the magmatic system. Given the geological 
constraints that this interval coincided with major compressive deformation of the Albany-
Fraser orogen against the adjacent West Australian Craton, the -εHf excursion was taken to 
represent amalgamation of the Western and South Australian cratons (Smits et al., 2014). In 
effect, this was the termination of a long Wilson cycle.   

 As Hf isotopic arrays are capable of recording complex orogenic systems involving 
the closure of multiple oceanic basins, the method can be used to test the evolutionary models 
proposed for the Appalachian-Variscan Orogen.  By analysing the hafnium isotopic record of 
the detrital and magmatic zircons associated with the opening and closure of the Iapetus and 
Rheic oceans in the Appalachians, it is possible to investigate the presence and duration of 
Wilson cycles during the assembly of the Apalachian Orogen. If the peri-Gondwanan terranes 
are separated by a number of individual ocean basins (e.g. Zagorevski et al., 2007; van Staal 
et al., 2009), then the hafnium isotopic array should record the cyclical nature of consecutive 
ocean closure events (Fig. 4a), as the arrival of each crustal block should record the culmination 
of an individual Wilson cycle (Fig. 3). The hafnium array should show a vertical spike that 
records the development of a continental arc on the upper plate, where magmatism involves 
mixing between the basement crust and juvenile arc magmas derived from the mantle wedge 
(e.g. Mueller et al., 2008; Roberts et al., 2013; Linnemann et al., 2014) (Fig. 4a).  Following  the
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Figure 3
The hafnium isotopic array for the central Australian Musgraves Province, which is from Smits et al. 
(2014). The numbers correspond to: 1) craton formation, 2) initial continental extension and passive 
margin development, 3) ocean opening, 4) subduction initiation and back-arc formation, 5) oceanic 
closure during slow accretion of arc-backarc system and recycling, 6) terminal continental collision 
and, 7) post-collisional magmatism. 

Figure 4a (on the next page)
The expected hafnium isotopic record of the two main competing theories for the evolution of the north-
ern Appalachian orogen during the Paleozoic. A) The fi rst model considers the peri-Gondwanan ter-
ranes to be separate entities that arrived at the Laurentian margin via the closure of multiple oceanic 
basins (e.g. during consecutive Wilson cycles, see van Staal et al. 2009). The overall effect of this 
evolutionary model is a “saw-tooth” type pattern in the hafnium array. B) The second model considers 
the peri-Gondwanan terranes represented a single composite terrane that was accreted to Laurentia in 
during the Silurian (e.g. Murphy and Keppie 2005). An Andean style continental arc was then built upon 
the Laurentian margin during the closure of the Rheic Ocean, resulting in a fanning isotopic array that 
represents the ongoing recycling of juvenile arc magmas with the basement of the continental terrane. 
As subduction continues it strips the SCLM and replaces it with increasingly juvenile arc magmas, lead-
ing to an overall increasingly juvenile arc (see Collins et al., 2011).  

arrival of each terrane, subduction would step outboard into the next ocean basin and the same 
process should start again with an arc developing on the newly accreted terrane. The overall 
effect of this evolutionary model is a saw-tooth type pattern in the hafnium array (Fig. 4a). 
However, if the peri-Gondwanan terranes formed a contiguous “composite Avalonia” terrane 
(e.g. Murphy et al., 1999), then only a single Wilson cycle should be recorded in the hafnium 
isotopic array (Fig. 4b) during the early Paleozoic, with a second Wilson cycle associated with 
the closure of the Rheic Ocean prior to the Alleghenian Orogeny in the late Carboniferous 
(Williams et al. 1979, Hatcher et al. 1988; Veevers, 2004; Stampfl i et al., 2013). 

To ensure consistency throughout this thesis, epsilon hafnium (εHf) and TDM (DM=depleted 
mantle) were calculated using the 176Lu decay constant after Scherer et al., (2001), where T 
is the time of crystallization of the zircon. TDM and TDMc were calculated using the methods of 
Griffi n et al. (2002), with an average crustal composition of 176Lu/177Hf = 0.015. All data are 
presented using the epsilon hafnium (εHf) notation, which refers to the deviation of the isotopic 
composition from CHUR, which at any time yields a value of 0 (Patchett and Tatsumoto, 1980; 
Blichert-Toft and Albarède, 1997). 
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Juvenile components are recognised as (+) εHf(T) values (Fig. 4), falling between the estimated 
value of the new continental crust from modern island arcs (Dhuime et al., 2011) and the 
estimated depleted mantle array of Griffi n et al. (2004). Evolved components are recognised as 
negative εHf(T) values (0 to -40), interpreted to have been sourced from magmas that include 
an ancient crustal component (Fig. 4). 

4. PROJECT AIMS

The major aims of this project are:
1. To obtain a comprehensive hafnium isotopic record of the northern Appalachian Orogen, 

which is the type area of the Wilson cycle (Wilson, 1966) and thus represents an appropriate 
natural laboratory.

2. To test the test the sensitivity of the hafnium isotopic arrays in documenting complex 
accretionary processes during continental ribbon transfer from one continental margin to 
another.

3. To test the metamorphic record of continental ribbon transfer against the associated 
hafnium isotopic record of magmatism. 

4. To propose a geodynamic framework for the Neoproterozoic to late Paleozoic evolution 
of the Appalachian Orogen (and to a lesser extent, the Variscan Orogen) that accommodates 
both the hafnium isotopic and geological records.

5. THESIS OUTLINE

Chapter Two presents detrital zircon U-Pb-Hf isotopic data from Neoproterozoic-Silurian 
sedimentary rocks of Avalonia in the northern Appalachians and Iberia, Spain, to demonstrate 
that the provenance of the peri-Gondwanan terranes is relatively simple and can be traced 
back to major cratons in Gondwana and Baltica. Comprehensive hafnium isotopic arrays 
from Armorica, Baltica, Amazonia and the African cratons each have their own unique 
signature. Avalonia is commonly considered to have been derived from the Amazonian margin 
of Gondwana, but the hafnium isotopic characteristics of the detrital zircon grains in early 
Neoproterozoic rocks bear much stronger similarities to Baltica. The hafnium isotopic array 
also suggests the early Avalonian oceanic arc was built on a sliver of “Grenvillian-type crust” 
(~2.0–1.0 Ga) possibly of Baltican affi nity at ~800 Ma, prior to accretion with a continental 
margin at ~640 Ma.  Chapter two presents the framework for how hafnium isotopic data is 
presented and interpreted throughout the remainder of the thesis. 

This chapter is published as “Gondwanan basement terranes of the Variscan–Appalachian 
orogen: Baltican, Saharan and West African hafnium isotopic fi ngerprints in Avalonia, Iberia 
and the Armorican Terranes” Henderson, B.J., Collins, W.J., Murphy J.B., Gutierrez-Alonso, 
G., Hand, M., 2016, Tectonophysics.    

Chapter Three presents detrital and magmatic zircon U-Pb-Hf isotopic data from Ganderia 
and peri-Laurentia in order to test the sensitivity of the hafnium isotopic arrays in documenting 
complex accretionary orogenic processes. Ganderia hosted a long-lived magmatic arc that began 
at least by 650 Ma and continued until 450 Ma, but the Hf isotopic record suggests it began 
earlier, possibly at ~750 Ma. Ganderia appears to have formed on a sliver of “Grenvillian-type” 
basement, and records a transition toward more evolved Hf isotopic compositions between 
650-600 Ma, coinciding with its accretion to the Gondwanan margin. This was followed by 
increasing amounts of juvenile crustal inputs between ~550-500 Ma, which is interpreted to 
refl ect subduction roll-back from the Gondwana and the opening of the Rheic Ocean. The 
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Notre Dame arc evolved along the Laurentian margin between ~515-425 Ma, and was built on 
Archean crust. Suprasubduction zone magmatism occurred at ~490-460 Ma during the closure 
of the Taconic Seaway and was dominated by the recycling of Laurentian crust, with progressive 
mixing of evolved and juvenile arc magmas over time. The preservation of very evolved Notre 
Dame arc zircons in Ganderian overstep sequences confi rm the arrival of the leading edge of 
Ganderia to Laurentia by ~450 Ma. 

Chapter three is under review as “A hafnium isotopic record of magmatic arcs and continental 
growth in the Iapetus Ocean: the contrasting evolution of Ganderia and the peri-Laurentian 
margin”, Henderson, B.J., Collins, W.J., Murphy J.B., Hand, M., 2016, Gondwana Research.

Chapter Four presents monazite geochronology and mineral phase equilibria, calculated 
for a series of amphibolite facies rocks within the Dover Fault Shear Zone; a brittle-ductile 
structure that separates the Ganderia terrane from Avalonia in Newfoundland. The purpose of 
the chapter is to investigate the timing and nature of metamorphism in the Gander Zone during 
continental ribbon transfer across the Iapetus Ocean. The metamorphic rocks along the Dover 
Fault Zone record two major stages of the Ganderian evolution. The fi rst is a low pressure, 
high temperature (3-4 kbar, 600°C) event recorded by 460 ± 7 Ma monazite within andalusite 
bearing metamorphic assemblages. The second is both a higher pressure event (5-6 kbar, ~600-
650°C) and a lower pressure event (3-4 kbar) characterised by migmatisation and the formation 
of garnet-sillimanite bearing metamorphic assemblages at 409 ± 6 Ma; interpreted to refl ect a 
short interval of compression along the Dover Fault Shear Zone followed by the emplacement 
of the Hare Bay Gneiss and other granite suites. Ganderia is interpreted to form the locus of 
intermittent extension and contraction events between the early Ordovician-middle Devonian, 
most likely relating to the opening and closing of back-arc basins, during the consumption of 
the Iapetus and the Rheic Oceans.

Chapter Five is a compilation of all the hafnium isotopic data collected throughout chapters 
two, three and four and also presents new detrital and magmatic U-Pb and Hf isotopic data for 
late Neoproterozoic-Cambrian and Silurian rocks from Meguma, Silurian-Carboniferous rocks 
of Avalonia and Neoproterozoic-Devonian igneous rocks from Avalonia/Meguma. Similarity 
of the εHf arrays for Avalonia, Ganderia and Meguma suggest that were all geodynamically 
connected, so the term “composite Avalonia” is used.

A revised geodynamic framework for the northern Appalachian Orogen is  proposed for the 
following intervals: (1) the early-late Neoproterozoic evolution of the composite Avalonia and 
the Iapetus Ocean, and 2) the early-Paleozoic assembly of the Appalachian Orogen and Pangea. 
The hafnium isotopic array associated with the 800-750 Ma zircons from composite Avalonia 
suggests it initiated as a continental-type arc between ~800-750 in the former Grenville Orogen, 
along the Laurentian margin. The orogen is linked to the early Neoproterozoic Valhalla Orogen 
of East Greenland, and it is suggested that the orogen propagated southward during this interval. 
A uniform shift in the Hf isotope array toward juvenile values between 800-700 Ma suggests 
the composite Avalonia retreated from Laurentia to form a microcontinental ribbon at least by 
700 Ma. The intervening backarc basin became the proto-Iapetus Ocean. Between ~750-650 
Ma, the ribbon transferred by subduction retreat across the Asgard Sea, closing it and colliding 
with the Gondwanan margin at ~650 Ma. Accretion of the ribbon is refl ected in the reversal of 
εHf data to progressively negative values between 650-600 Ma.

Composite Avalonia separated from Gondwana between 550-500 Ma, forming the Rheic 
Ocean. All terranes within composite Avalonia show a εHf isotopic trend toward juvenile values, 
consistent with the transition from continental to a retreating oceanic-arc. The ribbon migrated 
northward, initially closing the Tornquist Sea as it collided with Baltica, then closing Iapetus 
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northward, initially closing the Tornquist Sea as it collided with Baltica, then closing Iapetus 
at ~450 Ma as it fi nally re-amalgamated with Laurentia.  Following the fi nal accretion of to 
Laurentia by ~430 Ma, subduction stepped outboard into the trailing Rheic Ocean. There is 
little evidence for the existence of a Late Silurian magmatic arc on the continental ribbon, with 
most of the magmatism recording rifting in a back-arc setting. This suggests that subduction 
was initiated outboard, placing the Meguma and the other terranes in an upper plate, back-
arc setting. Subsequent Devonian-Carboniferous magmatism migrated inboard, then outboard 
across the orogen, refl ecting switching between a retreating and advancing orogen, resulting 
in a predominantly extensional tectonic setting interspersed with shorter term compressional 
and transtensional events. The hafnium isotopic record of magmatism during the Silurian-
Carboniferous refl ects progressive homogenisation of the Neoproterozoic arc basement of 
composite Avalonia, with no apparent input from the depleted mantle or ancient Laurentian 
crust.

Chapter Six presents a comprehensive compilation of new and existing zircon hafnium 
isotopic data from Phanerozoic Europe. The purpose of the compilation is to test the sensitivity of 
the hafnium isotopic method against the successive Wilson cycles that have shaped the geology 
of the European continent. Rather than successive ‘U-shaped’ hafnium isotopic arrays associated 
with multiple ocean closures, the European array records a single reworking array extending 
from ~600 Ma until the Oligocene.  Surprisingly, the Pangea defi ning Variscan orogeny at ~360 
Ma also does not change the hafnium isotopic array, but rather refl ects reworking of composite 
Avalonia and the other peri-Gondwanan terranes in Europe. A strong negative εHf excursion at 
30 Ma indicates subduction and melting of Gondwanan cratonic lithosphere for the fi rst time 
since 600 Ma. The inverted U-shaped European εHf isotopic array records the 600 million year 
closure phase of a supercontinental cycle. Lower and upper εHf model age limits on the post-
450 Ma Phanerozoic array corresponds to Nuna and Rodinia breakup events, suggesting that Hf 
isotopic arrays provide temporal and spatial constraints on supercontinental cycles, which can 
be reconstructed at a cratonic scale.

Chapter Seven concludes the thesis and summarises the major fi ndings from the previous 
chapters. The chapter also includes a brief discussion on the implication of the work, and future 
research and knowledge gaps regarding hafnium isotopic arrays.
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Gondwanan basement terranes of the Variscan-Appalachian 
orogen: Baltican, Saharan and West African hafnium isotopic 
fi ngerprints in Avalonia, Iberia and the Armorican Terranes

ABSTRACT
Iberia, Avalonia and the “Armorican” terranes form key constituents of the Variscan-Appalachian 
orogen, but their Neoproterozoic origins along the northern Gondwanan margin continue to be 
strongly debated. Here, we present a new detrital zircon U-Pb-Hf dataset from Neoproterozoic-
Silurian sedimentary sequences in NW Iberia and Avalonia, in conjunction with the comprehensive 
existing datasets from potential source cratons, to demonstrate that the provenance of each 
terrane is relatively simple and can be traced back to three major cratons. The enigmatic 
Tonian-Stenian detrital zircons in autochthonous Iberian rocks were derived from the Saharan 
metacraton in the latest Neoproterozoic-early Cambrian. Avalonia is commonly considered 
to have been derived from the Amazonian margin of Gondwana, but the hafnium isotopic 
characteristics of the detrital zircon grains in early Neoproterozoic rocks bear much stronger 
similarities to Baltica. The hafnium isotopic array also suggests the early Avalonian oceanic arc 
was built on a sliver of “Grenvillian-type crust” (~2.0-1.0 Ga) possibly of Baltican affi nity at 
~800 Ma, prior to accretion with a continental margin at ~640 Ma. The Upper Allochthon of 
Iberia is frequently linked to the West African Craton in the late Neoproterozoic-early Cambrian, 
however the hafnium isotopic array presented here does not support this connection; rather it is 
more similar to the hafnium array from Avalonia. The Armorican terranes have strong detrital 
zircon isotopic links to the West African Craton during the late Neoproterozoic-Cambrian. 
 
1. INTRODUCTION

Modern provenance studies have routinely 
focussed on obtaining the U-Pb crystallisation 
age of individual detrital zircon grains to build 
statistically signifi cant populations that can 
be “matched” to the age of tectonomagmatic 
events recognised in potential source terranes 
(Ireland et al., 1998; Košler et al., 2002; 
Anderson, 2005; Dickinson and Gehrels, 
2009). The method becomes problematic if 
the potential source terranes preserve coeval 
tectonothermal events, because they yield 
overlapping zircon age spectra. Hafnium 
isotope analysis of the same zircons allows the 
data to be presented in composite hafnium (εHf) 
arrays, thereby allowing for more rigorous 
comparisons with the evolution of putative 
source areas (Howard et al., 2009; Wang et al., 
2010). Moreover, Hf arrays have the potential 
to evaluate geodynamic links between 
dispersed blocks that otherwise show only 
weak geological connection. Comprehensive 
hafnium isotope arrays defi ne the nature of 
the zircon-forming tectonomagmatic events at 
the cratonic scale (Smits et al., 2014), and as 
such generate an isotopic “fi ngerprint” for that 

craton that can be directly compared to exotic 
continental terranes. 

 The interval between the late 
Neoproterozoic supercontinent Gondwana 
and the Carboniferous assembly of Pangea 
is shaped largely by the events surrounding 
the development and subsequent destruction 
of the Rheic Ocean and the evolution of the 
‘peri-Gondwanan’ microcontinental terranes 
that occupied the oceanic realm between 
Gondwana and Laurussia (Pollock et al., 2011; 
Nance et al., 2012; van Staal et al., 2012). 
Closure of the Rheic Ocean was accompanied 
by collision between Gondwana and Laurussia 
forming the Appalachian-Variscan Orogen of 
North America and western Europe (Scotese, 
2004; Hibbard et al., 2010; Stampfl i et al., 
2013).  The events prior to the amalgamation 
of Pangea are controversial essentially because 
there are insuffi cient constraints on the late 
Neoproterozoic-early Paleozoic provenance 
and paleogeography of the microcontinental 
terranes that form the basement of the 
Appalachian-Variscan orogen. Robust 
paleogeographic constraints for the Late 
Neoproterozoic microcontinental terranes that 
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are commonly thought to have formed along 
the northern Gondwanan margin are required 
to provide the framework for unravelling the 
Paleozoic crustal evolution of the Pangean 
amalgamation. 

 The late Neoproterozoic provenance 
and paleogeography of the peri-Gondwanan 
terranes has been previously constrained 
by matching the U-Pb zircon age spectra in 
clastic sedimentary and igneous rocks with 
coeval tectonothermal events in the potential 
source cratons of northern Gondwana (see 
compilation in Eckelmann et al., 2014 and 
references therein). The addition of hafnium 
isotope analyses to these U-Pb zircon studies 
provides a powerful tool in further defi ning 
the isotopic “signature” of these terranes, the 
nature of the tectonomagmatic events and 
can distinguish between tectonic processes 
dominated by the input of juvenile crust and 
those that involve the reworking of older 
crustal material (Hawkesworth and Kemp, 
2006). 

 The basement terranes of the Variscan-
Appalachian orogen include (but are not 
limited too) Avalonia, Iberia, “Armorican” 
terranes and the Pontides of Turkey. Avalonia 
is commonly subdivided into east and west 
Avalonia, with eastern Avalonia located in 
Europe and the United Kingdom and western 
Avalonia underlying much of the eastern 
seaboard of Atlantic Canada (Cocks et al., 
1997). Here, we present a new comprehensive 
U-Pb-Hf detrital and magmatic zircon data 
set from Neoproterozoic-Ordovician rocks 
from NW Iberia and western Avalonia, which 
we use in conjunction with published data 
from Iberia and eastern Avalonia, to test the 
provenance of Iberia and Avalonia during 
the Neoproterozoic-Ordovician interval. We 
compare these data against a wealth of hafnium 
isotopic data published in the last decade from 
cratonic domains within the Gondwanan 
supercontinent including: the West African 
Craton (WAC), Arabian-Nubian Shield (ANS, 
Morag et al., 2012; Ali et al., 2013; Robinson 

et al., 2014), Saharan Metacraton (SMC, 
Iizuka et al., 2013; Be’eri-Shlevin et al., 2014; 
Meinhold et al., 2014), Amazonia (Hurai et 
al., 2010; Matteini et al., 2010; Reimann et al., 
2010; McGee et al., 2015), the central African 
region (Congo Craton and Mesoproterozoic 
orogenic belts) (Iizuka et al., 2013; Foster 
et al., 2014), and Baltica (Kuznetsov et al., 
2010; Kristoffersen, 2011; Beranek et al., 
2013; Kuznetsov et al., 2014; Romanyuk et 
al., 2014). 
 We use these comprehensive hafnium 
isotopic arrays from Avalonia, Iberia and 
Armorica, in addition to major cratonic 
domains of Gondwana and Baltica, to 
demonstrate that distinct hafnium isotopic 
fi ngerprints are identifi able in the basement 
terranes of the Variscan-Appalachian 
orogen. The data have direct implications 
for late Neoproterozoic paleogeography, the 
geodynamic evolution of the Rheic Ocean and 
subsequent amalgamation of Pangea. 

2. GEOLOGICAL BACKGROUND

2.1 The evolution of the Variscan-
Appalachian Orogen

 The evolution of the Paleozoic 
Variscan-Appalachian orogen is dominated 
by the late Cambrian-early Ordovician 
opening and Devonian closure of the Rheic 
Ocean (Fig. 1). The Rheic Ocean opened 
when Neoproterozoic arc-related terranes, 
collectively termed the “peri-Gondwanan” 
terranes, separated from the northern margin 
(present coordinates) of West Gondwana in 
the early Paleozoic (van Staal et al., 1998; 
Stampfl i and Borel, 2002; Pollock et al., 2011; 
van Staal et al., 2012). These terranes are 
presently distributed throughout the Paleozoic 
Variscan and Appalachian orogens of Europe 
and North America (Von Raumer et al., 2002; 
Nance et al., 2008) (Fig. 1), and include 
Avalonia, Iberia, the Pontides of Turkey, and 
“Armorica”. 

 Vestiges of oceanic arc magmatism 
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with ~760-650 Ma ages are recognised across 
the majority of the peri-Gondwanan terranes 
(Murphy and Nance, 1989; Murphy et al., 
2000; Murphy et al., 2008b), followed by 
major ensialic continental arc magmatism 
at ~650-540 Ma, with subduction directed 
southward beneath the periphery of West 
Gondwana (Nance et al., 2002; Keppie et al., 
2003). 

 In the late Cambrian-early Ordovician 
a protracted rifting episode opened the Rheic 
Ocean with the disputed separation of several 
peri-Gondwana terranes (Avalonia-Cadomia) 
from the northern margin of Gondwana 
(Murphy, 2006; Nance et al., 2010; van Staal 
et al., 2012). 

 Widespread rift-related igneous 

activity is recorded between 495-470 Ma 
across all of the Iberian Variscides (see Nance 
et al., 2010 and references therein), and the 
coeval deposition of a thick passive margin 
sedimentary sequence are interpreted to be 
related to the initial rifting and early drift 
interval associated with the Rheic Ocean 
(Quesada, 1991; Sánchez-Garcı́a et al., 
2003).  

 The Iapetus Ocean was closed during a 
series of accretion events in the late Ordovician 
to Silurian, whereby the peri-Gondwanan 
terranes (Ganderia, Carolinia and Avalonia 
± Meguma) were accreted to the Laurussian 
margin (Murphy and Nance, 1991; van Staal 
et al., 1998; Stampfl i and Borel, 2002; Keppie 
et al., 2003; van Staal et al., 2009; Hibbard 
et al., 2010). The closure of the Rheic Ocean 
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A) Map showing the distribution of the Appalachian, Variscan and Caledonian belts at the end of the 
Paleozoic. Shown are the major cratonic and microcontinental components within the orogenic belts 
including Iberia (IB), Amorican Massif (AM), Massif Centrale (MC), Bohemian Massif (BO) and the 
West African Craton (WAC). This represents the approximate confi guration of Pangea following late 
Paleozoic convergence between Laurentia and Gondwana. The fi gure is modifi ed from Barreiro et al. 
(2007) and Keppie et al., (2008). 
B) Geology map illustrating the major tectonic subdivisions of Iberia. Upper Allochthon is high-
lighted in the box and is detailed further in Figure 2.
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culminated in collision between Laurussia, the 
peri-Gondwanan terranes, and Gondwana in 
the middle-upper Devonian (Sacks and Secor, 
1990; Scotese and McKerrow, 1990; Nance et 
al., 2012; Arenas et al., 2014). 

 Some authors use paleomagnetic data 
to suggest that NW Iberia and the Armorican 
terranes formed part of a drifting continental 
ribbon (referred to as the Galatian super 
terrane, or Armorica) in the Late Silurian 
(Tait, 1999; von Raumer et al., 2003; Stampfl i 
et al., 2013) that separated from Gondwana to 
open a second Paleozoic ocean (Paleotethys). 
In this hypothesis, the collision of the drifting 
ribbon with Laurussia closes the Rheic Ocean, 
defi ning the onset of the Variscan orogeny, and 
involves either dual subduction of the Rheic 
oceanic lithosphere beneath southern Laurussia 
and northern Gondwana, or subduction of 
the Rheic and Paleotethyan Ocean beneath 
the Galatian ribbon continent (Stampfl i et 
al., 2013). According to this model, the 
amalgamation of Pangea followed in the late 
Carboniferous with the closure of the western 
end on the Paleotethys and the collision of 
the Gondwanan margin with Laurussia. In 
contrast, on the basis of lithostratigraphic and 
faunal data, many authors place autochthonous 
and parautochthonous NW Iberia along 
the northern Gondwanan passive margin 
throughout the Paleozoic (Quesada, 1991; 
Robardet, 2003; Linnemann et al., 2004; 
Simancas et al., 2005; Gutiérrez-Alonso et 
al., 2008; Linnemann et al., 2008; Martínez 
Catalán et al., 2009; Arenas et al., 2013; Pastor-
Galán et al., 2013; Ballèvre et al., 2014), with 
Rheic Ocean closure predominantly driven by 
northward subduction in the Early Devonian 
(Arenas et al., 2007; Arenas et al., 2014). 

2.2 Geological background of Avalonia

 Avalonia is one of the largest peri-
Gondwanan terranes in the Appalachian-
Variscan orogen with Avalonian rocks 
recognised on both sides of the Atlantic Ocean 
(Fig. 1). Avalonian rocks located in southern 
England, Ireland, Wales and parts of western 

Europe (Belgium, France, northern Germany, 
the Czech Sudetes) are deemed to represent 
East Avalonia (Katzung et al., 1995; Verniers 
et al., 2002), whereas Avalonian rocks are 
recognised from Boston (USA) through 
Maritime Canada to the Avalon peninsula 
of eastern Newfoundland comprise West 
Avalonia (Murphy and Nance, 2002; Hibbard, 
2006; Thompson et al., 2007; Satkoski et al., 
2010). 
Unequivocal basement is not exposed in 
Avalonia. However, neodymium isotopic data 
from late Neoproterozoic - Paleozoic igneous 
suites suggest derivation from a 0.8 - 1.1 Ga 
juvenile source in West Avalonia, and a 1.0 
to 1.8 Ga continental source in East Avalonia 
(Nance and Murphy, 1994; Kerr et al., 1995; 
Hegner and Kröner, 2000; Murphy et al., 
2000).   Neoproterozoic-early Cambrian rocks 
of Avalonia preserve a record of early arc and 
rift development (~760-635 Ma), main stage, 
voluminous magmatic arc activity (~635 
Ma), and late stage rift related volcanism and 
sedimentation (~590-550 Ma) (Keppie et al., 
2003).
Paleomagnetic data indicate that West Avalonia 
in the Avalon peninsula of Newfoundland had a 
paleolatitude of 34°±8° at 575 Ma (McNamara 
et al., 2001), compared to an equatorial 
position for Laurentia at that time (Nance et 
al., 2008). The paleogeographic location of 
Avalonia during the latest Neoproterozoic-
early Paleozoic is uncertain. The increasing 
faunal endemism of Avalonia in the Ordovician 
has been interpreted to refl ect the progressive 
isolation of Avalonia from West Gondwana 
(Lees et al., 2002; Fortey and Cocks, 2003), 
and the subsequent gradual introduction 
of Baltic and Laurentian fauna to indicate 
a decreasing distance between Avalonia 
and Laurussia during the latest Ordovician. 
However, Landing (1996b) considered there 
to be no geological or faunal evidence to 
suggest that Avalonia was contiguous with 
the West Gondwanan margin in the latest 
Neoproterozoic-early Cambrian, favouring 
Avalonia as a separate microcontinent during 
this interval. 
The protracted assembly of Laurussia is 
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interpreted to have occurred via collision 
between Baltica and East Avalonia at ~450 
Ma, at the expense of the Tornquist Ocean 
(Torsvik and Rehnström, 2003; Murphy et 
al., 2004a), prior to collision of composite 
Avalonia/Baltica with Laurentia (to form 
Laurussia) diachronously during the fi nal 
consumption of the Iapetus Ocean in the early-
mid Silurian (van Staal et al., 1998; van Staal 
et al., 2009; Hibbard et al., 2010; van Staal et 
al., 2012). West Avalonian clastic sedimentary 
rocks record a Laurussian neodymium isotopic 
signature in the Late Silurian (Murphy et al., 
1996), in broad agreement with the age of 
Iapetan suture rocks in East Avalonia that 
indicate closure of Iapetus at ~420 Ma (Soper 
et al., 1992). 

2.3 Geological background of the Iberian 
terranes

 NW Iberia preserves a near complete 
section of ancient Gondwanan margin in the 
Variscan orogen. It is divided into several 
zones that are defi ned by differences in 
Lower Paleozoic stratigraphy, Variscan 
structural characteristics and magmatic 

and metamorphic activity, all of which 
broadly refl ect the increasing distance 
from the northern Gondwanan margin. The 
autochthonous Cantabrian Zone (CZ), West-
Asturian-Leonese (WALZ), Central Iberian 
Zone (CIZ), and Galicia-Tras-os-Montes 
schistose Zone (GTOMZ)   represent the 
proximal (platformal) coastal to increasingly 
distal offshore facies, respectively (Fig. 1). 
The most distal units considered to have been 
deposited on northern Gondwanan margin are 
those of the Basal Units of the allochthonous 
complexes (Fig. 1, Arenas et al., 2014).  

2.3.1 NW Iberian allochthonous complexes

 The allochthonous complexes consist 
of, from bottom to top, the “Basal Units” 
(Gondwanan basement, Martínez Catalán et 
al., 1996; Arenas et al., 2009; Díez Fernández 
et al., 2011; Arenas et al., 2013; López-
Carmona et al., 2014), structurally overlain 
by two “ophiolitic” units (Lower and Upper 
Ophiolites) which yield Early Ordovician 
(~495 Ma, Arenas et al., 2007; Martínez et al., 
2012), and Devonian ages, (~395 Ma, Martínez 
et al., 2011; Arenas et al., 2013), respectively. 
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Early Ordovician ophiolites refl ect Rheic 
Ocean opening, and are not discussed further, 
whereas Devonian ophiolites are interpreted to 
have formed during Rheic Ocean consumption 
(Fig. 2, Murphy et al., 2009; Martínez et al., 
2011; Arenas et al., 2014). These ophiolite 
complexes are structurally overlain by 
the upper units (or Upper allochthon) of 
continental affi nity, which comprise high-
pressure, high-temperature (HT-HP) rocks 
structurally overlain intermediate pressure 
(IP) units (Barreiro et al., 2007; Albert et al., 
2014 and references therein). 

 The “Basal Units” have a continental 
affi nity and contain Ediacaran-Early 
Ordovician metasedimentary rocks, which are 
intruded by voluminous calc-alkaline (~493 
Ma, Abati et al., 2010) to alkaline-peralkaline 
(~475-470 Ma,  Díez Fernández et al., 2010) 
granitic bodies. The Basal Units underwent 
subduction beneath Laurussia during the onset 
of the Variscan orogeny (Martínez Catalán et 

al., 1996; Díez Fernández et al., 2011; López-
Carmona et al., 2014), and were affected by high 
pressure and low-intermediate temperature 
metamorphism (Lopez-Carmona et al., 2013). 
The “Basal Units” were subsequently exhumed 
via crustal scale thrusting associated with 
recumbent folding and subsequent extensional 
tectonics (Martínez Catalán et al., 1996; Díez 
Fernández et al., 2011; López-Carmona et al., 
2014). 
 
 The Lower and Upper Ophiolites (Fig. 
2a) are collectively interpreted to preserve a 
rootless suture zone between the Laurussian 
and Gondwanan components (Arenas et al., 
2007; Martínez Catalán et al., 2009; Arenas 
et al., 2013; Ballèvre et al., 2014).  The most 
continuous ophiolite units in NW Iberia are 
the ~395 Ma mafi c series, which are also 
traceable throughout Variscan Europe and 
are interpreted to have been formed during 
the fi nal stages of closure of the Rheic 
Ocean (Martínez et al., 2007). However, the 

Table 1
A list of the samples obtained from the Avalonia terrane in Nova Scotia and Newfoundland, 
eastern Canada. 

Depositional age Sample No. Stratigraphic name Sample description 

Ordovician 

ACO-13-22 Ferrona Formation Ironstone 

ACO-12-40 Redmans Formation Sandstone 

ACO-12-48 MacKinnons Brook Formation  Conglomerate 

Cambrian 

ACO-12-49 Black John Formation Coarse grained sandstone 

ACO-12-38 Malignant Cove Formation Gritty red conglomerate 

Neoproterozoic 

ACO-12-29B Livingston Cove Formation Coarse, pebbly conglomerate 

ACO-12-50 James River Formation Fine grained sandstone 

ACO-12-54 Keppoch Formation Sandstone 

ACO-12-52A Gamble Brook Formation Quartzite 

ACO-12-52B Gamble Brook Formation Quartzite 
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interpretation has been updated in light of 
Sm-Nd whole rock (Murphy and Gutiérrez-
Alonso, 2008) and new U-Pb-Hf zircon 
isotopic data that suggest that ophiolites were 
generated by the mixing of juvenile material 
with an older Mesoproterozoic continental 
basement (Martínez et al., 2011; Arenas et al., 
2013). 

 The HP-HT units of the Upper 
Allochthon are composed of ultramafi c rocks, 
mafi c-felsic granulites, eclogites, orthogneisses 
and paragneisses (Albert et al., 2014 and 
references therein). The Upper Allochthon is 
commonly considered to have been generated 
in a volcanic-arc environment, which was part 
of the early Paleozoic peri-Gondwanan arc 
system (Abati et al., 1999; Abati et al., 2007; 
Albert et al., 2014).  The protolith ages for the 
igneous rocks are upper Cambrian (~490 Ma), 
and the age of metamorphism is ~400-390 Ma 
(Abati et al., 2007; Fernández-Suárez et al., 
2007). The IP units are comprised of a thick 
series of greywacke, pelitic and conglomeritic 
sequences, which record maximum 
depositional ages in the range of 530-500 
Ma (Fernández-Suárez et al., 2003). In the 

Órdenes Complex, the sedimentary rocks 
were intruded by gabbros and calc-alkaline 
granitoids, which yield protolith ages of ~490-
500 Ma (Abati et al., 1999; Andonaegui et al., 
2012). 

3. SAMPLE SELECTION

3.1 Avalonia: sample selection

 Although some U-Pb-Hf detrital 
zircon data are available for East Avalonia 
(Willner et al., 2013; Zlatkin et al., 2014), 
and West Avalonia (Willner et al., 2013; 
Pollock et al., 2015), the data do not span the 
pivotal Late Neoproterozoic-early Paleozoic 
stratigraphic interval. Moreover, Sm-Nd data 
(Nance and Murphy, 1994, 1996; Murphy et 
al., 2000) suggest that East and West Avalonia 
are underlain by different basements, and 
the hafnium data that are available for West 
Avalonia does not presently resolve this. 
Accordingly, nine siliciclastic samples 
were collected for U-Pb-Hf detrital zircon 
analysis from unequivocal West Avalonian 
rocks in Nova Scotia and Newfoundland, 
Canada (Table 1, Fig. 3). The samples were 

Table 2
A list of the sedimentary rock samples taken from NW Iberia and the Upper Allochthon of 
Iberia. Where existing detrital zircon mounts could be obtained (referenced samples), these 
were used to analyse hafnium isotopic data from the dated zircon grains.  

Depositional age Sample No. Stratigraphic name 
Sample 

description Reference for U-Pb data 

Devonian 
G7 Aljibe Quartzite Quartzite Gutierrez-Alonso et al., 2015 

Laz32 Base Quartzite Formation Quartzite Gutierrez-Alonso et al., 2015 

ACO-14-01 Carreiro Shear Zone 
Aluminous 
metasediment New data 

Silurian PG14 Formigoso Formation Sandstone Pastor-Galan et al., 2013 
Ordovician CZ02 Armorican Quartzite Quartzite Shaw et al., 2014 

Cambrian ACO-14-02 Ordenes Complex Sandstone New data 

ACO-12-57 Oville Formation Quarzite New data 

Neoproterozoic 

ACO-12-60 Candana Formation  Quartzite New data 

OD4 Monterrubio Formation Sandstone Fernandez-Suarez et al., 2014 

OD5 Allande Gp. Sandstone Fernandez-Suarez et al., 2014 
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selected to complement the existing data 
(Willner et al., 2013; Pollock et al., 2015) 
and to suffi ciently cover the Neoproterozoic-
Ordovician stratigraphic record in West 
Avalonia. Two samples were taken from 
the early Neoproterozoic Gamble Brook 
Formation (ACO-12-52A, ACO-12-52B), and 
three samples from the late Neoproterozoic 
Georgeville Group (Livingstone Cove 
Formation (ACO-12-29B), James River 
Formation (ACO-12-50, ACO-12-54).  

 U-Pb detrital zircon data was 
previously obtained for the Gamble Brook 
(Barr et al., 2003), Livingstone Cove (Keppie 
et al., 1998) and Malignant Cove (Murphy et 
al., 2004b) formations, but in each study, the 
number of zircons analysed was insuffi cient 

for a statistical analysis of populations and 
Hf isotopic data are unavailable.  The Gamble 
Brook data yield a maximum depositional age 
of ca. 1.0 Ga (Murphy, 2002). The deposition 
of the Livingstone Cove Formation is tightly 
constrained between the ages of the youngest 
detrital zircon  (613 + 5 Ma, Keppie et al., 
1998) and the 607 + 2 Ma age of an igneous 
complex that intrudes the Georgeville Group 
(Murphy et al., 1997).   

 Three samples were selected from 
Cambrian redbeds in  Nova Scotia (Malignant 
Cove Formation, ACO-12-38, MacKinnon 
Brook Formation, ACO-12-48, Black John 
Formation, ACO-12-49), as well as from 
correlative early Ordovician ironstone layers 
in both Nova Scotia (Ferrona Formation, ACO-
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Figure 4
Detrital zircon age probability density distribution plots for sedimentary rocks from Avalonia.  Lighter 
grey fi elds represent zircon grains that are > 10% discordant. n = xxx/xxx equals number of > 90–
110% concordant analyses/number of < 90% or > 110% concordant analyses.
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13-22) and southern Newfoundland (Redmans 
Formation, ACO-12-40). The Malignant Cove 
sample is from the same location as that 
of Murphy et al., (2004b) and is mapped as 
the Bears Brook Formation by White et al., 
(2012), enabling direct comparison between 
these studies. The depositional ages of these 
formations are constrained by paleontological 
evidence (Ranger et al., 1984; Landing and 
Murphy, 1991). Recent U-Pb detrital zircon 
and Lu-Hf isotopic data from the Redmans 
Formation (Pollock et al., 2015) are included 
in our synthesis.
In order to build a comprehensive U-Pb-Hf 
zircon record for composite (west and east) 
Avalonia, we have also included the published 
εHf datasets from other parts of West Avalonia, 
including Ediacaran-Ordovician cover 
sequences in Nova Scotia and Newfoundland 
(Pollock et al., 2015) and the Mira terrane 
(Cape Breton, Willner et al., 2013). Equivalent 
data from East Avalonia include the Stavelot-
Venn Massif (Belgium) (Willner et al., 2013), 
and the Pelagonian zone of the Hellenides 
(Greece, Zlatkin et al., 2014).

3.2 NW Iberia: sample selection

 Four samples were collected for U-Pb-
Hf detrital zircon analysis (Fig. 2); an upper 
Cambrian metasandstone from the Betanzos 
Unit of the Órdenes Complex of the Upper 
Allochthon and a Devonian amphibolite facies 
schist from the Carreiro Shear Zone (Upper 
Allochthon). A Lower Cambrian quartzite from 
the Cándana Formation (WALZ) and an Upper 
Cambrian quartzite from the Oville Formation 
(CZ) were sampled from the autochthonous 
sequences. In addition, six zircon mounts were 
obtained from published geochronological 
studies in order for the zircon grains to be 
analysed for hafnium isotopes (Table 2). The 
hafnium isotope analyses were conducted on 
the zircon mounts as close to, or over the top 
of, the existing U-Pb isotope analyses. These 
include: an Ordovician Armorican Quartzite 
sample from the Cantabrian Zone (CZ02, 
Shaw et al., 2014), two Neoproterozoic-
Cambrian samples from the Cantabrian 

and Central Iberian Zones, (OD5 and OD4, 
Fernández-Suárez et al., 2014) and two 
Devonian samples from the Central Iberian 
Zone (G7 and LAZ32, Gutiérrez Alonso et 
al., 2015). The samples selected span the 
Neoproterozoic-Devonian stratigraphic record 
in NW Iberia, allowing for a reappraisal of the 
provenance and paleogeography of the terrane 
during this period. 

 U-Pb detrital zircon data have been 
previously obtained from a greywacke in 
the Betanzos Unit of the Órdenes Complex 
(Fernández-Suárez et al., 2003), where a 
maximum depositional age of ~490 Ma was 
interpreted. The maximum deposition of the 
Cándana Formation is constrained by U-Pb 
detrital zircon data to 532 ± 10 Ma (Fernández-
Suárez et al., 2014). The deposition of the 
Oville Formation is constrained to the mid-
Cambrian-Tremadocian by diverse trace fossil 
occurrences including trilobites (Sdzuy, 1968; 
Gámez Vintaned et al., 2000), echinoderms 
(Wotte and Mergl, 2007 and references 
therein), graptolites (Sdzuy, 1974) and 
acritarchs (Fombella, 1979). Detrital zircon 
data have not previously been obtained for 
the Oville Formation. Similarly, the Carreiro 
Shear Zone, which is located structurally 
above the Purrido Ophiolite complex, has no 
constraints on the age of the protolith.  
Also included in the compilation of 
autochthonous Iberian data are the εHf 
zircon data from Ediacaran-Cambrian 
sedimentary rocks of the CIZ (Orejana et 
al., 2015). Presented in conjunction with the 
allochthonous Iberian data are the published 
εHf zircon data from mylonitic greenschists 
of the Moeche ophiolite (Arenas et al., 2013) 
and Devonian gabbros of the Purrido ophiolite 
complex (Martínez et al., 2011). εHf data 
from the Cariño gneisses of the Cabo Ortegal 
Complex are also included in the data set for 
the Upper Allochthon (Albert et al., 2014).

4. ANALYTICAL METHODS

4.1 U-Pb zircon methods 
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 Analytical techniques for U–Pb 

isotopic dating of zircon follow those of Payne 

et al., (2008) and Payne et al. (2010). U–Th–Pb 

analysis of zircons was conducted at Adelaide 

Microscopy, University of Adelaide, South 

Australia; using an Agilent 7500cs ICPMS, 
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Figure 5
Detrital zircon age probability density distribution plots for sedimentary rocks from Iberia.  Lighter 
grey fi elds represent zircon grains that are > 10% discordant. n = xxx/xxx equals number of > 90–
110% concordant analyses/number of < 90% or > 110% concordant analyses.
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coupled to a New Wave 213 nm Nd-YAG 
laser. 

 U–Pb fractionation was corrected 
using the GEMOC GJ-1 zircon (TIMS 
normalisation data 207Pb/206Pb = 608.3 Ma, 
206Pb/238U = 600.7 Ma and 207Pb/235U = 
602.2 Ma; (Jackson et al., 2004). A second 
zircon standard (Plesovice, TIMS-ID U–Pb 
age: 337.1 ± 0.4 Ma, Sláma et al., 2008) was 
used to monitor the ongoing accuracy of the 
instrument. GJ-1 produced a weighted average 
206Pb/238U age of 600.48 ± 0.92 Ma (n = 270, 
MSWD = 0.83), and Plesovice a 206Pb/238U 
age weighted average of 337.9 ± 1.6 Ma (n = 
73, MSWD = 1.1).

 Data reduction was completed using 
the program “GLITTER” (Griffi n et al., 
2008). Weighted average calculations use 
207Pb/206Pb ages for zircon populations older 
than 1000 Ma and 206Pb/238U ages for those 
populations younger than 1000 Ma. A ± 10% 
discordancy threshold was applied to zircon 
analysis during age interpretation (Payne et 
al., 2006; Howard et al., 2009; Howard et al., 
2011). 

 In order to defi ne the youngest zircon 
population for each individual samples we 
utilise the conservative method described by 
Dickinson and Gehrels (2009) whereby the 
youngest grain cluster (2σ) (n= >3) grains 
overlap in age at 2σ error. Where possible 
at least eighty individual zircon grains were 
analysed per detrital sample in order to 
satisfy the minimum recommendation of 
Anderson (2005). The zircon populations are 
qualitatively classifi ed by the population size 
(%) per sample from accessory populations 
(<5%) through minor (6-19% ), major (20-
49% ), large (50-79%) to dominant populations 
(80>%) of the total (Anderson, 2005).  A 
population is considered to be greater than 3 
grains (2σ) (Dickinson and Gehrels, 2009).

4.2 Lu-Hf isotope method 

 Zircon can host up to 1% hafnium in 

its crystal structure and because of its very low 
Lu/Hf ratio it essentially preserves the initial 
176Hf/177Hf ratio of its source magma at 
the time of crystallisation (Kinny and Maas, 
2003). The Hf isotopic composition of a zircon 
grain can be used as a geochemical tracer of a 
host rock’s origin in the same way that whole-
rock Nd isotopes are used. However, Hf is a 
more sensitive tracer than Nd, as Lu/Hf in the 
depleted mantle has increased at approximately 
twice the rate of Sm/Nd relative to CHUR 
(chrondritic uniform reservoir, Patchett and 
Tatsumoto, 1980; Patchett, 1983). The biggest 
advantage of the Lu/Hf method over the 
Sm/Nd method is that it allows for greater 
resolution and detail regarding the source 
of magmas that produced the dated zircons, 
rather than providing a weighted average for 
the whole rock.

 The zircon mounts prepared for U–
Pb LA-ICPMS analysis were also used for 
Lu–Hf isotopic studies undertaken with 
Laser Ablation Multi-Collector Inductively 
Coupled Plasma Mass Spectrometry (LA-
MC-ICPMS) at the University of Adelaide 
– CSIRO joint facility, Waite Campus, South 
Australia. To ensure the accuracy of the εHf 
estimates, only grains with U–Pb LA-ICPMS 
analysis between 95%-105% concordance 
were analysed for Lu–Hf isotope composition 
(e.g. Teale et al., 2011; Glorie et al., 2014; 
Henderson et al., 2014). Analysis spots were 
placed as close as possible to concordant U–
Pb LA-ICP-MS spots, and within the same CL 
zone, including those zircon mounts analysed 
by previous studies. Zircons were ablated 
with a New Wave UP-193 Excimer laser (193 
nm) using a spot size of 50 μm, frequency of 
5 Hz, 4 ns pulse length and an intensity of ~ 
10 J/cm2. Confi rmation of accuracy of the 
technique was monitored using a combination 
of the Plesovice, Mudtank and QGNG zircon 
standards. The average 176Hf/177Hf value 
for Plesovice for the analytical session was 
0.282479 ± 0.000022 (2SD, n = 37), which is 
comparable to the published value of 0.282482 
± 0.000013 (2SD) by Sláma et al., (2008).
εHf(T), TDM (DM=depleted mantle)  and 
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TDMc (TDMc= depleted mantle crustal) 
were calculated using 176Lu decay constant 
after Scherer et al., (2001), where T is the 
time of crystallization of the zircon. TDM and 
TDMc were calculated using the methods of 
Griffi n et al., (2002) with an average crustal 
composition of 176Lu/177Hf = 0.015. All data 
are presented using the epsilon hafnium (εHf) 
notation, which refers to a comparison of the 
data from CHUR; which at any time is set at 
a value of 0 (Patchett and Tatsumoto, 1980; 
Blichert-Toft and Albarède, 1997).  Juvenile 
components are recognized as εHf(T) values 
that fall between the estimated value of the 
new continental crust from modern island 
arcs (Dhuime et al., 2011) and the estimated 
depleted mantle array of Griffi n et al. (2004).  

5. RESULTS U-PB ZIRCON 
GEOCHRONOLOGY

5.1 Avalonia 

 The results of the U-Pb zircon 
geochronology from Neoproterozoic-
Ordovician Avalonian rocks are presented in 
Figure 4 and the full data tables are included 
in the supplementary data. 

5.1.1 ACO-12-52A and ACO-12-52B 
(Gamble Brook Formation)

 Sample ACO-12-52a and ACO-12-
52b are fi ne grained, white quartzite taken 
from outcrops approximately 25 metres apart. 
ACO-12-52a had 80 analyses conducted on 
80 detrital grains, of which 63 are 90-110% 
concordant (Fig. 4). ACO-12-52b had 60 
analyses conducted on 60 detrital zircon grains, 
of which 40 grains are concordant. The two 
samples contain zircon populations restricted to 
the earliest Neoproterozoic-Mesoproterozoic 
and the early Paleoproterozoic (~970-2100 
Ma). The zircon spectra are dominated by 
Mesoproterozoic zircons which form 73% of 
the total population, with Paleoproterozoic, 
Neoproterozoic and Archean zircons forming 
the remaining 18%, 3% and 2%, respectively. 
Within these populations the zircon distribution 

patterns defi ne major peaks at 1100-1200 Ma 
(20%), 1220-1290 (20%) and minor peaks at 
970-1070 Ma (12%), 1300-1360 Ma (6%), 
1400-1500 Ma (9%),  1510-1600 Ma ( 6%), 
1610-1690 Ma (6%), 1720-1790 Ma (7%), 
1830-1880 Ma (6%), 1930-2030 Ma (6%) as 
well as single grains at 2130 ± 21 Ma, 2592 
± 22 Ma and 2640 ± 22 Ma. The youngest 
detrital zircon population is 975 ± 33 Ma 
(n=3, MSWD=0.34). 

5.1.2 ACO-12-50/ACO-12-54 (James River 
Formation) 

 Sample ACO-12-50 is a grey, 
coarse-grained sandstone and ACO-12-54 
is a medium-grained sandstone.   In sample 
ACO-12-50 eighty analyses were conducted 
on eighty detrital zircon grains, with 76 
grains being concordant (Fig. 4). The zircon 
distribution patterns defi ne a major peak at 
635-780 Ma (58%), minor peaks at 610-635 
Ma (17%), 1000-1260 Ma (9%) and 1550-
1600 Ma (5%), and accessory peaks at 900 
Ma (3%), 1630-1730 Ma (3%) and 2670-2690 
Ma (3%). Single zircons at 2000 ± 24 Ma 
and 2801 ± 22 Ma were also analysed. The 
youngest detrital zircon population is 613 ± 13 
Ma (n=4, MSWD= 0.51).

 Sample ACO-12-54 also had eighty 
analyses conducted on eighty detrital 
zircon grains. Of these, seventy fi ve are 
concordant, and range from Neoarchean to 
late Neoproterozoic in age (Fig. 4). The zircon 
distribution patterns defi ne major peaks at 
~610-635 Ma (44%) and 635-790 Ma (41%), 
an accessory peak at 1100-1250 Ma (8%) and 
minor peak at 1400-1570 Ma (3%). Single 
zircon grains at 1793 ± 24 Ma, 1941 ± 22 
Ma, 2073 ± 20 Ma and 2652 ± 21 Ma were 
also analysed.  The youngest detrital zircon 
population is 612 ± 6 Ma (n=4, MSWD= 0.8).

5.1.3 ACO-12-29B (Livingstone Cove 
Formation)

 Sample ACO-12-29B is a coarse 
grained, pebbly conglomerate. It had eighty 
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one analyses conducted on eighty one detrital 
zircon grains.  Of these, sixty three analyses 
are concordant, and range from Neoarchean 
to late Neoproterozoic in age (Fig. 4). The 
zircon distribution patterns defi ne a large peak 
at ~635-800 Ma (55%), a major peak at ~590-
635 Ma (27%) and minor 1400-1600 Ma 
(11%) and accessory ~1850-1950 Ma (5%) 
peaks. Single zircons were analysed at 1184 ± 
23 Ma, 2104 ± 30 Ma and 2677 ± 20 Ma. The 
youngest detrital zircon population is 590 ± 5 
Ma (n=6, MSWD=0.78). 

 The youngest detrital zircon population 
(590 Ma) contradicts the tightly constrained 
depositional ages for the Georgeville Group. 
The maximum depositional age is constrained 
by lavas in the basal units of the Georgeville 
Group whereby U-Pb zircon and monazite 
ages of 628 and 617 ± 1.6 Ma are recorded, 
respectively (Murphy et al., 1997). The 
minimum depositional age of the Georgeville 
Group is tightly constrained by syn-tectonic 
and late tectonic plutons at 606 ± 1.16 Ma 
(TIMS, U-Pb zircon) and 607 ± 3 Ma (TIMS, 
titanite). From these constraints it is possible 
to interpret that the Georgeville Group was 
deposited and deformed between ~617 Ma 
and 607 Ma. The zircon grains analysed for 
TIMS in Murphy et al., (1997) were abraded to 
remove lead loss, we consider the small group 
(n=9) of concordant zircon grains younger 
than 607 Ma to likely be the product of minor 
lead loss resulting from younger magmatic or 
metamorphic events in Avalonia (i.e. at 570, 
540, 360 Ma, Nance et al., 2002; Murphy and 
Keppie, 2005) leading to slightly younger 
apparently concordant ages that still sit along 
the concordia. These data are not considered 
in the interpretation that follows.

5.1.4 ACO-12-38 (Malignant Cove 
Formation)

 Sample ACO-12-38 is a gritty, coarse 
grained red conglomerate. It had eighty 
analyses conducted on eighty detrital zircon 
grains, of which seventy two grains are 
concordant (Fig. 4). The zircon distribution 

patterns defi ne a large peak at 635-750 Ma 
(52%), a major peak at 590-635 Ma (38%), 
a minor peak at 1700 Ma (7%) and single 
zircons at 1918 ± 22 Ma, 2002 ± 27 Ma, 2224 
± 26 Ma and 2637 ± 22 Ma. The youngest 
detrital zircon population is 593 ± 5 Ma (n=7, 
MSWD=0.12). 

5.1.5 ACO-12-49 (Black John Formation)

 Sample ACO-12-49 is a coarse grained 
conglomerate that had 80 analyses conducted 
on eighty detrital zircon grains. Of these, 
seventy eight grains are concordant (Fig. 4). 
The zircon distribution patterns defi ne a large 
peak at 560-635 Ma (65%), a major peak at 
635-780 Ma (23%) and accessory peaks at 
~1200 Ma (6%) and 2000-2200 Ma (4%), and 
single grains at 1369 ± 27 Ma, 1554 ± 25 Ma 
and 2637 ± 22 Ma  The youngest detrital zircon 
population is 562 ± 6 Ma (n=5, MSWD=0.95). 

5.1.6 ACO-12-48 (MacKinnons Brook 
Formation)
 Sample ACO-12-48 is a coarse-
grained, red conglomerate.  Eighty analyses 
were conducted on eighty detrital zircon 
grains; of these 62 grains were concordant 
(Fig. 4). The zircon distribution patterns 
defi ne a large peak at 545-635 Ma (51%), a 
major peak at 635-800 Ma (32%) and single 
zircon populations at 512 ± 8 Ma, 526 ± 6 Ma, 
1002 ± 10 Ma, 1406 ± 30 Ma,  2126 ± 24 Ma, 
2674 ± 22, 2709 ± 25 and 3104 ± 27 Ma. The 
youngest detrital zircon population is 543 ± 6 
Ma (n=4, MSWD=0.49).

5.1.7 ACO-13-22 (Ferrona Formation)

 Sample ACO-13-22 is from an 
ironstone layer of the Ordovician Ferrona 
Formation. Fifty seven detrital zircon grains 
were analysed, of which thirty seven grains 
are concordant (Fig. 4). The zircon distribution 
patterns defi ne a large 560-635 Ma (54%) 
peak, a minor 680-720 Ma peak and single 
zircon grains at 1367 ± 34, 1537 ± 45 Ma,  
2085 ± 39 and 2249 ± 48 Ma and 480 ± 7 Ma. 
The youngest detrital zircon population is 560 
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Figure 6
A)εHf values plotted against the U-Pb ages for individual zircon grains from the Gamble Brook Forma-
tion (ACO-12-52A/52B) and the Fontino schist (Zlatkin et al., 2014). The inset illustrates a fi eld defi ning 
the hafnium isotopic array of the Gamble Brook Formation.  B) εHf values plotted against the U-Pb ages 
for individual zircon grains from the late Neoproterozoic Georgeville Group, Cambrian and Ordovician 
sedimentary rocks from Avalonia. Also shown are the Avalonian detrital zircon data from Wilner et al., 
(2013) and Pollock et al., (2015). The inset shows the vertical array associated with late Neoproterozoic 
magmatism in Avalonia.
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± 7 Ma (n=5, MSWD=0.14).
5.1.8 ACO-12-40 (Redmans Formation)
Sample ACO-12-40 is a medium grained, 
white to grey quartz arenite.  Sixty analyses 
were conducted on sixty detrital zircon grains; 
of these, forty nine are concordant (Fig. 
4). The detrital zircon spectra are limited 
to a large peak at 600-635 Ma (68%) and a 
major 635-690 Ma peak (32%). The youngest 
detrital zircon population is 598 ± 6 Ma (n=6, 
MSWD= 0.059). 

5.2 NW Iberia

 The results of U-Pb zircon 
geochronology from the autochthonous and 
upper allochthonous Iberian rocks are presented 
in Figure 5 and the tables with the analytical 
data are included in the supplementary fi les. 

5.2.1 Upper allochthon: ACO-14-01 
(Carreiro Shear Zone) and ACO-14-02 
(Órdenes Complex)
 Sample ACO-14-01 is from a highly 
deformed, amphibolite facies schist within the 
Carreiro Shear Zone (Vogel, 1967; Azcárraga 
et al., 2002). Eighty analyses were performed 
on detrital zircon grains extracted from ACO-
14-01 of which 48 are concordant (Fig. 5). 
The interpretation of detrital zircon data in 
metamorphic rocks can be complex (see 
Mezger and Krogstad, 1997), however it is 
unlikely the zircons in sample ACO-14-01 
refl ect metamorphic ages as zircon disturbance 
requires granulite facies conditions (Rubatto 
et al., 2001). However, it is possible that new 
zircon growth occurred during metamorphism 
and partial melting at ~400 Ma (Martínez 
et al., 2011); therefore, it is not plausible to 
assign a maximum depositional age to the 
protolith rock. This age is within error of the 
age of the Purrido ophiolite (395 ± 3 Ma, 
Martínez et al., 2011). The zircon distribution 
patterns (Fig. 5) defi ne a major peak at 551-
635 Ma (23%), minor peaks at 1910-2060 Ma 
(15%), 2620-2730 Ma (13%), 1400-1600 Ma 
(11%), 500-530 Ma (11%), 391-404 Ma (11%) 
and accessory peaks at 655 Ma (5%), 460 Ma 
(5%) and 420-440 Ma (6%) .   

 Sample ACO-14-02 is an upper 
Cambrian sandstone from a turbiditic sequence 
(Matte and Capdevila, 1978) in the upper part 
of the Betanzos Unit of the Órdenes Complex. 
Sample ACO-14-01 is stratigraphically 
equivalent to OS-1 in Fernandez-Suarez et al., 
(2003). Eighty analyses were obtained from 
detrital zircons of which 66 are concordant (Fig. 
5). The youngest detrital zircon population for 
ACO-14-02 is 528 ± 5 Ma (n=8, MSWD= 
0.89). The detrital zircon spectra yield a large 
peak at 540-610 Ma (61%), a major peak at 
521-540 Ma (23%) and a minor peak at 2000-
2086 Ma (15%).  A single zircon at 671 ± 8 Ma 
was also analysed (Fig. 6). 

5.2.2 West-Asturian-Leonese Zone: ACO-
12-60 (Cándana Formation)

 Sample ACO-12-60 comes from a 
thickly bedded (~1 m) clean, white, lower-
middle Cambrian quartzite. Of the 80 
detrital zircon analyses obtained, 74 grains 
are concordant (Fig. 5). The maximum 
sedimentation age is indicated by the youngest 
population of zircon grains at 527 ± 7 Ma 
(n=3, MSWD=0.54).  
The zircon distribution patterns defi ne a large 
peak at 550-615 Ma (55%), a major peak at 
635-800 Ma (21%) and accessory peaks at 
510-530 Ma (5%), 930 Ma (3%), 1670-1780 
Ma (6%), 1950-2020 Ma (3%) and 2450 Ma 
(3%). There is a single Archean grain (2624 ± 
24 Ma) (Fig. 5).

5.2.3 Cantabrian Zone: ACO-12-57
 
 Sample ACO-12-57 comes from 
the upper Cambrian Oville formation in the 
Cantabrian Zone. It is a glauconite-bearing 
quartzite, paleontologically constrained to be 
late Cambrian in age (Lotze and Sdzuy, 1961). 
Of the 80 detrital zircon analyses obtained, 
74 are concordant (Fig. 5). The maximum 
deposition age, as indicated by the youngest 
population, is Ediacaran (559 ± 7 Ma; n=3, 
MSWD=0.57). The zircon distribution patterns 
defi ne major peaks at 635-825 Ma (34%) and 
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550-635 Ma (20%), minor peaks at 850-1000 
Ma (19%), 1000-1150 Ma (9%), 1670-1800 
Ma (9%) and accessory peaks of 2550-2600 
Ma (5%) and 490-511 Ma (4%). A single 
grain at 2885 ± 20 Ma was also analysed. 

6. HAFNIUM ISOTOPE RESULTS

6.1 Avalonia 

 A total of 239 Lu-Hf isotopic analyses 
were obtained from the Neoproterozoic-
Ordovician rocks of West Avalonia.  The 
zircon grains analysed have measured 
176Hf/177Hf ratios of 0.280592-0.282793 
and initial 176Hf/177Hf ratios of 0.280549-
0.282758. Approximately 60% of the zircon 
grains have εHf values ranging between 
CHUR and DM (εHf= 0 to +14). The 
hafnium data are presented in Figure 6 and 
Figure 7, and will be discussed according 
to the depositional ages of the clastic rocks; 
Early Neoproterozoic, Late Neoproterozoic-
Cambrian and Ordovician. Full analytical 
data are included in the supplementary fi les. 

6.1.1 Early Neoproterozoic Gamble Brook 
Formation 

 The analyses from the Gamble Brook 
Formation fall into a restricted detrital zircon 
spectra that span the interval ~2000-1000 
Ma, with the largest population of grains 
at ~1200 Ma. In general, the zircon grains 
predominantly cluster around εHf = 0. 
However, between ~1050-950 and 1650-1550 
Ma, a wider range of εHf values extend to 
more juvenile compositions (Fig. 6a, εHf=0 
to +8). A period of crustal recycling is also 
evident at ~2000-1750 Ma where the grains 
are predominantly evolved (εHf= +1 to -8), 
indicating reworking of Archean crust (~2.5-
2.6 Ga). 

 6.1.2 Late Neoproterozoic- Cambrian 
rocks

 The Late Neoproterozoic-Cambrian 
samples are coeval with the interpreted 

continental arc magmatic interval that defi nes 
the main phase of magmatism in Avalonia 
(Doig et al., 1991; Kerr et al., 1995; White 
et al., 2001; Barr et al., 2012; Murphy et al., 
2013; Pollock et al., 2015). All the samples 
contain abundant Cryogenian-Ediacaran 
populations (Fig. 4). The mid-late Cryogenian 
(~800-650 Ma) zircon grains span the 
interval interpreted to represent the early 
oceanic arc phase in Avalonia (Murphy et al., 
2000; Murphy et al., 2008a and references 
therein; Pollock et al., 2015). The percentage 
contribution of individual populations may 
change between samples, but generally all 
the Neoproterozoic-Cambrian rocks record 
evidence of a dominant ~540-800 Ma source, 
and subordinate Mesoproterozoic (~1.0, 1.2 
and 1.6 Ga), Paleoproterozoic (1.9-2.2 Ga) 
and Archean (2.6-2.8 Ga) sources.  As their 
hafnium isotopic arrays are also similar, these 
rocks will be discussed collectively. 

 The mid-Neoproterozoic (~800-650 
Ma) zircons record two periods of crustal 
recycling and one of predominantly juvenile 
magmatism (Fig. 7). Crustal mixing is recorded 
between ~800-750 Ma where negative 
(evolved) zircon grains indicate the recycling 
of a Paleoproterozoic crustal component 
(εHf= +10 to -20). Between ~750-650 Ma, 
increasingly juvenile processes dominate and 
the majority of grains are positive (εHf= -7 to 
+15). After ~650 Ma crustal mixing processes 
are indicated by a vertical excursion to 
evolved values (εHf=+15 to -15) until at least 
~590 Ma (Fig. 7). Detrital zircon hafnium data 
from late Neoproterozoic-Cambrian classic 
sedimentary rocks in west Avalonia (Cape 
Breton Island, Nova Scotia and the Avalon 
terrane, Newfoundland) and east Avalonia 
(Belgium) consistently overlap with the data 
presented here from northern Nova Scotia 
(Willner et al., 2013; Pollock et al., 2015; Fig. 
6, Fig. 7); suggesting similar source rocks 
across Avalonia during the Neoproterozoic-
Cambrian interval. 

 The Mesoproterozoic-
Paleoproterozoic detrital zircons from the 
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late Neoproterozoic-Cambrian rocks record 
a similar U-Pb and hafnium isotopic array 
to that of the early Neoproterozoic Gamble 
Brook Formation (Fig. 6b). A juvenile input 
is evident at ~1650-1550 Ma (εHf= +11 
to -3).  Subsequently, zircons crystallised 
between ~1.5-1.0 Ga appear to have been 
predominantly recycled from the juvenile 
~1650-1550 Ma magmatism (εHf= +5 to -5). 
A vertical array at ~1.95-2.1 Ga yields a wide 
range of hafnium values (εHf= +5 to -10), 
which include depleted mantle values in the 
Mira Terrane (Willner et al., 2013). The εHf 
array indicates that crustal recycling at ~1.9-
2.1 Ga involved mixing of depleted mantle 
material with an Archean source (~2.8-2.6 Ga). 
All Archean grains (~3.1-2.6 Ga) analysed are 
evolved (εHf= -1 to -10) and refl ect recycled 
Paleoarchean to Eoarchean crust (TDMC 
=~3.0-3.9 Ga). 

6.1.3 Ordovician rocks

 The Early Ordovician samples (ACO-
12-40 and ACO-13-22) were deposited during 
the initial stages of separation of Avalonia from 
Gondwana (Scotese and McKerrow, 1990; 
Prigmore et al., 1997; Pollock et al., 2009). 
In contrast to the Neoproterozoic-Cambrian 
rocks, the Ordovician samples record a single 
period of record crustal recycling during the 
Neoproterozoic), with a weak vertical mixing 
array at ~650-600 Ma (Fig. 7) indicating 
the recycling of a Mesoproterozoic-early 
Paleoproterozoic source (TDMC = ~1.2-
1.7 Ga). The few Cryogenian grains (~700-
650 Ma) analysed are all juvenile (εHf= +1 
to +7), similar to those analysed in the Late 
Neoproterozoic-Cambrian samples. Sample 
ACO-12-40 did not have any grains older than 

Figure 7
εHf values plotted against the U-Pb ages for individual zircon grains from the late Neoproterozoic 
Georgeville Group, Cambrian and Ordovician sedimentary rocks from Avalonia. The data is restricted 
to only the Paleozoic –early Mesoproterozoic interval (250-1200 Ma) to highlight the character of the 
Avalonian arc system between ~800-550 Ma.
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the Mesoproterozoic. Mesoproterozoic grains 
(~1.2-1.5 Ga) in ACO-13-22 straddle CHUR 
(± 3 εHf units), and a single ~1795 Ma grain is 
highly evolved (εHf=-11). Two grains at ~2.0-
2.2 Ga also straddle CHUR (± 3 εHf units). 
The older zircon grains are not statistically 
robust, but do overlap with the populations of 
the same age identifi ed in the Neoproterozoic-
Cambrian rocks (Fig. 6). 

6.2 Iberian Terranes

 A total of 260 Lu-Hf isotopic analyses 
were obtained from detrital zircon grains 
of Neoproterozoic- Devonian rocks of NW 
Iberia. The zircon grains analysed have 
measured 176Hf/177Hf ratios of 0.280569- 
0.282863 and initial 176Hf/177Hf ratios of 
0.280540-0.282833. Approximately 65% of 
all grains are evolved, recording negative 
epsilon hafnium values (0 to -37 εHf).The 
results are divided into the autochthonous and 
upper allochthonous samples and are shown in 
Figure 8. 

6.2.1 Autochthonous zones: CZ, WALZ and 
CIZ 

 Neoproterozoic grains form the largest 
population in all of the autochthonous Iberian 
Neoproterozoic-Devonian rocks. Of these, 
Ediacaran (635-542 Ma) zircons are the most 
abundant.  The Ediacaran zircon grains are 
highly variable yielding εHf values between 
-30 and +9; however the majority of the 
population is between εHf +8 and -16 (Fig. 
8a). 

 A vertical spread of hafnium data is a 
type of array that is traditionally interpreted as 
a result of ‘mixing’ and is commonly attributed 
to continental arc magmatism (e.g. Mueller et 
al., 2008; Roberts et al., 2013; Linnemann et 
al., 2014). Projecting the lower limit of the 
Ediacaran population (εHf = -37) back to 
the depleted mantle along a typical crustal 
evolution line (Lu/Hf= 0.015; Griffi n et al., 
2000) indicates the zircons were crystallised 
from a recycled ancient crustal component, 

yielding a depleted mantle model age (TDMC) 
of 3.7 Ga. 

 Cryogenian grains (850-635 Ma) yield 
60% positive and 40% negative εHf values, 
with the majority of the population falling 
between εHf -15 and +10 (Fig. 8a). The 
Cryogenian-Ediacaran zircons are bracketed 
by two negative εHf excursions at ~650-600 
Ma and ~1000-900 Ma. In the interval between 
these events there is a pronounced inverted 
U-shaped transition between ~900 Ma and 
~700 Ma during which the zircon grains 
are increasingly juvenile, and the previous 
signifi cant ancient crustal input is subordinate 
(Fig. 8a). Zircons between ~900-1100 Ma are 
highly variable (εHf -25 to +17) and defi ne 
a broad mixing array, between juvenile and 
ancient sources. A single grain at 1100 Ma is 
extremely evolved yielding an εHf value of 
-35. Six zircons aged between ~1200-1400 
Ma were analysed for hafnium, recording 
variable εHf values between -10 and +5. A 
single zircon at 1300 Ma is extremely evolved 
with an εHf value of -35. Overall, there are 
very few Mesoproterozoic grains are recorded 
in the CZ-CIZ-WALZ rocks.

 The broad population of zircons 
between ~2.1-1.75 Ga in the Ordovician-
Devonian rocks are predominantly evolved 
with εHf values between +3 and -18 (Fig. 
8a). The lower limit on the array suggests 
reworking from a Paleoarchean crustal source. 
A population at ~2.7-2.5 Ga is also evolved 
(εHf 0 to -13) and yields a Paleoarchean TDMc 
(~3.5 Ga) at the lowest limit of the array. 

6.2.2 Upper Allochthon: ACO-14-01 and 
ACO-14-02

 Late Neoproterozoic-early Paleozoic 
grains (~700-500 Ma) predominantly fall in a 
restricted group between εHf +10 and -10 (Fig. 
8b). However, two grains are signifi cantly 
more evolved (εHf -22 and -37).  The lower 
limit of the main 700-500 Ma population (εHf 
-10) indicates that the zircons were crystallised 
via the mixing of crustal sources with juvenile 
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crust, yielding a lower TDMC limit of ~2.0 Ga. 
The interval between ~750-1950 Ma marks 
a lull in the detrital zircon record. However, 
1050-1600 Ma zircons are recorded in 
sample ACO-14-01, the Moeche and Purrido 
complexes and the Cariño Gneisses and all but 
one grain record positive εHf values. Zircons 
with crystallisation ages of ~2.1-1.95 Ga are 
all positive (εHf +1 to +10). Minor populations 
at 2.5 and 2.7 Ga are evolved (εHf -10 and -1 
to -7, respectively), and yield the same TDMC 
of ~ 3.5 Ga, indicating recycling of a similar 
Paleoarchean source. 

7. DEFINING HAFNIUM ISOTOPE 
ARRAYS

7.1 Cryogenian-Ediacaran arc magmatism

 Neoproterozoic (Cryogenian-
Ediacaran) zircon grains form the largest 
detrital populations in all late Neoproterozoic-
Cambrian samples from NW Iberia, Avalonia 
and the Armorican terranes (Linnemann 
et al., 2007; Drost et al., 2011; Linnemann 
et al., 2014).  These grains are commonly 
attributed to a period of arc-magmatism along 
the northern Gondwanan margin, referred to 
as the peri-Gondwanan Avalonian-Cadomian 
arc system (Murphy and Nance, 1989; Nance 
and Murphy, 1994), which was active between 
~750-550 Ma (Nance et al., 2008; Murphy et 
al., 2013; Linnemann et al., 2014). Despite 
similar ages of arc magmatism, Sm-Nd isotopic 
data (Nance and Murphy, 1994, 1996) indicate 
that Avalonia and Cadomia were developed on 
isotopically distinct basements, and so their 
origin is discussed separately. In addition, as 
more hafnium isotopic data are produced, it is 
apparent that the isotopic nature and timing of 
magmatic activity within the arc system as a 
whole is highly variable. 
 Neoproterozoic magmatism is also an 
important process in the development of the 
Arabian-Nubian Shield and in the Timanides 
orogen of Baltica; therefore it is also necessary 
to discuss the hafnium isotopic character of 
these arc systems.  Collectively, these arrays 
make it possible to recognise hafnium isotope 

signatures for different components of the 
Neoproterozoic magmatic arc systems, and 
thus trace the source of the zircons.  The 
hafnium isotopic character of components of 
the Neoproterozoic magmatism is discussed 
below (Fig. 9); however the crustal evolution 
of the Avalonian arc-system will be discussed 
separately.

7.1.1 Cadomian arc 

 Cadomian (~750-570 Ma) arc 
magmatism preserved in the Schwarzburg 
Antiform, Germany have εHf values ranging 
from near depleted mantle values (+11) to very 
evolved (-40), including a distinct negative 
spike of Hf isotopes (Fig. 9), suggesting that 
Cadomian magmatism involved juvenile 
magmas that were contaminated with varying 
amounts of Eburnian and Archean crust 
(Linnemann et al., 2014). Consequently, the 
Cadomian arc is interpreted to have been built 
on the NW margin of the Reguibat shield 
of the West African Craton, where ancient 
Archean rocks (3.5-3.4 Ga, 3.0-2.7 Ga) were 
available for recycling and melting during the 
Neoproterozoic events (Stern, 1994; Kroner et 
al., 2001; Linnemann et al., 2014).
 
7.1.2 Arabian-Nubian Shield

 The north-eastern Gondwanan margin 
is dominated by the Neoproterozoic Arabian-
Nubian shield (ANS); located along the 
eastern boundary of the Saharan Metacraton 
in the northern East African Orogen. The 
ANS is comprised of a collage of ~900-760 
Ma (Morag et al., 2012; Robinson et al., 
2014) juvenile island arcs and back-arc basins 
which accreted to the Saharan metacraton in 
the Ediacaran.  Cryogenian metasedimentary 
and arc-metavolcanic rocks in eastern Egypt 
reveal that arc magmatism was not entirely 
juvenile and did involve reworking of some 
pre-Neoproterozoic crust (Ali et al., 2013). 
Post-collisional magmatism between ~660-
580 Ma, appears to have reworked only the 
juvenile Tonian crust (Morag et al., 2012), as 
the majority of zircon grains yield positive 
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A)  εHf values plotted against the U-Pb ages for individual zircon grains from late Neoproterozo-
ic-Devonian sedimentary rocks of the autochthonous zones Iberia. Also shown are the εHf data from 
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εHf values (Fig. 9) (Morag et al., 2011; Morag 
et al., 2012; Ali et al., 2013; Robinson et al., 
2014).

7.1.3 Timanides
 
 The Timanide orogen of Baltica is an  
Ediacaran-Cambrian orogenic belt developed 
in a continental arc environment on either 
the margin of Arctida prior to accretion with 
the passive Timan-Ural margin of Baltica at 
~550 Ma (Gee and Pease, 2004; Kuznetsov 
et al., 2010), or on the margin of Baltica as 
part of the peri-Gondwanan “Avalonian-
Cadomian” arc system (Scarrow et al., 2001; 
Linnemann et al., 2004) . Magmatism during 
the development of the Timanide orogen have 
both depleted mantle and crustal sources, 
yielding a strong vertical array (Fig. 9), 
with εHf values extending to -15, likely to 
refl ect development of a continental arc on 
Paleoproterozoic crust. Minor mixing with 
an Archean crustal component is suggested 
by two extremely evolved (εHf=-25 to -30) 
zircons (Kristoffersen, 2011; Beranek et al., 
2013), but was not the dominant magmatic 
process. 

7.2 Cratonic Gondwana and Baltica

 A wealth of U-Pb zircon and hafnium 
isotopic data has been published in the last 
decade that defi nes the isotopic composition 
of the basement rocks of northern African, 
Arabian, Amazonian and the Baltican cratons 
(Fig. 10 and Fig. 11). We summarise the 
available data below in order to emphasise the 
unique hafnium isotopic signatures recognised 
in the cratonic domains of northern Gondwana, 
as well as the cratonic nuclei of Baltica.

7.2.1 West African Craton  
 
 The West African Craton forms 
a signifi cant component of the northern 
Gondwanan margin. The WAC is comprised 
of two major Archean and Paleoproterozoic 
metamorphic and magmatic shields, separated 
by two sedimentary basins (Taoudeni and 
Tindouf basins). Its cratonic components are 
presently exposed in the two main areas of uplift; 
the Man shield in the south and the Reguibat 
shield in the north (Mauritania, Morocco and 
Algeria). The WAC was amalgamated through 
three orogenic cycles: 1) Leonian cycle (3.5-
3.0 Ga) and Liberian cycle (2.95-2.75 Ga), 2) 
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the Eburnian cycle (2.2-1.75 Ga), and 3) the 
Pan-African orogenesis (760-660 Ma) (see 
Abati et al., 2012 and references therein). 
Crucially, there is a distinct magmatic gap 
between 1.7-1.0 Ga. During the ~1.7-1.0 Ga 
interval of quiescence, the WAC underwent 
cratonisation and was able to develop a thick 
lithosphere (Black and Liegeois, 1993), prior 
to remobilisation in the late Neoproterozoic.

 The Leonian-Liberian cycles (3.5-2.75 
Ga) do not form a distinct hafnium array, but 
rather form two variable populations at ~3.4 Ga 
(εHf =0 to -3) and ~3.1-2.6 Ga (εHf =+3 to -17), 
followed by a period of juvenile magmatism at 
~2.5-2.35 Ga. The “Eburnian” cycle (Fig. 10a) 
extends over 400 myr (~2250-1800 Ma) and 
is characterised by a period of predominantly 
juvenile magmatism between ~2250 and 2100 
Ma (εHf =+9 to -3), with minor crustal mixing 
indicated by a small number of evolved grains 
(εHf= -6 to -9). A vertical array (εHf= +10 to 
-35) evident in the hafnium data indicate an 
extended period of crustal recycling between 
~2100 and 1800 Ma. During this interval, 
juvenile material generated during the early 
stages of the Eburnian and Leonian-Liberian 
events was reworked. 
 
 The Neoproterozoic arc-derived 
detrital zircon grains of the Anti-Atlas Belt of 
Morocco (Abati et al., 2012) contrasts with that 
of the Cadomian arc (Linnemann et al., 2014). 
The Anti-Atlas records juvenile magmatism 
at ~700-675 Ma (εHf= +13), prior to a period 
of mixing with a Paleoproterozoic (Eburnian) 
source (TDMC =~1.8-2.0 Ga) between ~650-
590 Ma (Fig. 9). Consequently, the oceanic 
magmatic arc is interpreted to have been 
accreted to the eastern part of the Reguibat 
Shield at ~650 Ma, which is dominated by 
Eburnian (~2.1-1.8 Ga) crust (see Walsh et al., 
2012).  

 Mafi c-ultra mafi c rocks in the Arar 
Souttouf Massif of the Moroccan Sahara are 
dated at ~700-550 Ma (Gärtner et al., 2014), 
and yield predominantly very juvenile εHf 
values (εHf =+15 to +2), and  minor crustal 

mixing with a Paleoproterozoic source (εHf= 
+12 to -9) at ~650-600 Ma (Fig. 10a). The 
dominantly juvenile magmatism has been 
interpreted to represent an occurrence of 
oceanic arc magmatism coeval with the 
main stages of magmatism in the Avalonian-
Cadomian arc system  (Gärtner et al., 2014). 

7.2.2 Saharan Metacraton

 The 500,000 km2 area of continental 
lithosphere occupying the Africa between the 
Arabian-Nubian shield in the east, the Tuareg 
shield in the west, and the Congo Craton in 
the south (Fig. 10b) has been classifi ed as the 
Saharan ‘metacraton’ (SMC), which is defi ned 
as a ‘metacraton’ is a “craton that has been 
variably mobilized during an orogenic event 
but is still recognisable through its rheological, 
geochronological and isotopic characteristics” 
(Abdelsalam et al., 2002; Abdelsalam et al., 
2011). The region is dominated by medium to 
high grade gneisses, metasedimentary rocks, 
migmatites and smaller outcrops of granulites 
and low grade volcano-sedimentary rocks 
(Abdelsalam et al., 2011). Geochronological 
(Rb-Sr, whole rock) and Sm-Nd isotopic 
data, indicate the heterogeneous nature of the 
metacraton, with ages ranges between ~3100-
500 Ma (see Abdelsalam et al., 2002 and 
references therein; Abdelsalam et al., 2011). 
Ilzuka et al. (2013) and Be’eri et al. (2014) 
analysed detrital zircons from the Nile river 
system, producing a U-Pb-Hf dataset that 
illustrates the isotopic nature of the Saharan 
Metacraton and the ANS. The data set (Fig. 
10b) yields a double vertical array; one at 
~850-550 Ma and a second, distinct Tonian-
Stenian (0.85-1.20 Ga) population; an age 
range not seen in the WAC. The juvenile 
~850-550 Ma (εHf= +13) zircons overlap 
with the mid-late Neoproterozoic juvenile 
magmatism recorded in the ANS and are 
conceivably sourced from the ANS. However, 
the remainder of the hafnium array does not 
match with the geologic record of the ANS. 
Notably, the ~1150-850 Ma zircons in the 
Nile data set are markedly different to those 
found in the ANS (Fig. 10c) in that they form 
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an extended vertical array (εHf= +7 to -25). 
The recognition of similar ~1.2-0.9 Ga zircons 
from Devonian sandstones in southern Libya 
(Meinhold et al., 2014) suggest derivation 
of the Tonian-Stenian (0.85-1.20 Ga) grains 
from within the SMC. Therefore the Nile 
River and southern Libya datasets are the most 
representative of the hafnium isotopic record 
of the SMC. The SMC is also characterised by 
a gap in detrital zircon ages between ~1.15-
1.9 Ga (Fig. 11b). A period of crustal recycling 
(vertical mixing array) of an Archean source is 
evident at ~1.9-2.1 Ga and at ~2.5-2.7 Ga.
 
7.2.3 Central Africa (Congo Craton and 
Mesoproterozoic belts)

 The Congo Craton records a vertical 
mixing array between ~900-1150 Ma 
(Batumike et al., 2009; Iizuka et al., 2013; 
Foster et al., 2014), generated by mixing 
Paleoarchean crust with juvenile material 
(εHf= +15 to -27); comparable to the array seen 
in the SMC (Fig. 10d). Detrital zircons from 
the Neoproterozoic Damara Orogen (Foster et 
al., 2014), which forms the boundary between 
the Kalahari Craton and  southern Congo 
Craton, also feature a prominent Tonian-
Stenian (0.85-1.20 Ga) peak that overlaps 
with  that found in the Congo and Zambezi 
River sediments (Iizuka et al., 2013). 

 An important difference between 
the SMC and Congo Craton is the presence 
of zircons from the central African 
Mesoproterozoic Kibaran, Irumide and 
Namaqua-Natel Belts in the Congo Craton 
hafnium array (Foster et al., 2014). These 
orogens contain magmatic and metamorphic 
provinces that yield varying ages between 
~1.6-1.0 Ga, with peaks at ~1.4-1.3 Ga (Linol 
et al.; De Waele et al., 2003; Foster et al., 
2014 and references therein). The hafnium 
record from the ~1.2-1.4 Ga interval in the 
Congo Craton is characterised by zircons that 
straddle CHUR (± 3 εHf units) with reworking 
of an older crustal source at ~1.3 Ga indicated 
by a negative spike down to εHf -15 (Fig. 
10d).  These populations are not abundant in 

the SMC record and are limited to the central 
African region.  

7.2.4 Baltica 

 Baltica is not commonly considered 
as a detritus contributor to the late 
Neoproterozoic peri-Gondwanan terranes 
as it is usually interpreted to have been 
separated from the supercontinent Rodinia 
during the fi nal stages of break-up at ~650 
Ma (Torsvik et al., 1996; Buchan et al., 2000; 
Johansson, 2014). The model of protracted 
amalgamation of Gondwana during the ~650-
550 Ma interval also did not include Baltica 
or Laurentia (Johansson, 2014). However, 
as there are still many unanswered questions 
regarding its paleogeography (Cawood 
and Pisarevsky, 2006; Levashova et al., 
2013; Meert, 2014) as well as the ultimate 
provenance of Avalonia, it is necessary to 
include it while reassessing provenance of the 
peri-Gondwanan terranes. Whole rock Sm-
Nd data from late Neoproterozoic (610-600 
Ma) granites of West Avalonia (New England, 
USA; Thompson et al., 2012) yield early 
Mesoproterozoic-mid-Paleoproterozoic (~1.0 
to 2.2 Ga) model ages and  are interpreted to 
refl ect mixing of Svecofennian Baltican crust 
with juvenile material. A Baltican-Avalonian 
connection during the Ediacaran is permissible 
with the available paleomagnetic data, which 
place both Baltica and Avalonia at moderate 
south paleolatitude between ~615 and 575 Ma 
(Thompson et al., 2012). Keppie and Keppie 
(2014) also consider an Ediacaran connection 
between Baltica and Avalonia on the basis of 
550 Ma paleomagnetic data for Avalonia.  

 Baltica records an extensive tectonic 
history that ranges from the Archean to the 
Paleozoic. Archean rocks (~3.7-2.6 Ga) are 
well exposed in all the Fennoscandian, Volgo-
Uralian and Sarmatian shields (for a detailed 
review see Bogdanova et al., 2008), which 
were amalgamated into a coherent craton (East 
European Craton) during a series of collisions 
between ~2.0-1.7 Ga. The hafnium record 
of these events indicates that magmatism 
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was initially juvenile at ~2.1-2.2 Ga, prior to 
crustal mixing processes with a Paleoarchean 
source until ~1.85 Ga (Andersson et al., 2011) 
(Fig. 11a). The hafnium array for the late 
Paleoproterozoic-Mesoproterozoic of Baltica 
is distinct in that it records no evidence of 
further recycling of Archean crust until the late 

Neoproterozoic. Instead, juvenile magmatism 
is recorded predominantly between ~1.6-1.4 
Ga. Subsequently, most of the zircons appear 
to have been produced from reworked ~1.6-
1.4 Ga juvenile crust, with minor input from 
depleted mantle material (Fig. 11a). The 
Sveconorwegian orogeny at ~1.2-0.90 Ga 
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also recycled the 1.6-1.4 Ga Mesoproterozoic 
crust, with minor additions of juvenile material 
(Andersen et al., 2002; Andersen et al., 2009).

7.2.5 Amazonia

 Amazonia occupies a position 
adjacent to the West African Craton in most 
reconstructions of Gondwana (Cordani et 
al., 2003; Collins and Pisarevsky, 2005). 
Amazonia has been subdivided into six 
provinces that range from Archean to early 
Neoproterozoic in age (Cordani et al., 2009), 
which were amalgamated during a series of 
accretionary and collision events during the 
Paleoproterozoic (Transamazonian Orogeny, 
~2.25-2.05 Ga) and Mesoproterozoic 
(Rio Negro-Juruena Belt, ~1.78-1.55 Ga; 
Rondonian-San Ignacio orogeny, ~1.55-1.30 
Ga; and the Sunsas orogeny, ~1.28-0.92 Ga). 
The hafnium isotopic record features several 
isotopic anomalies that distinguish it from the 
other Gondwanan terranes (Fig. 11b). 

 The Archean record is dominated by 
reworking of an initially juvenile Paleoarchean 
crust (~3.2-3.5 Ga) along a typical crustal 
evolution path (average Lu/Hf of 0.015; 
Griffi n et al., 2000) (Fig. 11b). A strong 
vertical array at ~2.25-2.00 Ga corresponding 
to the Transamazonian event indicates 
signifi cant recycling of a Paleoarchean crustal 
source and limited juvenile material. Juvenile 
magmatism was an important component 
of the Sunsas Orogeny (1.3-1.0 Ga) and the 
Goias magmatic arc (0.9-0.6 Ga; Matteini et 
al., 2010), but both also involved the minor 
recycling of Paleoproterozoic crust.        

8. DISCUSSION

8.1 Provenance of the Gondwanan basement 
terranes 

 The U-Pb-Hf isotopic data we present 
highlight the power of hafnium isotope arrays 
for defi ning the crustal evolution of ancient 
cratonic regions. The comprehensive hafnium 
arrays can be used to isotopically ‘fi ngerprint’ 

a craton, and we demonstrate that the arrays are 
traceable through many stages in the evolution 
of mobile microcontinental terranes. 
 
 Using the U-Pb detrital zircon spectra 
of predominantly Cambrian sedimentary 
rocks, Dörr et al., (2015) recently proposed 
that four unique peri-Gondwanan components 
comprise the majority of the European 
basement; Amazonian-derived Avalonian 
terranes, Baltican components, Minoan 
components (Sicily, Sardinia, Northern 
Spain and the Mediterranean) and Armorican 
terranes derived from West Africa. Utilising 
the addition of hafnium data we propose that 
the provenance of the European basement 
terranes is simpler, and can be linked back to 
three basement components (Fig. 12); Baltica, 
SMC and the WAC.  

8.2 Avalonia

 Avalonian components present on the 
western and eastern margins of the Atlantic 
Ocean, in the northern Appalachians and 
Variscan orogens respectively, preserve 
relatively consistent detrital zircon populations 
in the late Neoproterozoic-early Palaeozoic 
sedimentary rocks. These populations are 
dominated by mid-late Neoproterozoic (~800-
550 Ma) detrital zircons, with varying minor 
percentages of Mesoproterozoic (~1.2-1.6 
Ga), Paleoproterozoic (~1.7-2.2 Ga) and 
Archean populations (~2.6-2.8 Ga).This 
grouping has led to a consensus that Avalonia 
resided along the NW margin of Gondwana in 
the late Neoproterozoic (Pollock et al., 2011; 
Linnemann et al., 2012). 

 The West African Craton is commonly 
dismissed as a source of provenance for 
Neoproterozoic-Ordovician Avalonian 
rocks due to the complete absence of 
Mesoproterozoic source rocks (Murphy et 
al., 2002; Murphy et al., 2004b). Similarly, 
the SMC and Congo Craton are also unlikely 
candidates as they record a distinct Tonian-
Stenian vertical mixing array (0.85-1.2 Ga, 
Fig. 10) that is not preserved in any of the 
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Neoproterozoic-Ordovician Avalonian rocks. 
The SMC also lacks ~1.4-1.6 Ga source rocks, 
which form signifi cant detrital populations in 
Neoproterozoic-Ordovician Avalonian rocks. 
The detrital zircon spectra of late 
Neoproterozoic Avalonian rocks are most 
frequently matched to the Amazonian craton 
(Nance and Murphy, 1994; Keppie et al., 1998; 
Satkoski et al., 2010; Barr et al., 2012; Willner 
et al., 2013).  However, the tectonic provinces 
of Baltica also yield signifi cant overlaps with 
the detrital zircon spectra of Avalonian rocks.  
The comprehensive hafnium isotope arrays 
presented here (Fig. 6, Fig. 10, Fig. 11) for 
Avalonia, Amazonia and Baltica allow the 
provenance of Avalonian rocks to be tested 
beyond one dimensional U-Pb zircon age 
spectra comparisons.

8.2.1 Amazonia versus Baltica: key 
differences in the hafnium arrays

 There are two key differences 
between the geological evolution of Baltica 
and Amazonia that differentiate the hafnium 
isotopic arrays. The fi rst is the Goiás 
magmatic arc in the Tocantins Province in 
Amazonia, a Brasiliano/Pan-African orogen 
that formed during the complex accretion of 
island and continental magmatic arcs on the 
western margin of the Sao Francisco craton 
during the Tonian-Ediacaran (~1.0-0.63 Ga) 
(Cordani et al., 2009; Pimentel et al., 2011). 
The arc underwent multiple magmatic events 
and is recorded by a broad vertical- array that 
indicates mixing between juvenile and Archean 
crust εHf= +15 to -17) during the ~0.9-0.6 Ga 
interval (Matteini et al., 2010). The hafnium 
array from the same interval (~0.9-0.6 Ga) 
in Baltica is distinct in that it is characterised 
by a magmatic “gap” between ~0.9-0.8 Ga, 
prior to continental arc-type mixing array at 
~0.8-0.6 Ga. The vertical-array at ~0.8-06 Ga 
is defi ned by εHf values of +15 to -12 and is 
related to the development of the Timanides 
orogen (Kuznetsov et al., 2010).

 The second distinction between the 
Amazonian and Baltican hafnium arrays is 

the timing and nature of Paleoproterozoic 
magmatism. Paleoproterozoic magmatism in 
the Amazonian Craton commences at ~2.25 Ga 
and is characterised by a broad vertical array 
(εHf= +5 to -22) until ~1.9 Ga (Iizuka et al., 
2010). The vertical array (Fig. 11b) indicates 
the mixing of Archean (~3.2 Ga) crust with 
varying amounts of younger crustal material. 
There are no purely juvenile (depleted mantle-
type) zircons generated during the ~2.25-1.9 
Ga event.  The nature of the array indicates 
that crustal recycling was the dominant 
process and was likely to be associated with 
the cratonisation of Amazonia during the 
~2.1-2.0 Ga Trans-Amazonian orogeny (see 
Cordani and Teixeira, 2007 and references 
therein). By contrast, the Paleoproterozoic 
hafnium array in Baltica is characterised by 
the commencement of juvenile magmatism at 
~2.1 Ga prior to the evolution of a vertical-
mixing array at ~2.05-1.9 Ga (Fig. 11a), 
whereby depleted mantle material was mixed 
with Archean crust (~2.9-3.0 Ga). 

8.2.2 Provenance of early Neoproterozoic 
Avalonia (Gamble Brook Formation)

 The hafnium isotope array for the 
Gamble Brook Formation allows a more 
precise resolution for the earliest history of 
Avalonia. The maximum depositional age 
of the early Neoproterozoic Gamble Brook 
Formation is constrained by the youngest 
detrital zircon population at 975 ± 33 Ma 
(present study, Murphy, 2002; Barr et al., 
2003). As the Gamble Brook Formation does 
not contain any early Avalonian magmatic arc 
populations (~760-730 Ma), it is interpreted 
to have been deposited between ~970 Ma and 
~750 Ma. Given the ~300 million year interval 
in which the Gamble Brook Formation could 
have been deposited it seems unlikely to have 
taken place in an active arc environment, where 
the youngest zircons commonly overlap with 
the maximum age of deposition (i.e. Cawood 
et al., 2012; Zlatkin et al., 2014). 

 Similar early Neoproterozoic 
successions to the Gamble Brook are 
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documented in New England (Westboro 
Formation, Thompson et al., 2012) and 
Pelagonia, Greece (Fontino schist, Zlatkin 
et al., 2014). U-Pb-Hf analyses of detrital 
zircons from the Fontino schist in Pelagonia 
overlap with those of the Gamble Brook Fm 
and indicate a similar source terrane (Zlatkin 
et al., 2014).  The compiled Gamble Brook 
Fm and Fontino schist hafnium array is 
restricted to Mesoproterozoic (~1.0-1.6 Ga) 
to mid-Paleoproterozoic (1.6-2.2 Ga) zircons. 
The ~2.1-1.75 Ga zircons form a cluster 
around CHUR (±3 εHf units); whereas ~1.5-
1.2 Ga zircons form a predominantly juvenile 
grouping between εHf +10 and -3. The ~1.2-
1.0 zircons are variably mixed between CHUR 
and +8. The Gamble Brook Formation also 
preserves very few Archean grains (<2%).

 During the ~975-750 Ma window of 
potential deposition of the Gamble Brook 
Fm, Baltica and Amazonia are commonly 
considered to have been contiguous (Nance et 
al., 2002; Li et al., 2008 and references therein), 
therefore rocks deposited adjacent to Baltica/
Amazonia could potentially yield a mixed 
detrital signal. However, given the restricted 
range of detrital zircons (~1.0-2.2 Ga) in the 
Gamble Brook Formation (and its equivalents 
in other regions of Avalonia), it seems more 
feasible that deposition occurred adjacent to 
Paleoproterozoic-Mesoproterozoic provinces, 
and not the Archean nuclei of either Baltica or 
Amazonia.  

 Crucially, the Gamble Brook 
Formation does not record ~0.9-0.8 Ga 
detritus that may be expected if Avalonia was 
located near the active Goiás arc region of the 
Amazonian margin (Thompson et al., 2012). 
Paleoproterozoic zircons in the Gamble Brook 
Formation and the Fontino schist record 
magmatism commencing at ~2.1 Ga, which is 
later than that of the Amazonian hafnium array 
(~2.25 Ga) and closer to the Baltican record 
(~2.1 Ga). The increased juvenile composition 
of the zircons at ~1.5-1.45 Ga in the Avalonia 
array is also more comparable to the Baltican, 
rather than the Amazonian, hafnium array 

(Fig. 11). 

 Given the isotopic evidence presented 
here that highlights a number of similarities 
to Baltica and important differences to 
Amazonia, we favour the interpretation 
that Avalonia was located near Baltica in 
the early Neoproterozoic (~975-750 Ma). 
The interval coincides with the deposition 
of the Gamble Brook Formation (and its 
equivalents New England, Fig. 12), and 
requires a paleogeographic position closest 
to the Telemarkia province, Transcandinavian 
Igneous Belt and the Osnitsk-Mikashevichi 
Belt, which are dominated by Paleoproterozoic-
Mesoproterozoic rocks. This is similar to 
the location proposed by Thompson et al. 
(2012) whereby Avalonia occupied a location 
adjacent to western-end of the Timanides of 
Baltica and along strike from the Cadomian 
orogen outboard of West Africa (see Fig. 8, 
Thompson et al., 2012). 

8.2.3 Crustal evolution of the Avalonian arc 
system in the Cryogenian-Ediacaran

 Previous interpretations of the earliest 
evolution of the Avalonia microcontinent 
are largely derived from whole rock Sm-Nd 
isotopic data from vestiges of the early arc 
magmatism (~760-730 Ma). These include 
the Economy River Gneiss (734 Ma, Doig et 
al., 1993) in Nova Scotia, the Burin Group 
volcanic rocks (~763 Ma, Krogh et al., 1988; 
Murphy et al., 2008b) in Newfoundland 
and the Malverns Plutonic Complex (~675 
Ma, Tucker and Pharoah, 1991; Strachan 
et al., 1996) in the English Midlands. Early 
Mesoproterozoic Sm-Nd model ages (~1.2-
1.0 Ga) for the 734 Ma Economy River Gneiss 
and 675 Ma Malverns Plutonic Complex have 
led to the interpretation that “proto-Avalonia” 
developed as juvenile oceanic arcs in the peri-
Rodinian ocean in the late Mesoproterozoic 
(1.2-1.0 Ga) (Murphy et al., 2000; Nance et 
al., 2002). Consequently, the ~760 Ma arc 
magmatism represents renewed subduction in 
an oceanic arc environment, prior to accretion 
to the Gondwanan margin and subsequent 
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continental arc magmatism between ~630-570 
Ma (Murphy et al., 2013). Hafnium data from 
zircons crystallised in the Avalonia arc-system 
provide a more detailed isotopic picture of the 
arc system, compared to the average given by 
whole rock Sm-Nd data. 

 The late Neoproterozoic Georgeville 
Group and Cambrian samples are dominated 
by Cryogenian-Ediacaran (~750-550 Ma) 
zircons. A small number of ~800-760 Ma 
zircons are also present, but form only 
accessory populations (<5%) in the rocks. 
However, the ~800-760 Ma zircons overlap 
with the hafnium isotopic array of the 
dominant ~760-650 Ma arc related zircons 
indicating arc magmatism in Avalonia may 
have commenced as early as ~800 Ma. The 
hafnium isotopic array of the ~800-550 Ma 
zircons describes the crustal nature of the 
Avalonian arc system. Of these zircons 90% 
fall into a cluster of εHf values between -7 
and +14, which corresponds to a TDMc range 
of ~0.68 to 1.9 Ga. An interval of increased 
ancient crustal reworking is apparent at ~640-
570 Ma, whereby a small number of zircons 
record comparatively evolved crustal values 
(εHf= -12 to -18); which corresponds to TDMc 
range of ~2.2 to 2.6 Ga. 

 Previous Sm-Nd whole rock 
analyses of early arc rocks in West and 
East Avalonia infer magmatism was a mix 
of juvenile depleted mantle material with 
Mesoproterozoic-Paleoproterozoic (~1.0-
1.30 Ga, ~1.3-1.8 Ga)  crustal contamination 
(Pharaoh et al., 1987; Thorogood, 1990; Barr 
and Hegner, 1992; Nance and Murphy, 1994; 
Whalen and Jenner, 1994; Murphy and Nance, 
2002). However, the ~800-550 Ma hafnium 
array identifi es an older Paleoproterozoic 
crustal component than that of the Sm-Nd 
whole rock data (e.g. Murphy et al., 2000); and 
indicates that the early Avalonian arc-system 
was built on a basement of “Grenvillian-type” 
crust that records mid-Paleoproterozoic-
Mesoproterozoic crustal model ages (~1.0-2.0 
Ga) (Daly and McLelland, 1991; Rainbird et 
al., 1997; Rivers, 1997).

 Given that the deposition of the 
early Neoproterozoic Gamble Brook Fm 
is interpreted to have occurred adjacent to 
Baltica, we propose that the early-Avalonian 
basement originated along the Baltican 
margin and was subsequently rifted away in 
the mid-Neoproterozoic. The tectonic setting 
of “Proto-Avalonia” could have been similar 
to that of the late Cretaceous margin of eastern 
Australia, whereby fragmentation and rifting of 
the continental crust resulted in the separation 
of a microcontinental ribbon (“Zealandia”, 
Mortimer, 2004; Tulloch et al., 2009); which 
subsequently formed the upper plate during 
oceanic and continental arc subduction in the 
mid-Palaeogene (Kamp, 1999; Stern et al., 
2006). Oceanic-arc magmatism in Avalonia at 
~800-760 Ma preferentially nucleated on the 
thinned continental crust. A modern analogue 
to this could be the Cenozoic oceanic arc 
Vanuatu (Buys et al., 2014), whereby 
hafnium isotopes from zircons in arc-related 
magmas have identifi ed signifi cant crustal 
contamination in the oceanic arcs of Vanuatu 
and have allowed the basement to be traced 
back to its origin along the Australian margin 
(Buys et al., 2014). 

 The Avalonian hafnium array shifts 
at ~640 Ma towards more evolved crustal 
values and is interpreted to represent the 
accretion of the Avalonian arc to a cratonic 
margin (Nance et al., 2002 and references 
therein). The shift towards crustally derived 
magmatism also coincides with the onset 
of continental arc magmatism (Murphy et 
al., 2013) along the northern Gondwanan 
margin. Instances of high-intermediate grade 
metamorphism at ~650 Ma in east Avalonia 
(Malverns Plutonic Complex, Strachan et al., 
1996) and west Avalonia (southern Maine, 
Cape Breton Island, southern Newfoundland) 
provide further evidence for the accretion of 
the oceanic arcs to a continental margin prior 
to ~640 Ma. Mesoproterozoic (~1.0-1.6 Ga), 
Paleoproterozoic (~1.8-2.2 Ga) and Archean 
(~2.5, 3.0 Ga) zircon inheritance during the 
main stage of continental arc magmatism are 
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reported in the ~615 Ma Keppoch rhyolite 
in Nova Scotia (Murphy et al., 1997), Horse 
Cove Complex, Newfoundland (Skipton et 
al., 2013) and ~570-560 Ma granites in SW 
Poland (Mazur et al., 2010). Neodymium 
isotopic signatures of coeval, crustally derived 
volcanic and plutonic rocks in Avalonia are 
also testament to the transition to a continental 
arc environment between ~650-600 Ma 
(Nance and Murphy, 1994, 1996). 

8.2.4 Provenance and paleogeography 
of Avalonia during the late Ediacaran-
Ordovician

 Continental reconstructions for the late 
Neoproterozoic-early Paleozoic frequently 
place Avalonia along the Amazonian margin 
of Gondwana (Stampfl i and Borel, 2002; 
Scotese, 2004; Nance et al., 2008), with 
some authors suggesting a Baltican or 
insular location (Landing, 1996a; Thompson 
et al., 2012; Keppie and Keppie, 2014). 
The detrital zircon hafnium array from the 
Ediacaran (Georgeville Group), Cambrian 
and Ordovician sedimentary rocks allow the 
paleogeographic scenarios to be tested. 

 The spread of detrital zircon ages (0.8-
0.6 Ga, 1.0-2.1 Ga, 2.5-2.8 Ga) preserved in 
the Ediacaran Georgeville Group indicate that 
the sequences are not likely to be recycled 
solely from the underlying Avalonian rocks 
(i.e. Gamble Brook Fm., Westboro Fm., Fotino 
Schist). If this were the case, it is expected 
that a similar U-Pb-Hf zircon spectra to that 
of the Gamble Brook Fm would be evident 
in the ~610-480 Ma sedimentary rocks. 
Although an isotopically similar spread of 
Mesoproterozoic-mid Paleoproterozoic (~1.0-
2.1 Ga) zircons are indeed found in the younger 
(~610-480 Ma) Avalonian sequences, they are 
accompanied by Archean zircons (~2.5-3.0 
Ga) and the dominant Neoproterozoic (0.8-0.6 
Ga) arc-related populations. The appearance of 
the Archean zircons suggests the introduction 
of an ancient cratonic source by the Ediacaran 
deposition of the Georgeville Group (~620-
607 Ma). Therefore, the Georgeville Group 

is interpreted to have been sourced from a 
mixture of components, including recycling 
of the underlying basement (i.e. the Gamble 
Brook Fm), the adjacent active-arc system and 
an Archean cratonic source. 

 An early Neoproterozoic “gap” 
(~900-800 Ma) in the late Neoproterozoic-
Ordovician Avalonian isotopic array is 
important, because it is an interval of zircon 
generation associated with the Amazonian 
Goiás magmatic arc. A period of mixing 
between juvenile and Paleoproterozoic (~2.4-
2.2 Ga) crust at ~1050-900 Ma typical of 
Amazonia is also not evident in the Avalonian 
array (Fig. 6). If the Avalonia continent docked 
along the Amazonian margin during the late 
Neoproterozoic it is necessary to explain 
the absence of the ~1.1-0.8 Ga zircons that 
characterise the Amazonian hafnium array 
during this interval. A possibility is that the 
Goiás magmatic arc rocks were physically 
obstructed from the arc-related basins. As the 
northern Gondwanan margin is considered to 
have hosted an Andean-style magmatic-system 
during the ~640-550 Ma interval (Gutiérrez-
Alonso et al., 2003; Murphy et al., 2004b) 
it is entirely possible that the topography of 
the Neoproterozoic arc system restricted the 
drainage into the basins. This is analogous to 
the redirection of the ancestral Amazon River 
system following the development of the 
Andes (Mora et al., 2010; Sacek, 2014).

 The hafnium isotopic array for the 
Mesoproterozoic-Paleoproterozoic (~1.1-
2.2 Ga) detrital zircons found in the late 
Neoproterozoic-Ordovician Avalonian rocks 
is broadly comparable to both Amazonia 
and Baltica. The Avalonian array contains 
Paleoproterozoic detritus as old as ~2.25 Ga, 
which can be linked to the Trans-Amazonian 
array in Amazonia and not to the slightly 
younger Svecofennian array at ~2.1 Ga. 
However, the two intervals of increased 
juvenile magmatism at ~1.50-1.45 Ga and 
~2.0 Ga in the Avalonian array match closely 
with events in Baltica; including anorogenic 
Fennoscandian rapakivi-granitic intrusions 
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(~1.6-1.45 Ga, references) and early 
Svecofennian (Sarmatian) juvenile granites 
(~2.0 Ga, Lahtinen et al., 2002; Shchipansky 
et al., 2007). Lastly, the hafnium isotopic 
character of the Archean (~2.5-3.0 Ga) zircons 
is such that derivation from either Baltica or 
Amazonia is feasible (Fig. 11) and cannot be 
used to distinguish a source craton.
 
 Therefore, although the hafnium 
isotopic record of arc-related zircons 
support the collision of the Avalonia to a 
continental margin at ~640 Ma (Fig. 6 and 
Fig. 7), the hafnium isotopic arrays for the 
Mesoproterozoic, Paleoproterozoic and 
Archean detrital zircons in the Georgeville 
Group, Cambrian and Ordovician rocks 
cannot be used to confi dently distinguish 
which cratonic margin this was. The hafnium 
isotopic evidence for provenance from either 
Amazonia or Baltica is somewhat equivocal 
due to the similarities between the Baltican 
and Amazonian arrays. A further complication 
is the recycling of the Baltican basement 
inherited during the early Neoproterozoic 
(~975-800 Ma Gamble Brook Formation, 
present study), in the Ediacaran-Ordovician 
rocks. 

8.3 Iberia 

8.3.1 Saharan metacraton provenance for 
autochthonous NW Iberia 

 Autochthonous NW Iberia (CZ, CIZ, 
WALZ) rocks record a relatively consistent 
detrital zircon spectrum between the Ediacaran 
and Silurian, dominated by Ediacaran (635-
550 Ma), Cryogenian (850-635 Ma), Tonian-
Stenian (0.85-1.20 Ga), mid Paleoproterozoic 
(~1.9-2.2 Ga) and early Archean (2.5-2.8 Ga) 
sources (present study, Pastor-Galán et al., 
2013; Fernández-Suárez et al., 2014; Shaw 
et al., 2014; Gutiérrez Alonso et al., 2015). 
However, an exception to this trend occurs 
during the interval between the Ediacaran and 
Cambrian and has been recognised in many 
geodynamic and paleogeographic studies 
in Iberia (Fernández-Suárez et al., 2000; 

Fernández-Suárez et al., 2002; Gutiérrez-
Alonso et al., 2003; Díez Fernández et al., 
2010; Díez Fernández et al., 2012; Pereira et 
al., 2012; Talavera et al., 2012; Fernández-
Suárez et al., 2014; Orejana et al., 2015; 
Zimmermann et al., 2015). Lower-middle 
Cambrian rocks in the Cantabrian and Central 
Iberian Zones (sample OD1 and OD3, 
Fernández-Suárez et al., 2014; upper Herrería 
Formation, Zimmermann et al., 2015) record 
comparatively minor to absent abundances 
of Tonian-Stenian (0.85-1.20 Ga) zircons; 
which is in contrast to the upper Ediacaran 
rocks where these grains form a signifi cant 
population (10-20%).  Coeval Lower 
Cambrian sedimentary rocks deposited in the 
Upper Allochthon  (Fig. 6, sample ACO-12-
60; Cariño gneisses, Albert et al., 2014) also 
yield similar detrital zircon records dominated 
by mid-late Neoproterozoic (850-550 Ma) and 
mid Paleoproterozoic zircons (1.8-2.2 Ga).

 The anomalous upper Ediacaran-
Lower Cambrian change in provenance 
recorded in some Iberian rocks coincides 
with major adjustments in the geodynamics 
of the northern Gondwanan margin. It follows 
the opening of the Iapetus Ocean (~570 Ma, 
Cawood et al., 2001),  precedes the opening 
of the Rheic Ocean,  coincides with the 
termination of magmatism in the Avalonian-
Cadomian arc and with the transition towards 
a stable platform along northern Gondwana 
(see Nance et al., 2008; Nance et al., 2012 
and references therein). The apparent 
shift in provenance has been tentatively 
linked to extension-related exhumation on 
the Gondwanan side of the active margin 
exposing an older ~2.0 Ga basement terrane 
(Fernández-Suárez et al., 2014). As the present 
study does not include any hafnium data from 
the Lower Cambrian rocks (e.g. OD1, OD3, 
Fernández-Suárez et al., 2014) that display 
the anomalous shift in provenance, we cannot 
contribute a new perspective to the ongoing 
debate regarding this. We instead focus on 
the hafnium isotopic array for the dominant 
detrital zircon populations seen in the majority 
of the Ediacaran to Silurian autochthonous 
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Iberian rocks. 

 The hafnium isotope array for NW 
Iberia (Fig. 8a) records evidence for two 
periods of continental arc-type magmatism 
during the Neoproterozoic. A vertical array at 
~1100-900 Ma is indicative of mixing between 
a juvenile depleted mantle source and Archean 
crust (TDMC = ~3.1 Ga). The shift towards 
a comparatively juvenile population between 
~850-700 Ma suggests the transition from a 
continental arc to an oceanic arc (c.f. Smits 
et al., 2014), although the trend is subtle. 
Between ~700-550 Ma continental-arc type 
magmatism was re-established and involved 
reworking of signifi cant portions of Archean 
(εHf= +15 to -40, TDMC= 3.8-3.3 Ga) as well 
as juvenile depleted mantle material.
 
 The  NW Iberia hafnium array 
favourably compares with the SMC or Congo 
Craton (Fig. 10), as both record two vertical 
mixing arrays during the Neoproterozoic.  
However, the presence of additional 
Mesoproterozoic zircon populations in 
the Congo Craton distinguishes the two 
regions (Fig. 10d). Cryogenian passive 
margin sequences on the SW Congo contain 
predominantly ~1.1-1.0 Ga grains, and a 
minor 1.4-1.2 Ga population. As the Iberian 
Ediacaran rocks are devoid of ~1.4-1.2 Ga 
zircon grains, the Congo Craton is a less 
feasible option than the SMC for provenance 
in the Ediacaran.  

 Our data support the interpretation 
that autochthonous NW Iberia occupied a 
paleoposition adjacent to the SMC in the 
Late Neoproterozoic, reinforcing the models 
proposed by Diez-Fernandez et al., (2010) 
and Fernandez Suarez et al., (2014). Other 
basement regions of Europe also record the 
Tonian-Stenian (0.85-1.20 Ga) population, 
so we propose that these terranes were also 
derived from the SMC and may have also 
occupied a position along the northeastern 
Gondwanan margin (Fig. 12). Included are, 
the Peloritani Mountains, Sicily (Williams 
et al., 2012), the external Hellenides, Greece 

(Kydonakis et al., 2014; Dörr et al., 2015), the 
Serbo-Macedonian Massif (Meinhold et al., 
2010), the Alpine basement in Switzerland and 
Austria (von Raumer et al., 2013), the Eastern 
Carpathians (Balintoni and Balica, 2013) and 
the Western Carpathians, Slovakia (Vozárová 
et al., 2012). 

8.3.2 Provenance of the Upper Allochthon, 
Iberia

 The relationship of the so called 
‘exotic’ allochthonous complexes with the 
autochthonous and parautochthonous zones 
of NW Iberia is contentious (Barreiro et al., 
2007; Murphy and Gutiérrez-Alonso, 2008; 
Catalán et al., 2009; Díez Fernández et al., 
2010). The Basal Units of the allochthonous 
complexes have been interpreted to represent 
the most outboard region of the Gondwanan 
margin, and the detrital zircon record of the 
Basal Units (Díez Fernández et al., 2010) is 
comparable to the autochthonous Gondwanan 
sequences (Fernández-Suárez et al., 2002; 
Gutiérrez-Alonso et al., 2003; Catalán et 
al., 2004; Catalán et al., 2008) in that they 
record similar Tonian-Stenian (0.85-1.20 Ga), 
Paleoproterozoic (~2.2-1.8 Ga) and Archean 
(~2.8-2.5 Ga) zircon populations. Accordingly, 
they are likely to also have been derived from 
the SMC as discussed above.  However, the 
zircon record from the Cambrian rocks in the 
Upper Allochthon, and the Devonian ophiolite 
complexes, provide a strong contrast with 
those in the autochthonous zones. 

 The Upper Allochthon of Iberia is 
generally interpreted to have developed as 
part of the Cadomian-Avalonian arc/back arc 
system in the late Neoproterozoic adjacent to 
the West African Craton (WAC) (see Quesada, 
1991; Abati et al., 2007 and references 
therein; Albert et al., 2014). The varying but 
small percentages of Mesoproterozoic detritus 
in the Neoproterozoic-Cambrian rocks are 
interpreted to have been derived from distant 
cratons to the east, such as the SMC or ANS 
(Albert et al., 2014). 
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 The compilation of hafnium data for 
the Upper Allochthon (Fig. 8b) cannot be 
easily reconciled with derivation from the 
WAC (Fig. 11a). The data from the Devonian 
Moeche and Purrido ophiolites (Martínez et 

al., 2011; Arenas et al., 2013) are similar to 
the εHf arrays for the Mesoproterozoic detrital 
data from both the Cabo Ortegal complex 
(Albert et al., 2014) and the Carreiro shear 
zone (Fig. 8b). They are likely to have all 
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A schematic diagram of the Variscan-Appalachian orogen that indicates the hafnium isotopic affi nity of 
the basement rocks to the West African Craton, Saharan Metacraton or Baltica. “Avalonian” compon-
ents record an early Neoproterozoic (~975-800 Ma) Baltican history, which then formed the basement 
to the main stage of the Avalonian arc in the later Neoproterozoic (~750-550 Ma). Autochthonous Iberia 
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is recognisable in sequences as young as the Silurian. On the basis of the available detrital zircon 
hafnium isotopic data for the Armorican terranes and parts of Mediterranean Europe, the late Neo-
proterozoic-early Cambrian affi nity to the West African Craton or the Saharan Metacraton have been 
interpreted. Where existing hafnium data is not available, detrital zircon geochronology has been used 
to tentatively link the Neoproterozoic-Cambrian rocks to either the SMC or WAC on the basis of distinct 
zircon populations. Sequences derived from the SMC are associated with Tonian-Stenian zircon popula-
tions (0.85-1.2 Ga) and those derived from the WAC record a magmatic gap between ~1.8-0.75 Ga. The 
numbers refer to the following geochronological/isotopic studies: 1) Williams et al., (2012), 2) Dorr et 
al., (2015), 3) Kydonakis et al., (2014), 4) Meinhold et al., (2010), 5) Ustaomer et al., (2012), 6) Car-
rigan et al., (2006), 7) Vozarova et al., (2012), 8) Balintoni et al., (2014), 9) Von Raumer et al., (2013), 
10) Ustaomer et al., (2012), 11) Balintoni & Balica (2013), 12) Zlatkin et al., (2014), 13) Avigad et al., 
(2012), 14) Linneman et al., 2004, Drost et al., (2011), 15),  Eckelmann et al., (2014) 16) Linneman et 
al., 2012.
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shared the same continental source, which 
is distinct from the WAC and other northern 
Gondwanan terranes.
 Notable differences between the WAC 
and the array from the Upper Allochthon 
include: (1), the Mesoarchean hafnium 
isotopic array (~3.0-2.4 Ga) that indicates 
juvenile magmatism at ~3.0 Ga, followed by 
reworking along a typical crustal evolution 
array between ~3.0-2.4 Ga (Fig. 8b). The 
equivalent interval (~3.0-2.4 Ga) in the 
WAC is not comparable (Fig. 11a), and 
suggests that juvenile magmatism occurred 
sporadically between ~3.15 and 2.6 Ga, and 
was the dominant process at ~2.5 Ga.  (2), 
The “Eburnian” zircon peak at ~2.0 Ga is 
short-lived in the hafnium array from the 
Upper Allochthon compared to the Eburnian 
event recorded in the WAC. The total duration 
recorded by the detrital zircon grains in the 
Upper Allochthon occupies the interval 
~2.18-1.97 Ga, and is characterised by early 
juvenile, oceanic-arc magmatism (~2.18-2.1 
Ga), followed by an episode of continental-
arc type magmatism at ~2.1-1.97 Ga, recorded 
by a distinct vertical mixing array (εHf= +12 
to -17). In contrast, the Eburnian event in 
the WAC extends from ~2.25 to ~1.8 Ga and 
indicates a period of juvenile magmatism with 
minor crustal mixing at ~2.25 Ga, followed 
by recycling of the ~2.25 Ga juvenile material 
with an increased crustal input between ~2.2-
1.8 Ga. 

 Perhaps the most distinguishing feature 
of the hafnium array in the Upper Allochthon 
is the presence of Mesoproterozoic zircons 
in the sedimentary rocks and the Devonian 
‘ophiolite’ complexes. The Mesoproterozoic 
grains (~1.0-1.6 Ga) form ~4% of the total 
detrital spectra of the Cariño Gneisses and 
11% of the Carreiro Schist. They are present 
in both the Purrido and Moeche ‘ophiolites’ 
and overlap in hafnium isotopic space with 
equivalent zircons from the Cariño Gneisses 
and Carreiro schist (Fig. 8b). The Cariño 
Gneisses are also characterised by ~1.6-
1.8 Ga Sm-Nd model ages (Albert et al., 
2014), suggesting the bulk components of 

the protolith rocks could be sourced from a 
Mesoproterozoic-Paleoproterozoic terrane.  
Given the occurrence of both juvenile and 
evolved zircons in the ca. 400 Ma ophiolites 
(Fig. 8b), the juvenile zircons, with ages 
close to the crystallization age of the Purrido 
ophiolite are likely to represent the mantle-
derived component of the magmatic system. 
The Mesoproterozoic zircons are interpreted 
as xenocrysts (Martinez et al., 2009, Arenas 
et al., 2013), implying the magma traversed 
through continental crust. 
 
 Arenas et al., (2013) consider the 
evolved ~400 Ma zircon grains in the 
Moeche Ophiolite to be inherited into the 
mafi c magmas from a separate continental 
source, and cite the xenocrystic morphology 
and oscillatory zoning of the grains as 
justifi cation. Additionally, the authors also 
consider the normal mid-ocean-ridge basalt 
(N-MORB) to transitional island arc tholeitic 
geochemistry of the Moeche greenschists to 
be incompatible with a continental source, 
and therefore must have a mantle provenance. 
However, Pearce (1996) maintains that 
MORB-island arc transitional basalts can also 
be emplaced in evolved marginal (backarc) 
basins or attenuated continental settings. The 
εHf arrays for the Moeche and the Purrido 
ophiolites Devonian ‘ophiolites’ strongly 
suggests an environment  in which mafi c 
magma intruded a late Mesoproterozoic-early 
Paleoproterozoic crust. Mafi c rocks of the 
Devonian ophiolites have suprasubduction 
zone geochemical signatures (Pin et al., 2002; 
Martínez et al., 2011; Arenas et al., 2013), 
indicating emplacement in a back-arc setting.  

 The hafnium isotopic data presented 
herein cast doubt on the widely assumed WAC 
derivation of the Upper Allochthon. The terrane 
with the most similar εHf isotopic record is 
Avalonia (Fig. 12). The Paleoproterozoic 
(~2.1-1.9 Ga) tectonomagmatic event recorded 
in Avalonian zircons overlaps in hafnium 
space with that in the Upper Allochthon, and 
the Mesoproterozoic (~1.6-1.4 Ga) zircon 
grains from the Upper Allochthon are also 
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consistent with an Avalonian source. Although 
no true basement is exposed in Avalonia, 
hafnium data presented here for Avalonia 
(see Fig. 6 and Fig. 7) and Sm-Nd whole rock 
data from Neoproterozoic igneous rocks in 
East Avalonia indicate a Mesoproterozoic-
Paleoproterozoic basement (~1.2-1.8 Ga, 
see Nance and Murphy, 1994 and references 
therein). 
 The range of inherited zircons in the 
Devonian ophiolite requires the interaction 
with a Mesoproterozoic-Paleoproterozoic 
(~1.4-1.9 Ga) basement. A similar situation 
exists in the Cenozoic island arcs of Vanuatu, 
where basaltic arc rocks contain abundant 
inherited zircons of crustal affi nity (Buys et al., 
2014).  The proto-Vanuatu arc is interpreted to 
have formed in response to Cretaceous back 
arc extension and rifting along the eastern 
margin of Australia, and is now located ~2000 
km east of mainland Australia (Schellart et 
al., 2006). Basaltic island arc magmas were 
emplaced in an extended ribbon of continental 
crust leading to an accumulation of inherited 
zircons that match the igneous rock record of 
northern Australia (Buys et al., 2014). This 
evolved back arc setting could represent a 
potential modern analogue for the Upper 
Allochthon. Therefore, the Upper-Allochthon 
could have hosted island-arc type magmatism 
built on extended continental lithosphere 
during the Devonian (~400 Ma); a tectonic 
scenario that is able to explain the mixed 
juvenile-crustal isotopic signature and the 
Mesoproterozoic-Archean inherited zircons 
of the Devonian ophiolites. 

8.4 Provenance for the Armorican terranes 

 The Armorican terranes include most 
of the Bohemian Massif, the Massif Centrale 
of France and the Armorican Massif (Fig. 1). 
The boundary between WAC-derived terranes 
and Baltica-derived terranes (Avalonia) is 
located between the Mid German Crystalline 
Rise (MGCR) and the Rheno-Hercynian Zone 
in central Germany. The Rheno-Hercynian 
Zone of the Bohemian Massif is generally 
considered to be part of the ‘Avalonian’ 

ribbon (Tait et al., 2000; Stampfl i and Borel, 
2002; Linnemann et al., 2008), whereas 
the remainder of the Bohemian Massif to 
the south is considered here to be part of 
the “Armorican” terranes. We compile and 
interpret the available U-Pb-Hf zircon data for 
the fi rst time to assess its likely provenance 
in the late Neoproterozoic-early Cambrian. 
The detrital zircon hafnium signature is 
consistent throughout the Armorican terranes 
and reinforces the common interpretation that 
the late Neoproterozoic-early Cambrian rocks 
in the Armorican terranes are derived from the 
WAC (Linnemann et al., 2008, Fig. 12). 
Gerdes and Zeh (2006) analysed 42 
detrital zircon grains from a Cambrian 
metasedimentary rock in the MGCR in the 
Bohemian Massif for U-Pb-Hf isotopes. The 
MGCR separates the Saxo-Thuringian Zone 
and Moldanubian Zone from the Rheno-
Hercynian Zone in central Germany, and 
marks the collision zone between ‘Avalonian’ 
components to the north and ‘Armorican’ 
components to the south (Linnemann et al., 
2004; Zeh and Gerdes, 2010). The detrital 
zircon spectrum in the MGCR is dominated 
by Cryogenian-Cambrian (~720-500 Ma) and 
Paleoproterozoic (~1.8, 2.1-2.0 Ga) grains, 
with minor Archean populations (~2.5-2.8 
Ga). The limited hafnium array suggests a 
linkage with the WAC. 

 The Saxo-Thuringian Zone, located 
south of the MGCR in central Germany, 
contains Late Neoproterozoic-early Cambrian 
sequences that yield Paleoproterozoic (~1.8-
2.2 Ga) and Archean (~2.5-3.0 Ga) detritus. 
The zircons overlap with the age and 
hafnium isotopic array of the West African 
Craton (Linnemann et al., 2014). Similar 
Paleoproterozoic and Archean grains have been 
found in previous U-Pb detrital zircon studies 
from the Saxo-Thuringian Zone, however no 
hafnium analyses were conducted (Linnemann 
et al., 2004; Linnemann et al., 2007; Linnemann 
et al., 2008). Similarly, Ediacaran siliciclastic 
rocks of the Tepla-Barrandian complex farther 
south in the Bohemian Massif also preserve 
dominant Neoproterozoic (~700-550 Ma), 
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Paleoproterozoic (~2.1-1.8 Ga) and Archean 
(2.8-2.5, 3.2 Ga) populations (Drost et al., 
2011), a detrital zircon signature interpreted to 
be consistent with the WAC. 

 The Armorican Massif (France) 
is composed of Neoproterozoic-early 
Cambrian “Cadomian” magmatic and 
volcaniclastic rocks which overlie a composite 
Paleoproterozoic (Icartian gneiss, ~2.0 Ga) 
basement (Chantraine et al., 2001). εHf data 
from the ~2.0 Ga zircons in the Icartian gneiss 
overlap with ~2.0 Ga zircons in the WAC 
compilation (Fig. 11a). The link between pre-
Cadomian arc “Armorican” basement and the 
WAC are also reinforced by similar whole rock 
Nd isotopic compositions for the ~2.0 Ga rocks 
(Samson and D’Lemos, 1998). Detrital zircons 
from late Neoproterozoic sedimentary rocks 
in the north Armorican domain of Brittany 
are devoid of Mesoproterozoic zircons and 
have also been interpreted to indicate a WAC 
provenance (Fernández-Suárez et al., 2002). 

9. CONCLUDING REMARKS

 We present new hafnium isotopic 
detrital zircon data from Neoproterozoic-
Silurian sequences in Avalonia, autochthonous 
Iberia and the Upper Allochthon of Iberia. 
We compile this data with existing hafnium 
isotopic data from Avalonia, Iberia and the 
Armorican terranes to reassess the provenance 
of these regions from Gondwana and Baltica 
during the late Neoproterozoic. 

 We have compiled comprehensive 
detrital and magmatic zircon hafnium 
isotope arrays from the West African Craton, 
Saharan Metacraton, Arabian-Nubian Shield, 
Amazonia and Baltica to demonstrate that they 
are distinctive in character and provide insight 
into the crustal evolution of the basement 
rocks in the Appalachian-Variscan orogen. 
We demonstrate that the hafnium arrays can 
be used to trace detrital zircons in exotic 
continental terranes now located within the 
Appalachian-Variscan orogenic belt to their 
cratonic sources and provide a more detailed 

resolution than Sm-Nd whole rock isotopic 
studies.

 The hafnium isotopic data suggest that 
Avalonia inherited a hitherto unrecognized 
Baltican hafnium isotopic signature in 
the early Neoproterozoic (~975-750 Ma) 
during the deposition of the Gamble Brook 
Formation. The hafnium array indicates that 
the oceanic arc was initially built on a sliver 
of Paleoproterozoic crust (~1.9 Ga) that had 
previously separated from Baltica. Early 
oceanic arc magmatism commenced at ~800-
760 Ma and involved a mixture of juvenile 
material with “Grenvillian-type ~2.0-1.0 Ga 
crust. Together, these rocks form the basement 
to the Late Neoproterozoic Avalonian arc. At 
~640 Ma the hafnium isotope array becomes 
more evolved and indicates the introduction 
of an older crustal component (Archean), 
consistent with the accretion of Avalonia to 
a continental margin by that time. During 
the late Neoproterozoic-early Ordovician, 
Avalonian rocks inherited detritus recycled 
from the underlying Baltica-derived basement, 
the proximal ~760-550 Ma arc rocks and an 
Archean craton (~2.5-2.8 Ga). The hafnium 
array from Edicaran-Ordovician rocks has 
isotopic similarities to both Baltica and/or 
Amazonia, and provenance from either source 
cannot be confi dently interpreted on the basis 
of the present hafnium isotope arrays. 

 The autochthonous zones of Iberia have 
a clear affi nity with the Saharan Metacraton 
in the late Neoproterozoic-Ordovician. The 
late Neoproterozoic-Cambrian rocks of the 
Upper Allochthon (NW Iberia) do not display 
an affi nity to cratonic Gondwana; instead the 
hafnium isotopic array is closest is that of 
Avalonia. A compilation of published U-Pb-
Hf zircon data from the Armorican terranes 
(Armorican Massif, Massif Centrale of France 
and the Bohemian Massif) reinforces a strong 
link to the West African Craton in the late 
Neoproterozoic. 

 The data presented here highlight the 
power of hafnium isotope arrays for defi ning 
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the crustal evolution of ancient cratonic 
regions. These arrays can be used to isotopically 
‘fi ngerprint’ a craton, and we demonstrate 
the arrays are traceable through many stages 
in the evolution of mobile microcontinental 
terranes. The data have direct implications 
for late Neoproterozoic paleogeography, the 
geodynamic evolution of the Rheic Ocean and 
subsequent amalgamation of Pangea. 
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              Hfi epsilon 1se T(DM) T(DM)     
Sample 
N 

Analysis 
N Hf176/Hf177  1 S.D. Lu176/Hf177 Yb176/Hf177 

U/Pb 
AGE       (Ga) (crustal) Hf Chur (t) Hf DM (t) 

52a 
12-52a-
01 0.28199848 3.02E-05 0.000840552 0.026171613 1332.9 0.281977 1.3 1.1 1.76 2.00 0.281939 0.282284 

52a 
12-52a-
02 0.28182956 2.3E-05 0.001206626 0.035560086 1684.1 0.281791 2.8 0.8 2.01 2.18 0.281713 0.282026 

52a 
12-52a-
03 0.28181165 1.63E-05 0.000968136 0.02868388 1505.4 0.281784 -1.6 0.6 2.02 2.32 0.281828 0.282158 

52a 
12-52a-
04 0.28115369 1.83E-05 0.00051096 0.015329391 2592.7 0.281128 0.3 0.7 2.89 3.08 0.281120 0.281349 

52a 
12-52a-
05 0.28209107 2.06E-05 0.000478609 0.014463186 1240 0.282080 2.9 0.7 1.61 1.83 0.281999 0.282353 

52a 
12-52a-
06 0.28206568 1.65E-05 0.000665307 0.019916295 1235.9 0.282050 1.7 0.6 1.66 1.90 0.282002 0.282356 

52a 
12-52a-
07 0.28187922 2.4E-05 0.001693497 0.051729099 1456.9 0.281833 -1.0 0.9 1.97 2.25 0.281860 0.282193 

52a 
12-52a-
08 0.28212017 2.85E-05 0.001024615 0.02722178 1300 0.282095 4.8 1.0 1.60 1.77 0.281960 0.282309 

52a 
12-52a-
09 0.282089 2.77E-05 0.000744738 0.021267861 1139.2 0.282073 0.3 1.0 1.63 1.91 0.282063 0.282426 

52a 
12-52a-
10 0.28204221 2.24E-05 0.000525591 0.015302892 1232.1 0.282030 0.9 0.8 1.68 1.95 0.282004 0.282358 

52a 
12-52a-
11 0.2818538 2.07E-05 0.00078774 0.022433255 1597.6 0.281830 2.2 0.7 1.95 2.16 0.281769 0.282090 

52a 
12-52a-
12 0.2818538 2.07E-05 0.00078774 0.022433255 1252.5 0.281835 -5.5 0.7 1.95 2.34 0.281991 0.282343 

52a 
12-52a-
13 0.2818538 2.07E-05 0.00078774 0.022433255 1520.8 0.281831 0.5 0.7 1.95 2.20 0.281818 0.282146 

52a 
12-52a-
14 0.28163566 2.05E-05 0.000526917 0.015127971 1793 0.281618 -0.9 0.7 2.24 2.51 0.281642 0.281945 

52a 
12-52a-
15 0.28183162 2.24E-05 0.00067825 0.019196868 1630.3 0.281811 2.2 0.8 1.98 2.18 0.281748 0.282066 

52a 
12-52a-
17 0.28198533 2.14E-05 0.001015477 0.028228101 1361.5 0.281959 1.4 0.8 1.78 2.03 0.281921 0.282263 

52a 
12-52a-
20 0.28160615 1.63E-05 0.000384662 0.009918664 1843.7 0.281593 -0.6 0.6 2.27 2.54 0.281610 0.281908 

52a 
12-52a-
24 0.28205033 1.84E-05 0.000757539 0.019964587 1329.1 0.282031 3.2 0.7 1.68 1.88 0.281942 0.282287 

52a 
12-52a-
25 0.28219686 2.16E-05 0.000644835 0.019183981 969.2 0.282185 0.5 0.8 1.48 1.76 0.282172 0.282551 

52a 
12-52a-
26 0.28154858 1.89E-05 0.000548819 0.015320906 1958.8 0.281528 -0.2 0.7 2.36 2.61 0.281535 0.281822 

52a 
12-52a-
27 0.28191658 2E-05 0.000850617 0.024200823 1501.8 0.281892 2.2 0.7 1.87 2.09 0.281831 0.282160 

52a 
12-52a-
28 0.28208238 1.96E-05 0.00091798 0.026644421 1138.1 0.282063 -0.1 0.7 1.64 1.92 0.282064 0.282427 

52a 
12-52a-
30 0.2821911 1.47E-05 0.00054512 0.014952172 1016 0.282181 1.4 0.5 1.48 1.76 0.282142 0.282516 

52a 
12-52a-
31 0.28169345 2.45E-05 0.001337269 0.036814757 1867.1 0.281646 1.8 0.9 2.21 2.39 0.281594 0.281890 

52a 
12-52a-
32 0.2822005 1.66E-05 0.000554233 0.016088863 979.8 0.282190 0.9 0.6 1.47 1.75 0.282165 0.282543 

52a 12-52a- 0.28159649 1.77E-05 0.001324623 0.038275902 1826.3 0.281551 -2.5 0.6 2.34 2.62 0.281621 0.281921

Avalonia hafnium isotopic data tables
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52b 52B_50 2.82E-01 1.40E-05 2.59E-03 1.31E-01 1070 0.28231273 7.266 0.496 1.309 1.424 0.28210776 0.28247701 
52b 52b_59 2.82E-01 1.20E-05 5.31E-04 2.30E-02 1106 0.28207592 -0.313 0.425 1.622 1.909 0.28208474 0.2824507 
52b 52B_40 2.82E-01 5.40E-06 6.46E-04 2.76E-02 1113 0.28210246 0.787 0.191 1.587 1.869 0.28208026 0.28244558 
52b 52B_5 2.82E-01 1.50E-05 9.35E-04 3.82E-02 1177 0.28213924 3.544 0.532 1.538 1.742 0.28203929 0.28239876 
52b 52B_37 2.82E-01 7.30E-06 8.39E-04 3.70E-02 1221 0.28200168 -0.334 0.259 1.726 2.016 0.28201109 0.28236654 
52b 52B_36 2.82E-01 6.60E-06 1.66E-03 6.88E-02 1239 0.28205528 1.976 0.234 1.661 1.879 0.28199955 0.28235335 
52b 52B_24 2.82E-01 7.00E-06 7.39E-04 2.76E-02 1240 0.28183572 -5.787 0.248 1.953 2.366 0.28199891 0.28235261 
52b 52B_22 2.82E-01 7.10E-06 9.97E-04 3.70E-02 1269 0.28181811 -5.752 0.252 1.981 2.383 0.28198031 0.28233135 
52b 52B_20 2.82E-01 7.10E-06 7.51E-04 2.48E-02 1283 0.28197182 0.017 0.252 1.765 2.048 0.28197133 0.28232109 
52b 52B_3 2.82E-01 1.50E-05 6.37E-04 2.10E-02 1330 0.28210401 5.777 0.532 1.581 1.732 0.28194115 0.2822866 
52b 52B_39 2.82E-01 1.40E-05 1.09E-03 4.62E-02 1405 0.281868 -0.885 0.497 1.91 2.19 0.28189293 0.2822315 
52b 52B_28 2.82E-01 1.00E-05 1.37E-03 5.60E-02 1447 0.28195362 3.112 0.355 1.793 1.989 0.28186591 0.28220061 
52b 52B_51 2.82E-01 1.40E-05 9.11E-04 4.15E-02 1510 0.28205397 8.113 0.496 1.648 1.732 0.28182532 0.28215423 
52b 52B_42 2.82E-01 1.00E-05 8.94E-04 3.99E-02 1712 0.28158601 -3.865 0.355 2.288 2.636 0.28169488 0.28200515 
52b 52B_13 2.82E-01 1.20E-05 1.44E-03 5.61E-02 1776 0.28156158 -3.262 0.426 2.328 2.623 0.28165345 0.2819578 
52b 52b_55 2.82E-01 1.20E-05 7.15E-04 3.11E-02 1886 0.28153141 -1.801 0.426 2.356 2.645 0.28158213 0.28187629 
52b 52B_38 2.82E-01 1.30E-05 7.76E-04 3.28E-02 1953 0.28149821 -1.435 0.462 2.401 2.675 0.28153861 0.28182656 
52b 52B_8 2.81E-01 1.40E-05 5.28E-04 1.90E-02 1953 0.28145943 -2.813 0.497 2.451 2.757 0.28153861 0.28182656 
52b 52B_21 2.81E-01 1.50E-05 1.47E-03 5.64E-02 2024 0.28143948 -1.882 0.533 2.488 2.757 0.28149244 0.28177379 
52b 52B_6 2.82E-01 1.30E-05 7.22E-04 2.36E-02 2130 0.28151776 3.353 0.462 2.37 2.519 0.28142339 0.28169488 

29b 29B_69 2.82E-01 1.20E-05 2.26E-03 1.00E-01 563 0.28245516 0.879 0.425 1.132 1.433 0.28243034 0.28284568 
29b 29B_79 2.83E-01 1.20E-05 6.13E-04 2.58E-02 593 0.28275519 12.175 0.424 0.688 0.743 0.28241134 0.28282396 
29b 29B_7 2.83E-01 1.00E-05 1.52E-03 5.65E-02 620 0.28251727 4.357 0.354 1.030 1.261 0.28239423 0.2828044 
29b 29B_1 2.83E-01 1.40E-05 9.80E-04 4.02E-02 638 0.28264728 9.365 0.495 0.840 0.960 0.28238282 0.28279136 
29b 29B_52 2.83E-01 1.00E-05 1.05E-03 4.19E-02 644 0.28275836 13.434 0.354 0.683 0.706 0.28237901 0.28278701 
29b 29B_70 2.83E-01 1.60E-05 3.79E-03 1.84E-01 656 0.28274634 13.278 0.566 0.703 0.728 0.2823714 0.28277831 
29b 29B_70 2.83E-01 1.60E-05 3.79E-03 1.84E-01 656 0.28274634 13.278 0.566 0.703 0.726 0.2823714 0.28277831 
29b 29B_43 2.83E-01 1.30E-05 6.40E-04 2.66E-02 686 0.28265776 10.816 0.460 0.823 0.908 0.28235236 0.28275656 
29b 29B_54 2.82E-01 1.10E-05 7.78E-04 3.15E-02 702 0.28222775 -4.054 0.390 1.423 1.803 0.28234221 0.28274495 
29b 29B_20 2.82E-01 8.90E-06 1.10E-03 4.67E-02 745 0.28241356 3.495 0.315 1.168 1.397 0.28231489 0.28271374 
29b 29B_44 2.82E-01 1.70E-05 1.94E-03 7.93E-02 801 0.28223085 -1.716 0.602 1.436 1.784 0.28227929 0.28267305 
29b 29B_4 2.82E-01 1.00E-05 9.54E-04 3.99E-02 1184 0.28211269 2.762 0.354 1.575 1.775 0.28203481 0.28239364 
29b 29B_42 2.82E-01 2.30E-05 1.89E-03 5.62E-02 1405 0.28189973 0.241 0.816 1.876 2.142 0.28189293 0.2822315 
29b 29B_40 2.82E-01 1.00E-05 1.44E-03 6.21E-02 1574 0.28185603 2.555 0.355 1.925 2.122 0.28178405 0.28210706 
29b 29B_80 2.82E-01 2.20E-05 1.14E-03 4.80E-02 1604 0.28185033 3.039 0.780 1.929 2.114 0.28176468 0.28208492 
29b 29B_58 2.82E-01 1.00E-05 7.72E-04 3.23E-02 1866 0.28161868 0.837 0.355 2.238 2.476 0.28159511 0.28189112 
29b 29B_15 2.82E-01 7.70E-06 1.61E-03 6.74E-02 1967 0.28149998 -1.049 0.273 2.408 2.661 0.28152951 0.28181616 
29b 29B_60 2.81E-01 9.90E-06 6.81E-04 2.75E-02 2104 0.28142273 -0.626 0.352 2.500 2.756 0.28144034 0.28171425 
29b 29B_41 2.81E-01 1.10E-05 4.22E-04 1.66E-02 2677 0.28100539 -2.117 0.391 3.050 3.301 0.2810649 0.28128518 

50 50_10 2.83E-01 1.70E-05 3.97E-03 1.11E-01 590 0.28260712 6.865 0.601 0.925 1.079 0.28241324 0.28282613 
50 50_5 2.83E-01 1.20E-05 8.92E-04 3.26E-02 606 0.28255686 5.445 0.425 0.968 1.165 0.2824031 0.28281455 
50 50_20 2.83E-01 1.20E-05 1.73E-03 7.45E-02 608 0.28248824 3.060 0.425 1.074 1.304 0.28240183 0.2828131 

33 

52a 
12-52a-
34 0.28201453 1.63E-05 0.00059309 0.016218782 1197.4 0.282001 -0.9 0.6 1.72 2.02 0.282026 0.282384 

52a 
12-52a-
36 0.28142432 1.96E-05 0.001599822 0.04264495 1856.6 0.281368 -8.3 0.7 2.60 3.01 0.281601 0.281898 

52a 
12-52a-
37 0.28180864 1.99E-05 0.001015357 0.026268515 1688.6 0.281776 2.3 0.7 2.03 2.23 0.281710 0.282022 

52a 
12-52a-
38 0.28210962 1.18E-05 0.00045145 0.012266763 1225.3 0.282099 3.2 0.4 1.59 1.79 0.282008 0.282363 

52a 
12-52a-
39 0.28210985 1.64E-05 0.001228518 0.033890877 1271 0.282080 3.6 0.6 1.62 1.81 0.281979 0.282330 

52a 
12-52a-
40 0.2815905 1.52E-05 0.001178453 0.030997093 1834.8 0.281549 -2.3 0.5 2.34 2.64 0.281615 0.281914 

52a 
12-52a-
41 0.2819581 1.78E-05 0.000700261 0.018436303 1479 0.281939 3.3 0.6 1.81 2.00 0.281845 0.282177 

52a 
12-52a-
42 0.28210927 1.39E-05 0.000829624 0.021892836 1157.4 0.282091 1.4 0.5 1.60 1.85 0.282052 0.282413 

52a 
12-52a-
43 0.28194394 1.57E-05 0.000749655 0.019872156 1612.5 0.281921 5.7 0.6 1.83 1.96 0.281759 0.282079 

52a 
12-52a-
45 0.28156845 2.36E-05 0.000971631 0.025783401 1925.7 0.281533 -0.8 0.8 2.36 2.61 0.281556 0.281847 

52a 
12-52a-
47 0.28204186 1.8E-05 0.000546428 0.01492875 1197.8 0.282030 0.1 0.6 1.68 1.98 0.282026 0.282384 

52a 
12-52a-
51 0.28182775 1.68E-05 0.000527315 0.01507305 1418 0.281814 -2.5 0.6 1.98 2.31 0.281885 0.282222 

52a 
12-52a-
52 0.28216156 4E-05 0.000526885 0.014010909 994.8 0.282152 -0.1 1.4 1.52 1.83 0.282156 0.282532 

52a 
12-52a-
57 0.2821691 1.87E-05 0.000856817 0.024286503 1158.9 0.282150 3.5 0.7 1.52 1.72 0.282051 0.282412 

52a 
12-52a-
61 0.28195229 1.73E-05 0.000713377 0.020638214 1197.1 0.281936 -3.2 0.6 1.82 2.18 0.282026 0.282384 

52a 
12-52a-
62 0.28159454 2.54E-05 0.001131454 0.032205334 1792.5 0.281556 -3.1 0.9 2.33 2.65 0.281643 0.281946 

52a 
12-52a-
64 0.28211213 2.33E-05 0.000530003 0.01640488 1124.3 0.282101 1.0 0.8 1.59 1.86 0.282073 0.282437 

52a 
12-52a-
65 0.28203453 3.99E-05 0.003222103 0.102072907 1231.8 0.281960 -1.6 1.4 1.82 2.11 0.282004 0.282359 

52a 
12-52a-
67 0.28188129 2.29E-05 0.000780787 0.021970742 1472.7 0.281860 0.4 0.8 1.92 2.18 0.281849 0.282182 

52a 
12-52a-
68 0.28220575 2.35E-05 0.000724351 0.022531838 1006.8 0.282192 1.6 0.8 1.47 1.73 0.282148 0.282523 

52a 
12-52a-
69 0.28212545 1.65E-05 0.00050829 0.014998621 1191.6 0.282114 3.0 0.6 1.57 1.79 0.282030 0.282388 

52a 
12-52a-
70 0.28205304 1.92E-05 0.00063747 0.019624654 1232.5 0.282038 1.2 0.7 1.67 1.92 0.282004 0.282358 

52a 
12-52a-
71 0.28208477 2.36E-05 0.000872841 0.025815956 1287.9 0.282064 3.4 0.8 1.64 1.87 0.281968 0.282317 

52a 
12-52a-
72 0.28170664 2.02E-05 0.000804325 0.024041448 1755.9 0.281680 0.5 0.7 2.16 2.42 0.281666 0.281973 

52b 52B_48 2.82E-01 1.10E-05 9.67E-04 4.52E-02 1003 0.28224675 3.409 0.39 1.393 1.619 0.28215057 0.28252593 
52b 52b_56 2.82E-01 1.20E-05 4.50E-04 2.05E-02 1029 0.28232028 6.604 0.425 1.286 1.429 0.28213396 0.28250696 
52b 52B_45 2.82E-01 1.10E-05 7.96E-04 3.73E-02 1070 0.28207496 -1.163 0.39 1.628 1.952 0.28210776 0.28247701 
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50 50_8 2.83E-01 1.10E-05 9.08E-04 2.89E-02 636 0.28251316 4.571 0.389 1.028 1.240 0.28238408 0.28279281 
50 50_34 2.82E-01 1.10E-05 1.85E-03 6.70E-02 647 0.28246057 2.956 0.389 1.113 1.351 0.28237711 0.28278484 
50 50_6 2.83E-01 2.00E-05 1.53E-03 5.77E-02 658 0.28255908 6.692 0.708 0.969 1.116 0.28237013 0.28277686 
50 50_43 2.82E-01 1.30E-05 1.88E-03 7.71E-02 671 0.28246832 3.769 0.460 1.102 1.337 0.28236188 0.28276744 
50 50_39 2.83E-01 1.80E-05 1.35E-03 5.46E-02 705 0.28250011 5.660 0.637 1.049 1.247 0.2823403 0.28274277 
50 50_17 2.82E-01 1.60E-05 1.99E-03 8.40E-02 729.4 0.28239271 2.405 0.567 1.209 1.451 0.28232481 0.28272506 
50 50_51 2.82E-01 1.20E-05 1.16E-03 5.00E-02 753.9 0.28211956 -6.719 0.425 1.580 1.978 0.28230924 0.28270727 
50 50_70 2.82E-01 8.80E-06 9.09E-04 3.85E-02 765.1 0.28215393 -5.249 0.312 1.527 1.955 0.28230212 0.28269914 
50 50_57 2.82E-01 1.30E-05 5.51E-04 1.94E-02 779.7 0.28218594 -3.787 0.461 1.475 1.883 0.28229284 0.28268853 
50 50_14 2.82E-01 1.50E-05 1.56E-03 4.58E-02 782.1 0.28244807 5.553 0.531 1.122 1.316 0.28229131 0.28268679 
50 50_4 2.82E-01 1.70E-05 1.54E-03 6.03E-02 899 0.28214098 -2.690 0.602 1.553 1.926 0.2822169 0.28260174 
50 50_35 2.82E-01 5.10E-06 1.15E-03 4.60E-02 1039.4 0.28209751 -1.056 0.181 1.602 1.933 0.28212732 0.28249936 
50 50_61 2.82E-01 1.50E-05 9.61E-04 4.17E-02 1075.1 0.28196354 -4.997 0.532 1.785 2.204 0.2821045 0.28247329 
50 50_75 2.82E-01 8.50E-06 7.19E-04 3.38E-02 1190.9 0.28205886 1.009 0.301 1.646 1.927 0.28203039 0.28238858 
50 50_33 2.82E-01 4.30E-05 4.70E-03 1.89E-01 1224.3 0.28196836 -1.440 1.524 1.835 2.096 0.28200898 0.28236412 
50 50_78 2.82E-01 6.20E-06 1.53E-03 6.54E-02 1241.2 0.28181618 -6.452 0.220 1.995 2.393 0.28199814 0.28235173 
50 50_36 2.82E-01 3.00E-05 1.22E-03 3.83E-02 1546.9 0.28171928 -2.919 1.065 2.114 2.448 0.28180153 0.28212704 
50 50_3 2.82E-01 1.70E-05 1.43E-03 5.42E-02 1561.1 0.28205464 9.307 0.603 1.647 1.698 0.28179237 0.28211657 
50 50_1 2.82E-01 1.30E-05 5.38E-04 2.29E-02 1595.4 0.28201175 8.571 0.461 1.703 1.773 0.28177024 0.28209127 
50 50_55 2.82E-01 1.30E-05 1.43E-03 6.38E-02 1638.5 0.28185859 4.124 0.461 1.919 2.086 0.2817424 0.28205946 
50 50_9 2.82E-01 1.80E-05 1.53E-03 4.26E-02 1731.2 0.28173173 1.749 0.639 2.094 2.299 0.28168246 0.28199095 
50 50_32 2.82E-01 1.20E-05 8.02E-04 3.13E-02 2000 0.2814965 -0.410 0.426 2.403 2.659 0.28150805 0.28179163 
50 50_69 2.81E-01 1.20E-05 6.24E-04 2.65E-02 2670 0.28093815 -4.674 0.427 3.142 3.443 0.28106951 0.28129044 
50 50_56 2.81E-01 1.30E-05 2.39E-04 9.94E-03 2801 0.28094919 -1.208 0.463 3.122 3.343 0.28098313 0.28119172 

38 38_38 2.82E-01 1.40E-05 0.0016926 0.0644292 591 0.28234624 -2.350 0.496 1.277 1.613 0.28241261 0.28282541 
38 38_38 2.82E-01 1.40E-05 0.0016926 0.0644292 591 0.28234624 -2.350 0.496 1.277 1.624 0.28241261 0.28282541 
38 38_10 2.82E-01 1.10E-05 0.0002058 0.0143139 596 0.2819997 -14.509 0.390 1.724 2.408 0.28240944 0.28282179 
38 38_7 2.83E-01 8.20E-06 0.0005158 0.0177833 609 0.28262111 7.787 0.290 0.875 1.035 0.2824012 0.28281237 
38 38_11 2.82E-01 1.30E-05 0.0012908 0.0581575 619 0.28224601 -5.271 0.461 1.410 1.860 0.28239486 0.28280513 
38 38_30 2.83E-01 1.80E-05 0.0021289 0.0855825 631 0.2826068 7.775 0.637 0.906 1.055 0.28238725 0.28279643 
38 38_30 2.83E-01 1.80E-05 0.0021289 0.0855825 631 0.2826068 7.775 0.637 0.906 1.029 0.28238725 0.28279643 
38 38_26 2.83E-01 1.30E-05 0.0007030 0.0280079 649 0.28257544 7.069 0.460 0.939 1.114 0.28237584 0.28278339 
38 38_18 2.81E-01 2.40E-05 0.0007575 0.0372315 655 0.28147569 -31.743 0.853 2.457 3.500 0.28237203 0.28277904 
38 38_65 2.83E-01 1.40E-05 0.0022965 0.0736757 664 0.28260738 8.537 0.495 0.904 1.019 0.28236632 0.28277251 
38 38_20 2.83E-01 1.40E-05 0.0012877 0.0359466 673 0.28259774 8.398 0.495 0.911 1.050 0.28236061 0.28276599 
38 38_55 2.83E-01 7.70E-06 0.0016034 0.0603068 690 0.28266223 11.065 0.272 0.820 0.895 0.28234982 0.28275366 
38 38_35 2.83E-01 1.30E-05 0.0012589 0.0438223 704 0.28263336 10.357 0.460 0.859 0.951 0.28234094 0.2827435 
38 38_25 2.82E-01 1.20E-05 0.0016799 0.0736121 713 0.28216551 -6.011 0.425 1.529 1.982 0.28233522 0.28273697 
38 38_15 2.83E-01 2.60E-05 0.0025512 0.0665008 726 0.28258422 9.112 0.920 0.936 1.047 0.28232697 0.28272753 
38 38_51 2.83E-01 1.00E-05 0.0005206 0.0219517 753 0.28254864 8.460 0.354 0.973 1.096 0.28230981 0.28270793 
38 38_46 2.82E-01 1.40E-05 0.0018345 0.0733606 795 0.2821376 -5.155 0.496 1.568 1.990 0.28228311 0.28267741 
38 38_44 2.82E-01 3.00E-05 0.0041121 0.1237850 1680 0.28144812 -9.494 1.065 2.551 2.963 0.28171558 0.2820288 
38 38_49 2.83E-01 1.30E-05 0.0019690 0.0638425 1701 0.28256453 30.619 0.460 0.908 0.450 0.281702 0.28201328 
38 38_61 2.82E-01 9.60E-06 0.0015015 0.0684048 1918 0.28150232 -2.097 0.341 2.405 2.700 0.28156135 0.28185254 
38 38_75 2.81E-01 1.10E-05 0.0020125 0.0621272 2002 0.28123744 -9.567 0.391 2.780 3.225 0.28150675 0.28179015 
38 38_43 2.81E-01 8.10E-06 0.0011467 0.0407234 2061 0.28137607 -3.279 0.288 2.570 2.832 0.28146835 0.28174626 
38 38_36 2.81E-01 1.90E-05 0.0005878 0.0254359 2830 0.28074414 -7.824 0.677 3.398 3.780 0.28096398 0.28116983 
38 38_45 2.81E-01 1.10E-05 0.0015054 0.0689901 2944 0.28084103 -1.693 0.392 3.275 3.469 0.28088859 0.28108367 

48 48_59 2.82E-01 1.40E-05 2.17E-03 7.61E-02 512 0.28239914 -2.247 0.496 1.215 1.588 0.28246262 0.28288257 
48 48_49 2.82E-01 1.90E-05 1.91E-03 8.58E-02 526 0.28235315 -3.562 0.673 1.275 1.680 0.28245377 0.28287245 
48 48_24 2.82E-01 2.10E-05 1.61E-03 6.43E-02 539 0.28244574 0.007 0.743 1.136 1.468 0.28244554 0.28286304 
48 48_53 2.82E-01 1.90E-05 2.59E-03 8.44E-02 552 0.28233217 -3.723 0.673 1.318 1.716 0.28243731 0.28285364 
48 48_6 2.82E-01 1.30E-05 2.38E-03 7.37E-02 569 0.28228662 -4.954 0.460 1.378 1.799 0.28242654 0.28284134 
48 48_29 2.83E-01 2.50E-05 4.19E-03 1.85E-01 573 0.28266998 8.709 0.884 0.832 0.934 0.28242401 0.28283844 
48 48_41 2.82E-01 1.50E-05 2.38E-03 9.84E-02 584 0.28241092 -0.217 0.531 1.197 1.522 0.28241704 0.28283048 
48 48_15 2.82E-01 2.80E-05 2.47E-03 1.04E-01 603 0.28206004 -12.215 0.993 1.707 2.178 0.282405 0.28281672 
48 48_15 2.82E-01 2.80E-05 2.47E-03 1.04E-01 603 0.28206004 -12.215 0.993 1.707 2.178 0.282405 0.28281672 
48 48_48 2.83E-01 2.60E-05 3.49E-03 1.23E-01 606 0.28246135 2.063 0.920 1.138 1.396 0.2824031 0.28281455 
48 48_63 2.83E-01 1.50E-05 1.90E-03 7.57E-02 614 0.28253208 4.747 0.531 1.013 1.218 0.28239803 0.28280875 
48 48_12 2.82E-01 3.70E-05 2.27E-03 6.54E-02 624 0.28237446 -0.610 1.310 1.245 1.565 0.28239169 0.28280151 
48 48_38 2.82E-01 1.60E-05 1.21E-03 5.16E-02 627 0.28225073 -4.924 0.567 1.402 1.847 0.28238979 0.28279933 
48 48_58 2.82E-01 3.40E-05 1.92E-03 6.26E-02 641 0.28246487 2.973 1.204 1.109 1.366 0.28238091 0.28278919 
48 48_13 2.82E-01 1.60E-05 1.24E-03 4.69E-02 653 0.28226479 -3.843 0.567 1.382 1.801 0.2823733 0.28278049 
48 48_32 2.83E-01 2.00E-05 2.18E-03 9.06E-02 678 0.28272032 12.852 0.707 0.738 0.772 0.28235744 0.28276236 
48 48_76 2.83E-01 2.60E-05 2.11E-03 6.88E-02 690 0.28254871 7.044 0.920 0.987 1.116 0.28234982 0.28275366 
48 48_23 2.83E-01 2.10E-05 2.49E-03 1.02E-01 694 0.28250359 5.536 0.743 1.056 1.248 0.28234729 0.28275075 
48 48_10 2.82E-01 6.90E-04 3.41E-03 1.13E-01 776 0.28191235 -13.562 ##### 1.938 2.498 0.28229519 0.28269122 
48 48_1 2.82E-01 1.80E-05 2.35E-03 7.22E-02 802 0.28186265 -14.738 0.639 1.974 2.592 0.28227866 0.28267232 
48 48_14 2.82E-01 3.10E-05 1.88E-03 7.78E-02 1002 0.28211957 -1.121 1.099 1.584 1.910 0.2821512 0.28252666 
48 48_78 2.82E-01 3.30E-05 2.94E-03 9.66E-02 1406 0.28198778 3.387 1.170 1.761 1.941 0.28189229 0.28223076 
48 48_36 2.83E-01 1.50E-05 1.07E-03 4.87E-02 2126 0.28247472 37.264 0.531 1.041 0.348 0.281426 0.28169786 
48 48_20 2.81E-01 2.30E-05 8.42E-04 2.98E-02 2709 0.28095336 -3.218 0.819 3.124 3.398 0.28104382 0.28126108 
48 48_79 2.81E-01 1.30E-05 7.19E-04 2.40E-02 3104 0.28054914 -8.311 0.463 3.655 3.988 0.28078251 0.28096244 

49 49_35 2.82E-01 1.00E-05 1.06E-03 4.95E-02 551 0.28228701 -5.344 0.354 1.350 1.809 0.28243794 0.28285436 
49 49_29 2.82E-01 9.90E-06 1.81E-03 7.90E-02 566 0.28234184 -3.066 0.351 1.287 1.635 0.28242844 0.28284351 
49 49_58 2.83E-01 8.10E-06 9.43E-04 4.14E-02 572 0.28261288 6.665 0.287 0.890 1.079 0.28242464 0.28283916 
49 49_6 2.83E-01 1.30E-05 2.45E-03 1.06E-01 588 0.28269297 9.860 0.460 0.785 0.881 0.28241451 0.28282758 
49 49_30 2.83E-01 1.00E-05 9.37E-04 4.10E-02 599 0.28261348 7.292 0.354 0.889 1.061 0.28240754 0.28281962 
49 49_52 2.83E-01 8.10E-06 1.23E-03 5.21E-02 605 0.28257701 6.136 0.287 0.942 1.137 0.28240374 0.28281527 
49 49_52 2.83E-01 8.10E-06 1.23E-03 5.21E-02 605 0.28257701 6.136 0.287 0.942 1.139 0.28240374 0.28281527 
49 49_40 2.83E-01 1.40E-05 1.63E-03 7.34E-02 613 0.2825692 6.039 0.495 0.957 1.141 0.28239867 0.28280947 
49 49_42 2.82E-01 9.90E-06 5.85E-04 2.78E-02 613 0.28204527 -12.514 0.351 1.672 2.304 0.28239867 0.28280947 
49 49_15 2.83E-01 1.10E-05 1.03E-03 4.17E-02 618 0.28266904 9.687 0.389 0.810 0.925 0.2823955 0.28280585 
49 49_73 2.83E-01 9.50E-06 6.10E-04 2.52E-02 625 0.28254685 5.517 0.336 0.979 1.182 0.28239106 0.28280078 
49 49_51 2.83E-01 1.10E-05 1.21E-03 5.57E-02 627 0.28263282 8.606 0.389 0.862 1.000 0.28238979 0.28279933 
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49 49_48 2.83E-01 1.00E-05 1.11E-03 5.00E-02 633 0.28250477 4.206 0.354 1.042 1.282 0.28238599 0.28279498 
49 49_80 2.83E-01 1.00E-05 1.05E-03 4.50E-02 641 0.28251742 4.834 0.354 1.024 1.234 0.28238091 0.28278919 
49 49_18 2.83E-01 9.10E-06 1.38E-03 5.92E-02 661 0.28256586 6.999 0.322 0.958 1.129 0.28236823 0.28277469 
49 49_70 2.83E-01 1.40E-05 2.86E-03 1.27E-01 673 0.28271186 12.440 0.495 0.752 0.792 0.28236061 0.28276599 
49 49_70 2.83E-01 1.40E-05 2.86E-03 1.27E-01 673 0.28271186 12.440 0.495 0.752 0.795 0.28236061 0.28276599 
49 49_54 2.83E-01 9.90E-06 1.04E-03 4.94E-02 684 0.2827567 14.275 0.350 0.684 0.687 0.28235363 0.28275801 
49 49_38 2.82E-01 7.00E-06 6.21E-04 2.89E-02 686 0.28245601 3.671 0.248 1.104 1.358 0.28235236 0.28275656 
49 49_67 2.83E-01 1.10E-05 8.16E-04 3.36E-02 712 0.2825511 7.624 0.389 0.973 1.129 0.28233586 0.28273769 
49 49_60 2.82E-01 2.20E-05 1.59E-03 6.86E-02 785 0.28182261 -16.538 0.781 2.007 2.684 0.28228947 0.28268468 
49 49_1 2.82E-01 1.10E-05 9.19E-04 4.38E-02 1170 0.28206872 0.885 0.390 1.636 1.918 0.28204377 0.28240388 
49 49_45 2.82E-01 1.30E-05 7.97E-04 3.91E-02 1214 0.28214076 4.439 0.461 1.534 1.731 0.28201558 0.28237166 
49 49_71 2.82E-01 1.10E-05 1.16E-03 5.53E-02 1369 0.2819341 0.639 0.390 1.820 2.092 0.28191608 0.28225795 
49 49_65 2.82E-01 8.90E-06 4.71E-04 2.29E-02 1554 0.28180114 0.149 0.316 1.991 2.269 0.28179695 0.2821218 
49 49_11 2.82E-01 1.10E-05 3.95E-04 1.88E-02 1998 0.28160001 3.220 0.391 2.258 2.430 0.28150935 0.28179312 
49 49_33 2.81E-01 1.20E-05 9.33E-04 4.41E-02 2078 0.28127613 -6.436 0.427 2.703 3.051 0.28145728 0.28173361 
49 49_37 2.82E-01 9.40E-06 4.93E-04 2.36E-02 2176 0.28152058 4.520 0.334 2.364 2.490 0.28139338 0.28166058 
49 49_59 2.83E-01 2.10E-05 1.16E-03 3.85E-02 2637 0.28256138 52.301 0.743 0.900 -0.226 0.28109124 0.28131528 

13-22 10 0.28252937 2.86E-05 0.000849503 0.032566123 480.2 0.282522 1.4 1.0 1.02 1.31 0.282483 0.282906 
13-22 21 0.28244809 4.18E-05 0.001558433 0.060463379 558.1 0.282432 -0.1 1.5 1.15 1.47 0.282433 0.282849 
13-22 38 0.28192585 2.53E-05 0.000579032 0.02063996 572.3 0.281920 -17.9 0.9 1.85 2.60 0.282424 0.282839 
13-22 16 0.28236656 2.82E-05 0.001522213 0.051624706 588.6 0.282350 -2.3 1.0 1.27 1.60 0.282414 0.282827 
13-22 37 0.28246266 2.87E-05 0.001085975 0.032808367 595.4 0.282451 1.4 1.0 1.12 1.40 0.282410 0.282822 
13-22 54 0.28249261 2.5E-05 0.000619097 0.021237576 599.8 0.282486 2.8 0.9 1.06 1.34 0.282407 0.282819 
13-22 8 0.28234683 6.86E-05 0.004050426 0.117200854 609.1 0.282301 -3.6 2.4 1.39 1.75 0.282401 0.282812 
13-22 11 0.28214628 4.01E-05 0.001969721 0.067142302 611.1 0.282124 -9.8 1.4 1.60 2.07 0.282400 0.282811 
13-22 47 0.28229017 2.56E-05 0.000852633 0.029979136 622 0.282280 -4.0 0.9 1.35 1.79 0.282393 0.282803 
13-22 2 0.28221028 2.24E-05 0.000277495 0.010603566 629.3 0.282207 -6.4 0.8 1.44 1.91 0.282388 0.282798 
13-22 52 0.28262437 2.59E-05 0.001052047 0.031025615 651.7 0.282612 8.4 0.9 0.89 1.03 0.282374 0.282781 
13-22 6 0.28240028 4.04E-05 0.001596905 0.064402578 683.5 0.282380 0.9 1.4 1.22 1.50 0.282354 0.282758 
13-22 55 0.28252936 4.04E-05 0.001491663 0.053778445 686.7 0.282510 5.6 1.4 1.04 1.25 0.282352 0.282756 
13-22 57 0.28221704 5.68E-05 0.001351341 0.058693736 797.7 0.282197 -3.0 2.0 1.47 1.88 0.282281 0.282675 
13-22 33 0.28207891 3.13E-05 0.000668665 0.025024265 1155.7 0.282064 0.4 1.1 1.64 1.94 0.282053 0.282414 
13-22 4 0.28200298 2.98E-05 0.000890312 0.035404618 1367.4 0.281980 2.2 1.1 1.75 1.99 0.281917 0.282259 
13-22 13 0.28192722 2.97E-05 0.001701836 0.0495311 1537.8 0.281878 2.5 1.1 1.90 2.11 0.281807 0.282134 
13-22 53 0.28180954 3.35E-05 0.000921075 0.03365146 1560 0.281782 -0.4 1.2 2.02 2.31 0.281793 0.282117 
13-22 40 0.28141329 4.23E-05 0.002214712 0.080946782 1794.2 0.281338 -10.8 1.5 2.65 3.14 0.281642 0.281944 
13-22 14 0.28155905 3.23E-05 0.000879616 0.027282388 2085.2 0.281524 2.5 1.1 2.36 2.54 0.281453 0.281728 
13-22 27 0.28137304 3.06E-05 0.001122873 0.045058079 2249.6 0.281325 -0.7 1.1 2.63 2.88 0.281345 0.281606 

12-40 28 0.2824868 1.98E-05 0.000938176 0.031963579 598.9 0.282476 2.4 0.7 1.08 1.38 0.282408 0.282820 
12-40 3 0.28244796 5.07E-05 0.001533955 0.045124569 599.4 0.282431 0.8 1.8 1.15 1.47 0.282407 0.282819 
12-40 6 0.28239647 2.28E-05 0.000962262 0.030685322 605.4 0.282386 -0.6 0.8 1.21 1.56 0.282403 0.282815 
12-40 35 0.28243445 1.9E-05 0.001182927 0.04008577 611 0.282421 0.7 0.7 1.16 1.50 0.282400 0.282811 
12-40 4 0.2822521 2.04E-05 0.000637874 0.020923431 613.7 0.282245 -5.4 0.7 1.40 1.87 0.282398 0.282809 
12-40 5 0.2823184 2.39E-05 0.000466135 0.016790364 616.6 0.282313 -3.0 0.8 1.30 1.71 0.282396 0.282807 
12-40 13 0.28259354 4.49E-05 0.001838406 0.063570139 619.8 0.282572 6.3 1.6 0.95 1.14 0.282394 0.282805 
12-40 10 0.28248413 2.25E-05 0.000618617 0.022342226 626.5 0.282477 3.1 0.8 1.08 1.35 0.282390 0.282800 
12-40 2 0.28252648 2.07E-05 0.000587706 0.021326432 629.5 0.282520 4.7 0.7 1.02 1.25 0.282388 0.282798 
12-40 23 0.28246442 2.23E-05 0.000559905 0.020832503 630.4 0.282458 2.5 0.8 1.10 1.39 0.282388 0.282797 
12-40 17 0.28240889 2.9E-05 0.001025683 0.033995989 631.7 0.282397 0.4 1.0 1.19 1.52 0.282387 0.282796 
12-40 12 0.28251761 2.41E-05 0.001539926 0.055503419 633 0.282499 4.0 0.9 1.05 1.29 0.282386 0.282795 
12-40 18 0.28247614 4.31E-05 0.00134698 0.049856806 635.7 0.282460 2.7 1.5 1.11 1.38 0.282384 0.282793 
12-40 24 0.2824301 2E-05 0.000800155 0.027257582 636.7 0.282421 1.3 0.7 1.16 1.47 0.282384 0.282792 
12-40 9 0.28245378 1.82E-05 0.000680694 0.024071788 642.7 0.282446 2.3 0.6 1.12 1.41 0.282380 0.282788 
12-40 8 0.28234672 2.27E-05 0.000778035 0.025277479 643.6 0.282337 -1.5 0.8 1.27 1.65 0.282379 0.282787 
12-40 15 0.28245152 2.35E-05 0.000847851 0.02834731 644.4 0.282441 2.2 0.8 1.13 1.42 0.282379 0.282787 
12-40 14 0.28251501 2.02E-05 0.000826715 0.030389163 645 0.282505 4.5 0.7 1.04 1.27 0.282378 0.282786 
12-40 22 0.28245748 3.82E-05 0.001591657 0.059404815 646.9 0.282438 2.2 1.4 1.14 1.42 0.282377 0.282785 
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Iberia Hafnium isotopic data tables
 Scherer et al., 2001 - 176Lu decay constant (1.865x10-11)   

Hfi epsilon 1se T(DM) T(DM)     

Sample N No. # Hf176/Hf177  1 S.D. Lu176/Hf177 Yb176/Hf177 
U/Pb 
AGE       (Ga) (crustal) Hf Chur (t) Hf DM (t) 

14-01 14-01-01 0.2823617 1.777E-05 0.00185699 0.0507655 551.7 0.282342 -3.4 0.6 1.29 1.69 0.282437 0.282854 
14-01 14-01-03 0.28225575 1.921E-05 0.00060344 0.01506293 567.7 0.282249 -6.3 0.7 1.39 1.88 0.282427 0.282842 
14-01 14-01-27 0.2821332 2.52E-05 0.00066054 0.01502066 612.5 0.282126 -9.7 0.9 1.56 2.09 0.282399 0.282810 
14-01 14-01-28 0.28198008 2.424E-05 0.00118157 0.03221624 1392 0.281949 1.7 0.9 1.80 2.05 0.281901 0.282241 
14-01 14-01-29 0.28275817 4.376E-05 0.00119548 0.02793649 400.2 0.282749 7.6 1.5 0.70 0.88 0.282533 0.282963 
14-01 14-01-32 0.28259366 2.647E-05 0.00145128 0.03873063 570.1 0.282578 5.4 0.9 0.94 1.16 0.282426 0.282841 
14-01 14-01-37 0.28242608 5.419E-05 0.00183068 0.04851182 572.4 0.282406 -0.6 1.9 1.19 1.51 0.282424 0.282839 
14-01 14-01-38 0.28176906 3.335E-05 0.00085287 0.02117802 1528 0.281744 -2.5 1.2 2.07 2.41 0.281814 0.282141 
14-01 14-01-42 0.28151503 2.854E-05 0.00041739 0.01093241 575.5 0.281511 -32.3 1.0 2.39 3.36 0.282422 0.282837 
14-01 14-01-44 0.28159363 2.779E-05 0.00076391 0.01965442 2054 0.281564 3.2 1.0 2.31 2.45 0.281473 0.281751 
14-01 14-01-45 0.28102053 4.398E-05 0.00047409 0.01243594 2734 0.280996 -1.1 1.6 3.06 3.26 0.281028 0.281243 
14-01 14-01-47 0.2815291 3.585E-05 0.0010666 0.03031901 2059 0.281487 0.6 1.3 2.42 2.65 0.281470 0.281748 
14-01 14-01-49 0.2828631 4.638E-05 0.00392672 0.10264742 404.1 0.282833 10.7 1.6 0.60 0.67 0.282531 0.282961 
14-01 14-01-51 0.28091913 2.788E-05 0.00062004 0.01531041 2704 0.280887 -5.7 1.0 3.21 3.54 0.281047 0.281265 
14-01 14-01-52 0.28219146 3.992E-05 0.00076145 0.01908821 1075 0.282176 2.5 1.4 1.49 1.74 0.282104 0.282473 
14-01 14-01-53 0.2823092 3.086E-05 0.00032372 0.00830136 655.7 0.282305 -2.4 1.1 1.31 1.71 0.282372 0.282779 
14-01 14-01-54 0.28256439 3.604E-05 0.00098944 0.02182758 636.7 0.282553 6.0 1.3 0.97 1.16 0.282384 0.282792 
14-01 14-01-55 0.28220081 6.202E-05 0.00128664 0.03144573 1453 0.282165 10.8 2.2 1.49 1.52 0.281862 0.282196 
14-01 14-01-58 0.28178093 2.65E-05 0.00060561 0.01311318 655.2 0.281773 -21.2 0.9 2.04 2.88 0.282372 0.282779 
14-01 14-01-59 0.28232356 2.701E-05 0.00039449 0.00907792 461.1 0.282320 -6.2 1.0 1.29 1.80 0.282495 0.282919 
14-01 14-01-62 0.28268153 5.089E-05 0.00024866 0.00543749 397.6 0.282680 5.1 1.8 0.79 1.04 0.282535 0.282965 
14-01 14-01-63 0.28230335 3.303E-05 0.00092515 0.02330903 504.2 0.282295 -6.1 1.2 1.34 1.83 0.282468 0.282888 
14-01 14-01-67 0.2823695 3.97E-05 0.00143728 0.03722309 528.7 0.282355 -3.4 1.4 1.26 1.68 0.282452 0.282870 
14-01 14-01-69 0.28228223 2.248E-05 0.00120004 0.03040689 500.3 0.282271 -7.0 0.8 1.38 1.88 0.282470 0.282891 
14-01 14-01-70 0.28261605 3.601E-05 0.00147499 0.03729912 524 0.282602 5.2 1.3 0.91 1.11 0.282455 0.282874 
14-01 14-01-73 0.28176522 3.821E-05 0.00092254 0.0219935 1910 0.281732 5.9 1.4 2.08 2.19 0.281566 0.281858 
14-01 14-01-74 0.28264657 3.365E-05 0.00111948 0.02576923 609.9 0.282634 8.3 1.2 0.86 1.00 0.282401 0.282812 
14-01 14-01-75 0.28185326 2.655E-05 0.00111308 0.02872478 1596 0.281820 1.8 0.9 1.97 2.21 0.281770 0.282091 

14-02 2 0.28229457 2.132E-05 0.00076431 0.01956968 521.4 0.282287 -6.0 0.8 1.34 1.83 0.282457 0.282876 
14-02 7 0.28217996 2.191E-05 0.00051326 0.01238594 593.8 0.282174 -8.4 0.8 1.49 1.98 0.282411 0.282823 
14-02 8 0.28237066 1.641E-05 0.00090102 0.02189011 671 0.282359 -0.1 0.6 1.24 1.58 0.282362 0.282767 
14-02 10 0.28158515 1.747E-05 0.00066536 0.01582746 2000 0.281560 1.8 0.6 2.31 2.52 0.281508 0.281791 
14-02 11 0.28239172 1.198E-05 7.4102E-05 0.00248036 607.4 0.282391 -0.4 0.4 1.19 1.55 0.282402 0.282814 
14-02 12 0.28271521 1.589E-05 0.00057758 0.01478251 536.8 0.282709 9.3 0.6 0.75 0.88 0.282447 0.282865 
14-02 17 0.28264265 2.152E-05 0.00063541 0.01443632 541.3 0.282636 6.8 0.8 0.86 1.05 0.282444 0.282861 
14-02 18 0.28258473 1.747E-05 0.00070452 0.01743571 610.2 0.282577 6.2 0.6 0.94 1.14 0.282400 0.282812 
14-02 19 0.28255851 3.109E-05 0.00200539 0.05231878 583.3 0.282537 4.2 1.1 1.01 1.21 0.282417 0.282831 
14-02 21 0.28263575 2.394E-05 0.00050758 0.0129172 548.9 0.282631 6.8 0.8 0.86 1.05 0.282439 0.282856 
14-02 25 0.28158978 1.858E-05 0.00087183 0.02360241 2056 0.281556 3.0 0.7 2.32 2.49 0.281471 0.281750 
14-02 27 0.28270611 2.405E-05 0.00134738 0.03568245 550 0.282692 9.0 0.9 0.78 0.92 0.282439 0.282855 
14-02 32 0.28267731 1.771E-05 0.00050793 0.0141982 569.5 0.282672 8.7 0.6 0.80 0.95 0.282426 0.282841 
14-02 34 0.28268521 1.573E-05 0.00078239 0.02063065 561.1 0.282677 8.7 0.6 0.80 0.93 0.282432 0.282847 
14-02 33 0.2826846 1.797E-05 0.00052743 0.01432767 575 0.282679 9.1 0.6 0.79 0.93 0.282423 0.282837 
14-02 35 0.28176268 2.696E-05 0.00148312 0.03851294 2087 0.281704 9.0 1.0 2.12 2.14 0.281452 0.281727 
14-02 36 0.2826826 1.809E-05 0.00126935 0.03283827 580.3 0.282669 8.8 0.6 0.81 0.93 0.282419 0.282833 
14-02 37 0.28263884 1.704E-05 0.00050091 0.01271688 565 0.282634 7.2 0.6 0.86 1.04 0.282429 0.282844 
14-02 47 0.28163657 2.23E-05 0.00077253 0.01760233 2095 0.281606 5.7 0.8 2.25 2.35 0.281446 0.281721 
14-02 52 0.2822478 1.51E-05 0.00034907 0.00923798 571.2 0.282244 -6.4 0.5 1.39 1.84 0.282425 0.282840 
14-02 53 0.2826238 1.906E-05 0.0005919 0.01529443 567.7 0.282618 6.7 0.7 0.88 1.07 0.282427 0.282842 
14-02 57 0.28162955 1.292E-05 0.00086282 0.02036717 2066 0.281596 4.6 0.5 2.27 2.40 0.281465 0.281743 
14-02 58 0.28267596 2.033E-05 0.00098114 0.02338627 585.8 0.282665 8.8 0.7 0.82 0.93 0.282416 0.282829 
14-02 61 0.28219653 1.964E-05 0.00050589 0.01269596 578.2 0.282191 -8.1 0.7 1.47 1.93 0.282421 0.282835 
14-02 62 0.28102646 1.163E-05 0.00039393 0.00855545 2490 0.281008 -6.4 0.4 3.05 3.42 0.281188 0.281426 
14-02 63 0.28095582 1.55E-05 0.00045741 0.01234942 2482 0.280934 -9.2 0.6 3.15 3.59 0.281193 0.281432 
14-02 65 0.28269804 1.84E-05 0.00051398 0.01198336 544.6 0.282693 8.9 0.7 0.78 0.92 0.282442 0.282859 
14-02 66 0.2826307 2.174E-05 0.00085448 0.02080647 535.7 0.282622 6.2 0.8 0.88 1.08 0.282448 0.282865 
14-02 68 0.28267411 1.356E-05 0.00051901 0.01357974 539.9 0.282669 7.9 0.5 0.81 0.97 0.282445 0.282862 
14-02 71 0.28248491 2.199E-05 0.00135341 0.03316158 606.2 0.282470 2.4 0.8 1.10 1.39 0.282403 0.282814 
14-02 80 0.28266723 2.214E-05 0.00069957 0.01946058 524.8 0.282660 7.3 0.8 0.82 1.00 0.282455 0.282873 

ACO-12-
57 3 0.28198197 1.63E-05 0.00010076 0.0028248 621 0.281981 -14.6 0.6 1.75 2.37 0.282394 0.282804 
ACO-12-
57 5 0.28083745 1.406E-05 0.00065112 0.01653525 2885 0.280801 -4.5 0.5 3.32 3.61 0.280928 0.281128 
ACO-12-
57 9 0.2813712 1.463E-05 0.00046339 0.01352276 1947 0.281354 -6.7 0.5 2.59 3.01 0.281543 0.281831 
ACO-12-
57 10 0.28246756 1.885E-05 0.00142711 0.04062428 825 0.282445 6.4 0.7 1.12 1.30 0.282264 0.282656 
ACO-12-
57 12 0.282152 2.105E-05 0.00124553 0.03752418 511 0.282140 -11.4 0.7 1.56 2.16 0.282463 0.282883 
ACO-12-
57 13 0.28226188 1.902E-05 0.00237288 0.07396252 481 0.282241 -8.6 0.7 1.45 1.95 0.282482 0.282905 
ACO-12-
57 15 0.28219862 1.728E-05 0.00070964 0.02248851 579 0.282191 -8.1 0.6 1.48 2.01 0.282420 0.282834 
ACO-12-
57 16 0.28210672 1.843E-05 0.00074529 0.0194801 664 0.282097 -9.5 0.7 1.60 2.16 0.282366 0.282773 
ACO-12-
57 22 0.28214391 1.74E-05 0.00122978 0.03660095 637 0.282129 -9.0 0.6 1.57 2.05 0.282383 0.282792 
ACO-12-
57 23 0.28226992 1.506E-05 0.0006116 0.01733223 705 0.282262 -2.8 0.5 1.37 1.78 0.282340 0.282743 
ACO-12-
57 25 0.28137246 1.579E-05 0.00056691 0.01595776 2044 0.281350 -4.6 0.6 2.60 2.95 0.281479 0.281759 
ACO-12-
57 28 0.28220492 1.443E-05 0.00097933 0.02780464 490 0.282196 -9.9 0.5 1.48 2.04 0.282477 0.282898 
ACO-12-
57 31 0.28202681 1.644E-05 0.00130845 0.03642463 853 0.282006 -8.5 0.6 1.74 2.25 0.282246 0.282635 
ACO-12-
57 32 0.28252491 1.995E-05 0.00181511 0.04699741 728 0.282500 6.2 0.7 1.05 1.23 0.282326 0.282726 
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ACO-12-
57 34 0.28193939 1.502E-05 0.0012541 0.03698743 611 0.281925 -16.8 0.5 1.86 2.50 0.282400 0.282811 
ACO-12-
57 37 0.28170361 1.902E-05 0.00064004 0.0163462 939 0.281692 -17.7 0.7 2.15 2.78 0.282191 0.282573 
ACO-12-
57 39 0.28138403 1.808E-05 0.00100333 0.0276915 1765 0.281350 -11.0 0.6 2.61 3.05 0.281661 0.281966 
ACO-12-
57 42 0.28103204 1.881E-05 0.00072831 0.01857841 2542 0.280997 -5.6 0.7 3.07 3.41 0.281154 0.281387 
ACO-12-
57 43 0.28127046 3.776E-05 0.00262945 0.09787004 2609 0.281139 1.1 1.3 2.89 3.05 0.281110 0.281336 
ACO-12-
57 44 0.28213011 1.442E-05 0.00055122 0.01572146 571 0.282124 -10.7 0.5 1.56 2.13 0.282425 0.282840 
ACO-12-
57 47 0.28164833 2.436E-05 0.00136962 0.04354527 600 0.281633 -27.4 0.9 2.27 3.20 0.282407 0.282819 
ACO-12-
57 49 0.28183738 1.477E-05 0.00061874 0.01629228 1164 0.281824 -7.9 0.5 1.97 2.46 0.282048 0.282408 
ACO-12-
57 50 0.28208246 2.108E-05 0.00128056 0.04126803 656 0.282067 -10.8 0.7 1.66 2.23 0.282371 0.282778 
ACO-12-
57 54 0.28218671 2.417E-05 0.00261368 0.07699433 555 0.282160 -9.8 0.9 1.57 2.09 0.282435 0.282851 
ACO-12-
57 55 0.28219266 2.377E-05 0.0015651 0.0432116 645 0.282174 -7.2 0.8 1.52 1.99 0.282378 0.282786 
ACO-12-
57 57 0.281948 2.031E-05 0.00074601 0.01988982 594 0.281940 -16.7 0.7 1.82 2.52 0.282411 0.282823 
ACO-12-
57 62 0.28163991 2.361E-05 0.00191993 0.04700939 1008 0.281603 -19.3 0.8 2.32 3.04 0.282147 0.282522 
ACO-12-
57 70 0.28191058 1.845E-05 0.00186317 0.0507498 1033 0.281874 -9.1 0.7 1.93 2.38 0.282131 0.282504 
ACO-12-
57 71 0.2820975 1.52E-05 0.00030084 0.00722719 589 0.282094 -11.3 0.5 1.60 2.19 0.282414 0.282827 
ACO-12-
57 73 0.28119862 1.543E-05 0.00091694 0.02642121 1873 0.281166 -15.1 0.5 2.86 3.45 0.281591 0.281886 
ACO-12-
57 75 0.28171646 1.729E-05 0.00141518 0.03797429 969 0.281691 -17.1 0.6 2.18 2.90 0.282172 0.282551 
ACO-12-
57 80 0.28198048 1.735E-05 0.00126646 0.03997558 987 0.281957 -7.2 0.6 1.80 2.28 0.282161 0.282538 

G7 a08 0.28214613 1.764E-05 9.4727E-05 0.00316515 595.6 0.282145 -9.4 0.6 1.52 2.08 0.282410 0.282822 
G7 a10 0.28107313 1.63E-05 0.00019297 0.00569257 2623 0.281063 -1.3 0.6 2.97 3.20 0.281101 0.281326 
G7 a14 0.28183351 3.495E-05 0.00321538 0.09377483 923.7 0.281778 -15.0 1.2 2.12 2.68 0.282201 0.282584 
G7 a15 0.28179188 2.548E-05 0.00257835 0.07606389 1033 0.281742 -13.8 0.9 2.14 2.70 0.282132 0.282504 
G7 a20 0.281898 1.942E-05 0.0005078 0.01364169 1035 0.281888 -8.6 0.7 1.88 2.37 0.282130 0.282503 
G7 a21 0.28167252 2.461E-05 0.00324043 0.08533716 1019 0.281610 -18.8 0.9 2.35 3.02 0.282141 0.282514 
G7 a22 0.2820034 1.849E-05 0.0006541 0.01786716 1288 0.281987 0.7 0.7 1.74 2.01 0.281968 0.282317 
G7 a26 0.28223104 1.752E-05 0.00063313 0.01814162 599.8 0.282224 -6.5 0.6 1.43 1.90 0.282407 0.282819 
G7 a30 0.2820877 2.108E-05 0.00083277 0.02493533 1358 0.282066 5.1 0.7 1.63 1.80 0.281923 0.282266 
G7 a31 0.28204499 2.358E-05 0.00055202 0.01569445 1067 0.282034 -2.7 0.8 1.68 2.00 0.282110 0.282479 
G7 a33 0.28198479 2.886E-05 0.00070447 0.0193149 1024 0.281971 -5.9 1.0 1.77 2.17 0.282137 0.282511 
G7 a35 0.28088513 2.129E-05 0.00058511 0.01689925 2518 0.280857 -11.1 0.8 3.25 3.72 0.281169 0.281404 
G7 a36 0.28120958 1.967E-05 0.00070905 0.02223145 2055 0.281182 -10.3 0.7 2.83 3.30 0.281472 0.281751 
G7 a37 0.28238671 2.329E-05 0.0011094 0.02803306 916.9 0.282368 5.7 0.8 1.23 1.41 0.282206 0.282589 
G7 a39 0.28206219 2.112E-05 0.00103882 0.03282065 1019 0.282042 -3.5 0.7 1.68 2.01 0.282141 0.282515 
G7 a40 0.28199641 2.121E-05 0.00073924 0.02044894 1024 0.281982 -5.5 0.8 1.76 2.18 0.282137 0.282510 
G7 a50 0.28100092 2.658E-05 0.00047197 0.01242971 2656 0.280977 -3.6 0.9 3.09 3.37 0.281079 0.281301 
G7 a51 0.28221535 3.976E-05 0.00128016 0.03542881 1056 0.282190 2.6 1.4 1.47 1.72 0.282117 0.282488 
G7 a58 0.28192795 2.548E-05 0.00072818 0.0215935 904.4 0.281916 -10.6 0.9 1.85 2.40 0.282213 0.282598 
G7 a62 0.28235726 1.876E-05 0.00041323 0.01153313 856.4 0.282351 3.8 0.7 1.25 1.45 0.282244 0.282633 
G7 a65 0.28204302 1.615E-05 0.0006204 0.01732525 1033 0.282031 -3.6 0.6 1.69 2.08 0.282132 0.282504 
G7 a66 0.28092837 1.664E-05 0.0010321 0.0296896 2609 0.280877 -8.3 0.6 3.23 3.62 0.281109 0.281336 
G7 a07 0.28228232 2.192E-05 0.00061131 0.01681061 748.4 0.282274 -1.4 0.8 1.36 1.67 0.282313 0.282711 
G7 a18 0.2819438 2.408E-05 0.00178333 0.05121033 868.8 0.281915 -11.4 0.9 1.88 2.42 0.282236 0.282624 
G7 a19 0.28092886 1.518E-05 0.00037299 0.01004131 2625 0.280910 -6.7 0.5 3.18 3.54 0.281099 0.281324 
G7 a24 0.28203519 1.625E-05 0.00061428 0.01668021 1077 0.282023 -2.9 0.6 1.70 2.06 0.282104 0.282472 
G7 a25 0.28191395 1.79E-05 0.00064822 0.01733451 1007 0.281902 -8.7 0.6 1.86 2.38 0.282148 0.282523 
G7 a32 0.28217504 3.084E-05 0.00043339 0.01204268 1087 0.282166 2.5 1.1 1.50 1.75 0.282097 0.282464 
G7 a35 0.28230024 1.507E-05 0.00032151 0.01011882 705.7 0.282296 -1.6 0.5 1.32 1.66 0.282340 0.282742 
G7 a38 0.2815762 1.664E-05 6.6676E-05 0.00192617 604.9 0.281575 -29.3 0.6 2.29 3.29 0.282404 0.282815 
G7 a40 0.28131697 2.046E-05 0.00038986 0.01024723 2076 0.281302 -5.6 0.7 2.66 3.00 0.281459 0.281735 
G7 a43 0.28226432 1.924E-05 0.00075392 0.02143891 1066 0.282249 4.9 0.7 1.39 1.56 0.282111 0.282480 
G7 a47 0.28144896 1.578E-05 0.00048589 0.01282124 1992 0.281431 -2.9 0.6 2.49 2.80 0.281514 0.281798 
G7 a57 0.28139856 2.342E-05 0.0011261 0.03070892 2035 0.281355 -4.6 0.8 2.60 2.95 0.281485 0.281765 
G7 a58 0.28191717 1.833E-05 0.0006648 0.01748574 1118 0.281903 -6.2 0.7 1.86 2.31 0.282077 0.282442 
G7 a59 0.28240048 1.481E-05 0.00042019 0.01177071 708.3 0.282395 2.0 0.5 1.19 1.47 0.282338 0.282740 
G7 a62 0.28232961 1.592E-05 0.00064802 0.01704066 724.3 0.282321 -0.3 0.6 1.29 1.62 0.282328 0.282729 
G7 a64 0.28191784 1.761E-05 0.0006398 0.01649236 1090 0.281905 -6.8 0.6 1.86 2.35 0.282095 0.282463 
G7 a65 0.28158924 1.72E-05 0.00053256 0.01254553 1041 0.281579 -19.4 0.6 2.30 3.05 0.282126 0.282498 

laz32 a01 0.28188171 1.744E-05 0.00102739 0.02645312 961 0.281863 -11.1 0.6 1.93 2.50 0.282177 0.282556 
laz32 a02 0.28174275 1.673E-05 0.00082927 0.02338406 1067 0.281726 -13.6 0.6 2.11 2.71 0.282110 0.282480 
laz32 a04 0.28240977 2.078E-05 0.00033787 0.01076823 608 0.282406 0.2 0.7 1.17 1.51 0.282402 0.282813 
laz32 a11 0.28191457 2.113E-05 0.00172201 0.04494725 1072 0.281880 -8.0 0.7 1.92 2.38 0.282107 0.282476 
laz32 a14 0.2820406 1.53E-05 0.00135498 0.03792574 797 0.282020 -9.3 0.5 1.72 2.24 0.282282 0.282676 
laz32 a16 0.28209237 1.24E-05 0.00049324 0.0127634 1070 0.282082 -0.9 0.4 1.61 1.94 0.282108 0.282477 
laz32 a24 0.28194625 1.78E-05 0.00122006 0.03302548 992 0.281923 -8.3 0.6 1.85 2.35 0.282158 0.282534 
laz32 a26 0.28205817 1.754E-05 0.00050307 0.01340742 854 0.282050 -6.9 0.6 1.66 2.13 0.282246 0.282635 
laz32 a27 0.2817392 1.442E-05 0.0011646 0.03042632 642 0.281725 -23.2 0.5 2.13 2.93 0.282380 0.282788 
laz32 a37 0.28097281 1.953E-05 0.00039007 0.0084136 1305 0.280963 -35.2 0.7 3.12 4.02 0.281957 0.282305 
laz32 a38 0.28186038 2.383E-05 0.00095788 0.02589908 1299 0.281837 -4.4 0.8 1.95 2.34 0.281961 0.282309 
laz32 a39 0.28069999 1.517E-05 0.00100806 0.0267573 3280 0.280636 -1.0 0.5 3.54 3.70 0.280666 0.280829 
laz32 a44 0.28175757 1.706E-05 0.00054315 0.0144708 1020 0.281747 -13.9 0.6 2.07 2.70 0.282140 0.282513 
laz32 a50 0.28230395 1.816E-05 0.00111573 0.03132672 1104 0.282281 6.9 0.6 1.34 1.47 0.282086 0.282452 
laz32 a51 0.28192419 1.742E-05 0.00126728 0.03590649 975 0.281901 -9.5 0.6 1.88 2.39 0.282169 0.282547 
laz32 a58 0.28102099 1.575E-05 0.00045305 0.01089034 2673 0.280998 -2.5 0.6 3.06 3.28 0.281068 0.281288 
laz32 a59 0.28204086 1.756E-05 0.00081254 0.02336195 1067 0.282025 -3.0 0.6 1.70 2.07 0.282110 0.282479 
laz32 B13 0.28110271 2.283E-05 0.00042531 0.00915998 2590 0.281082 -1.4 0.8 2.95 3.18 0.281122 0.281351 
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laz32 b07 0.28187802 2.113E-05 0.00064785 0.01767591 1080 0.281865 -8.4 0.7 1.91 2.40 0.282102 0.282470 
laz32 B12 0.28110271 2.283E-05 0.00042531 0.00915998 1090 0.281094 -35.5 0.8 2.95 3.97 0.282095 0.282462 
laz32 b21 0.28209806 2.135E-05 0.00074181 0.02265205 1090 0.282083 -0.4 0.8 1.62 1.91 0.282095 0.282462 
laz32 b24 0.281516 2.143E-05 0.00201923 0.05092365 1969 0.281440 -3.1 0.8 2.50 2.79 0.281528 0.281815 
laz32 b27 0.28139855 2.707E-05 0.00103325 0.02851486 1868 0.281362 -8.2 1.0 2.59 3.03 0.281594 0.281890 
laz32 b31 0.28203848 2.295E-05 0.00119982 0.03119761 1046 0.282015 -3.8 0.8 1.72 2.10 0.282123 0.282495 
laz32 b35 0.28196555 2.518E-05 0.00136505 0.03842419 1031 0.281939 -6.9 0.9 1.83 2.29 0.282133 0.282505 
laz32 b37 0.28218627 2.429E-05 0.00177106 0.05174544 1077 0.282150 1.7 0.9 1.53 1.79 0.282103 0.282472 
laz32 b38 0.28242094 2.507E-05 0.00090338 0.03589385 713 0.282409 2.6 0.9 1.17 1.40 0.282335 0.282737 
laz32 b43 0.28200299 2.143E-05 0.00155735 0.04079386 1054 0.281972 -5.2 0.8 1.78 2.21 0.282118 0.282489 
laz32 b44 0.2810502 1.533E-05 0.00064617 0.0190622 2645 0.281018 -2.4 0.5 3.04 3.29 0.281086 0.281309 
laz32 b47 0.28226157 1.937E-05 0.00263376 0.07617016 542 0.282235 -7.4 0.7 1.46 1.91 0.282443 0.282861 
laz32 b49 0.28221605 2.207E-05 0.00105529 0.0267189 917 0.282198 -0.3 0.8 1.46 1.79 0.282206 0.282589 
laz32 b57 0.28165332 2.585E-05 0.00119565 0.03253486 1035 0.281630 -17.7 0.9 2.25 2.94 0.282130 0.282502 
laz32 b59 0.28181986 2.233E-05 0.00131039 0.04147503 590 0.281805 -21.5 0.8 2.03 2.83 0.282413 0.282826 
laz32 c07 0.28176706 1.833E-05 0.00124908 0.0354801 1062 0.281742 -13.2 0.7 2.10 2.68 0.282113 0.282483 
laz32 c10 0.28200395 2.155E-05 0.00054802 0.01422147 678 0.281997 -12.8 0.8 1.74 2.31 0.282357 0.282762 
laz32 c21 0.28200594 2.22E-05 0.00164298 0.04904586 1072 0.281973 -4.7 0.8 1.78 2.15 0.282107 0.282476 
laz32 c24 0.28220255 2.801E-05 0.00127301 0.0402091 1970 0.282155 22.3 1.0 1.49 1.21 0.281528 0.281814 
laz32 c27 0.28200115 2.095E-05 0.00088998 0.02477094 1863 0.281970 13.2 0.7 1.76 1.69 0.281597 0.281893 
laz32 c28 0.2820096 2.604E-05 0.00075711 0.02119246 992 0.281995 -5.7 0.9 1.74 2.12 0.282157 0.282534 

pg14 a09 0.28105529 9.362E-05 0.00077592 0.02869643 2518 0.281018 -5.4 3.3 3.04 3.37 0.281169 0.281405 
pg14 a10 0.28219664 3.803E-05 0.00074733 0.02015355 643 0.282188 -6.8 1.3 1.48 1.92 0.282380 0.282788 
pg14 a23 0.28215036 8.021E-05 0.00113199 0.03075881 958 0.282130 -1.7 2.8 1.56 1.90 0.282179 0.282559 
pg14 b01 0.28146078 3.353E-05 0.00162973 0.04638219 1932 0.281401 -5.4 1.2 2.55 2.90 0.281553 0.281842 
pg14 b10 0.2822757 4.708E-05 0.00195839 0.04980131 1066 0.282236 4.5 1.7 1.41 1.61 0.282110 0.282480 
pg14 b38 0.28208147 5.16E-05 0.00603066 0.19282066 1056 0.281962 -5.5 1.8 1.90 2.22 0.282117 0.282487 
pg14 b41 0.28209287 9.724E-05 0.00095278 0.02399005 911 0.282077 -4.7 3.4 1.63 2.01 0.282209 0.282593 
pg14 b42 0.28232147 4.196E-05 0.00036879 0.00886474 711 0.282317 -0.7 1.5 1.29 1.64 0.282336 0.282738 
pg14 b49 0.28156221 6.253E-05 0.00137292 0.03682502 2106 0.281507 2.4 2.2 2.39 2.55 0.281439 0.281713 
pg14 b56 0.28241959 3.662E-05 0.00151471 0.03614551 986 0.282391 8.1 1.3 1.19 1.32 0.282162 0.282539 
pg14 b58 0.28158098 5.057E-05 0.00085279 0.02042589 1962 0.281549 0.6 1.8 2.33 2.53 0.281533 0.281820 

CZ02 a07 0.28086757 1.563E-05 0.00103885 0.02949274 2745 0.280813 -7.4 0.6 3.31 3.67 0.281020 0.281234 
CZ02 a08 0.28105265 1.917E-05 0.00094647 0.02773424 2602 0.281006 -3.9 0.7 3.06 3.35 0.281114 0.281341 
CZ02 a10 0.28197802 1.512E-05 0.00058287 0.016956 1016 0.281967 -6.2 0.5 1.77 2.23 0.282142 0.282516 
CZ02 a12 0.2820427 1.464E-05 0.00060429 0.0175054 797 0.282034 -8.8 0.5 1.69 2.22 0.282282 0.282676 
CZ02 a13 0.28202876 2.232E-05 0.0008466 0.02436306 829 0.282016 -8.7 0.8 1.72 2.16 0.282262 0.282653 
CZ02 a14 0.28226314 1.916E-05 0.00160657 0.05624833 695 0.282242 -3.7 0.7 1.42 1.81 0.282347 0.282750 
CZ02 a24 0.28091468 2.765E-05 0.00088241 0.02760757 2687 0.280869 -6.7 1.0 3.24 3.59 0.281058 0.281278 
CZ02 a32 0.28208769 1.976E-05 0.0007609 0.02349448 926 0.282074 -4.4 0.7 1.63 2.02 0.282200 0.282582 
CZ02 a47 0.28220027 1.769E-05 0.00079496 0.02258672 965 0.282186 0.4 0.6 1.48 1.79 0.282175 0.282554 
CZ02 a57 0.2825273 2.461E-05 0.00173433 0.05221423 1818 0.282467 29.9 0.9 1.05 0.59 0.281626 0.281926 
CZ02 a60 0.28235075 2.603E-05 0.00131134 0.03957065 508 0.282338 -4.5 0.9 1.28 1.71 0.282465 0.282886 
CZ02 b03 0.28252755 2.656E-05 0.00061483 0.01923579 588 0.282521 3.8 0.9 1.02 1.27 0.282415 0.282828 
CZ02 b07 0.28207845 1.616E-05 0.00145828 0.03812772 1038 0.282050 -2.8 0.6 1.67 2.04 0.282128 0.282500 
CZ02 b08 0.28167115 1.993E-05 0.00097994 0.0267529 1006 0.281653 -17.6 0.7 2.22 2.91 0.282149 0.282524 
CZ02 b10 0.28227215 2.764E-05 0.00133032 0.03581937 744 0.282254 -2.2 1.0 1.40 1.77 0.282315 0.282714 
CZ02 b11 0.28153208 1.753E-05 0.00037822 0.01001944 1008 0.281525 -22.1 0.6 2.37 3.18 0.282147 0.282522 
CZ02 b20 0.2822322 1.899E-05 0.0005127 0.01659508 603 0.282226 -6.3 0.7 1.42 1.91 0.282405 0.282817 
CZ02 b24 0.28186672 2.986E-05 0.00170474 0.06328097 1004 0.281834 -11.2 1.1 1.98 2.53 0.282150 0.282525 
CZ02 b25 0.2824692 2.532E-05 0.00097226 0.02891627 799 0.282455 6.2 0.9 1.11 1.29 0.282280 0.282674 
CZ02 b31 0.28215094 2.252E-05 0.00049638 0.01235596 641 0.282145 -8.4 0.8 1.53 2.07 0.282381 0.282789 
CZ02 b35 0.28166268 1.778E-05 0.00063233 0.01707153 910 0.281652 -19.8 0.6 2.21 2.96 0.282210 0.282593 
CZ02 b37 0.28241012 9.584E-06 0.00023767 0.00645063 674 0.282407 1.7 0.3 1.17 1.46 0.282360 0.282765 
CZ02 b42 0.28202699 2.11E-05 0.00145318 0.04241087 1029 0.281999 -4.8 0.7 1.75 2.12 0.282134 0.282507 
CZ02 b49 0.28199616 1.996E-05 0.00048721 0.01361504 1018 0.281987 -5.5 0.7 1.74 2.18 0.282141 0.282515 
CZ02 b53 0.28115354 1.882E-05 0.00055266 0.01548917 1859 0.281134 -16.5 0.7 2.89 3.54 0.281599 0.281896 
CZ02 b60 0.28173141 2.051E-05 0.00255321 0.06651218 1013 0.281683 -16.4 0.7 2.22 2.80 0.282144 0.282519 
CZ02 c04 0.2821547 1.59E-05 0.00099662 0.02876852 760 0.282140 -5.8 0.6 1.55 2.01 0.282306 0.282703 
CZ02 c09 0.28187434 1.52E-05 0.00071796 0.02117248 1742 0.281851 6.2 0.5 1.92 2.03 0.281676 0.281983 
CZ02 c10 0.28136295 2.034E-05 0.0011016 0.03333727 614 0.281350 -37.1 0.7 2.65 3.76 0.282398 0.282809 
CZ02 c12 0.28199414 1.859E-05 0.00139566 0.04166134 1074 0.281966 -4.9 0.7 1.79 2.16 0.282105 0.282474 
CZ02 c16 0.28228175 1.993E-05 0.00129207 0.03285421 1061 0.282256 5.0 0.7 1.38 1.55 0.282114 0.282484 
CZ02 c17 0.28141461 2.82E-05 0.0012304 0.03328384 1970 0.281369 -5.7 1.0 2.58 2.95 0.281528 0.281814 
CZ02 c18 0.28146905 2.112E-05 0.00094822 0.02854465 2007 0.281433 -2.5 0.8 2.49 2.78 0.281504 0.281787 
CZ02 c19 0.28175478 2.126E-05 0.00125338 0.03491829 1077 0.281729 -13.3 0.8 2.12 2.75 0.282103 0.282472 
CZ02 B50 0.28185712 1.921E-05 0.0006759 0.01787886 1380 0.281840 -2.5 0.7 1.94 2.30 0.281909 0.282250 

OD4 a03 0.28237589 1.929E-05 0.00056268 0.01635654 569 0.282370 -2.0 0.7 1.22 1.62 0.282427 0.282841 
OD4 a08 0.28239928 1.5E-05 0.00065037 0.01681216 529 0.282393 -2.1 0.5 1.19 1.53 0.282452 0.282870 
OD4 a14 0.28213529 1.915E-05 0.00080396 0.02279782 573 0.282127 -10.5 0.7 1.57 2.15 0.282424 0.282838 
OD4 a19 0.28100256 2.025E-05 0.00055255 0.01533219 2518 0.280976 -6.9 0.7 3.09 3.47 0.281169 0.281405 
OD4 a24 0.28224473 1.707E-05 0.00082189 0.0235578 588 0.282236 -6.3 0.6 1.42 1.91 0.282415 0.282828 
OD4 a30 0.28243497 2.825E-05 0.00093604 0.03263449 737 0.282422 3.6 1.0 1.15 1.40 0.282320 0.282720 
OD4 b18 0.28238232 1.784E-05 0.00043916 0.01152873 553 0.282378 -2.1 0.6 1.21 1.61 0.282437 0.282853 
OD4 b46 0.28241854 2.469E-05 0.00122315 0.03220778 680 0.282403 1.7 0.9 1.19 1.44 0.282356 0.282761 
OD4 b49 0.2825782 2.108E-05 0.00108993 0.02659444 609 0.282566 5.8 0.7 0.96 1.16 0.282401 0.282812 
OD4 c02 0.2817606 2.03E-05 0.00039221 0.00991749 2507 0.281742 20.1 0.7 2.06 1.77 0.281177 0.281413 
OD4 c04 0.28253682 2.263E-05 0.00119732 0.02810143 564 0.282524 3.3 0.8 1.02 1.28 0.282430 0.282845 
OD4 c06 0.28245495 2.207E-05 0.00079295 0.02006466 799 0.282443 5.8 0.8 1.12 1.32 0.282281 0.282675 
OD4 c07 0.28255648 2.67E-05 0.00094389 0.02375808 766 0.282543 8.5 0.9 0.98 1.11 0.282302 0.282698 
OD4 c21 0.2821424 1.794E-05 0.00019759 0.00700322 661 0.282140 -8.1 0.6 1.53 2.07 0.282368 0.282775 
OD4 c27 0.28260664 1.751E-05 0.00105927 0.03044204 658 0.282594 7.9 0.6 0.92 1.07 0.282370 0.282777 
OD4 c42 0.28225431 2.104E-05 0.00078954 0.0218699 644 0.282245 -4.8 0.7 1.40 1.83 0.282379 0.282787 
OD4 c44 0.2822703 2.104E-05 0.00042355 0.01056823 817 0.282264 -0.2 0.7 1.37 1.69 0.282269 0.282661 
OD4 c47 0.2823138 2.896E-05 0.00043736 0.00957595 1084 0.282305 7.3 1.0 1.31 1.44 0.282099 0.282467 
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OD4 c58 0.28176452 2.535E-05 0.00126961 0.03570418 1000 0.281741 -14.6 0.9 2.10 2.73 0.282152 0.282528 
OD4 c15 0.28181925 2.793E-05 0.00077785 0.02037747 937 0.281806 -13.7 1.0 2.00 2.62 0.282193 0.282574 
OD4 c24 0.28194211 1.981E-05 0.0011581 0.03587724 936 0.281922 -9.6 0.7 1.85 2.38 0.282194 0.282575 
OD4 c34 0.2819854 1.857E-05 0.00079055 0.02437752 960 0.281971 -7.3 0.7 1.77 2.17 0.282178 0.282557 
OD4 c37 0.28246881 1.88E-05 0.00057136 0.01357915 819.4 0.282460 6.8 0.7 1.10 1.24 0.282268 0.282660 
OD4 c38 0.28064905 2.203E-05 0.00061263 0.01400612 3238 0.280611 -2.9 0.8 3.57 3.81 0.280693 0.280860 
OD4 c51 0.28097518 2.508E-05 0.00039721 0.0106538 2640 0.280955 -4.8 0.9 3.12 3.43 0.281089 0.281313 

0D5 a03 0.28191235 2.108E-05 0.00089718 0.02377069 967 0.281896 -9.8 0.7 1.88 2.41 0.282173 0.282552 
0D5 a08 0.28164834 2.414E-05 0.00084464 0.02461994 1071 0.281631 -16.9 0.9 2.24 2.83 0.282107 0.282476 
0D5 a14 0.28191383 3.514E-05 0.00134706 0.03464968 952 0.281890 -10.4 1.2 1.90 2.38 0.282183 0.282563 
0D5 a19 0.28107467 4.035E-05 0.00080296 0.02104338 2620 0.281034 -2.4 1.4 3.02 3.28 0.281102 0.281328 
0D5 a24 0.28156736 3.009E-05 0.00045355 0.01092045 2081 0.281549 3.3 1.1 2.33 2.48 0.281456 0.281732 
0D5 a30 0.28266445 1.718E-05 0.00092491 0.02399371 611.7 0.282654 9.0 0.6 0.83 0.96 0.282399 0.282810 
0D5 b18 0.28175977 2.463E-05 0.00082733 0.01980667 1023 0.281744 -14.0 0.9 2.09 2.72 0.282138 0.282512 
0D5 b26 0.28243155 2.28E-05 0.00092783 0.0206334 919 0.282416 7.5 0.8 1.16 1.30 0.282204 0.282587 
0D5 b46 0.28260013 2.034E-05 0.00133139 0.03290888 663.6 0.282584 7.7 0.7 0.93 1.08 0.282367 0.282773 
0D5 b49 0.28247562 1.557E-05 0.00057899 0.01532773 766.3 0.282467 5.9 0.6 1.09 1.28 0.282301 0.282698 
0D5 c02 0.28262584 2.006E-05 0.00068999 0.01448509 943 0.282614 15.1 0.7 0.88 0.85 0.282189 0.282569 
0D5 c04 0.28226368 2.011E-05 0.00070871 0.01890967 558.8 0.282256 -6.3 0.7 1.39 1.86 0.282433 0.282849 
0D5 c06 0.28245816 2.169E-05 0.00223933 0.05810718 2817 0.282337 48.6 0.8 1.16 0.16 0.280972 0.281179 
0D5 c07 0.28263639 7.316E-05 0.00143129 0.03701881 1048 0.282608 17.2 2.6 0.88 0.80 0.282122 0.282493 
0D5 c21 0.28056907 0.0010807 0.00191776 0.0519212 806.6 0.280540 -61.5 38.5 3.80 5.39 0.282276 0.282669 
0D5 c27 0.28212564 4.348E-05 0.00108476 0.02614239 1951 0.282085 19.4 1.5 1.59 1.37 0.281540 0.281828 
0D5 c42 0.282316 2.279E-05 0.00096827 0.02825626 599 0.282305 -3.6 0.8 1.32 1.73 0.282408 0.282820 
0D5 c44 0.28212122 2.095E-05 0.00145776 0.03675836 878.5 0.282097 -4.7 0.7 1.61 2.02 0.282230 0.282617 
0D5 c47 0.28245772 2.831E-05 0.002135 0.05864668 1011 0.282417 9.6 1.0 1.16 1.24 0.282146 0.282520 
0D5 c58 0.28221192 2.239E-05 0.00112443 0.03382177 1134 0.282188 4.3 0.8 1.47 1.67 0.282067 0.282430 
0D5 d07 0.28225195 6.874E-05 0.00142862 0.03893696 634.1 0.282235 -5.3 2.4 1.43 1.88 0.282385 0.282794 
0D5 d09 0.28262448 1.919E-05 0.001328 0.03945232 692.1 0.282607 9.2 0.7 0.90 1.01 0.282349 0.282752 
0D5 d11 0.28201057 2.415E-05 0.00062061 0.01773342 602 0.282004 -14.2 0.9 1.73 2.31 0.282406 0.282817 
0D5 d12 0.2821214 1.929E-05 0.0018988 0.05683318 917 0.282089 -4.1 0.7 1.63 2.02 0.282205 0.282589 
0D5 d15 0.28099324 2.928E-05 0.00054371 0.01645056 2455 0.280968 -8.7 1.0 3.10 3.53 0.281211 0.281452 
0D5 d50 0.28247527 4.968E-05 0.00132322 0.03271875 990 0.282451 10.3 1.8 1.11 1.18 0.282159 0.282535 
0D5 d53 0.28260561 2.708E-05 0.00078873 0.02075681 674.9 0.282596 8.4 1.0 0.91 1.06 0.282359 0.282765 
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A hafnium isotopic record of magmatic arcs and continental 
growth in the Iapetus Ocean: the contrasting evolution of 

Ganderia and the peri-Laurentian margin 
ABSTRACT
We test the sensitivity of combined U-Pb-Hf isotopic analyses of detrital and magmatic zircons 
to document complex processes in accretionary orogens, using Ganderia from the Canadian 
Appalachian orogen as an example. Ganderia hosted a long-lived magmatic arc that began at 
least by 650 Ma and continued until 450 Ma, but its isotopic record reveals distinct links to 
Avalonia, suggesting it began earlier, possibly at ~750 Ma. The U-Pb-Hf zircon isotopic array 
suggests that Ganderia formed on a sliver of “Grenvillian-type” basement (TDMc = 2.2-1.1 
Ga). A transition toward more evolved Hf isotopic compositions between 650-600 Ma coincides 
with its accretion to the Gondwanan margin, consistent with other geological evidence. This 
was followed by increasing amounts of juvenile crustal inputs between ~550-500 Ma, which 
is interpreted to refl ect subduction roll-back from the Gondwanan margin. Trench retreat 
culminated in the separation of the Ganderia arc and formation of the exclusively oceanic 
~510-450 Ma Penobscot-Popelogan-Victoria arcs on Ganderia. Accretion of Ganderia to the 
active Notre Dame Subzone along the Laurentian margin occurred in the late Ordovician and is 
marked by the abrupt termination of Ganderian arc magmatism. 
The Notre Dame arc evolved along the Laurentian margin between ~515-430 Ma, and was 
built on Archean (T(DM)c  = 2.5-2.9 Ga) crust. Suprasubduction zone magmatism occurred at 
~490-460 Ma during the closure of the Taconic Seaway and was dominated by the recycling 
of Laurentian crust, with progressive mixing of evolved and juvenile arc magmas over time. 
The preservation of very evolved Notre Dame arc zircons in Ganderian overstep sequences 
confi rm the arrival of the leading edge of Ganderia to Laurentia by ~450 Ma. The hafnium 
isotopic method is proven here to be a powerful tool when used in conjunction with geological 
constraints, and is able to identify the changing nature of magmatism during the evolution of 
complex accretionary systems. 

1. INTRODUCTION

 In recent years, a plethora of studies 
have utilised U-Pb-Hf isotopes in zircon to 
focus on the link between U-Pb crystallisation 
age and Hf isotopic evolution of zircon in 
relation to with the timing of magmatic 
events (e.g. Griffi n et al., 2004; Batumike et 
al., 2009; Belousova et al., 2009; Mišković 
and Schaltegger, 2009) and growth of the 
continental crust (e.g. Blichert-Toft and 
Albarède, 1997; Kemp et al., 2007; Amelin et 
al., 2010; Belousova et al., 2010).  

 Hafnium isotopes in detrital zircon are 
also proving extremely useful for provenance 
studies as they provide a further dimension 
to U-Pb zircon age data (e.g. Sevastjanova 

et al., 2011; Zlatkin et al., 2013; Henderson 
et al., 2016). However, few studies have 
tested the sensitivity of the combined U-Pb-
Hf isotopic approach in documenting 
accretionary orogenic processes, e.g. the 
rifting and migration of a geological terrane 
from its cratonic home, to its transfer to a 
foreign craton in an accretionary environment. 
As accretionary orogenic processes are 
fundamental to understanding the evolution of 
the continental crust (Collins, 2002; Cawood 
and Buchan, 2007; Cawood et al., 2009), the 
combined U-Pb-Hf isotopic approach has the 
potential to provide fi rst-order insights into 
such processes.  

 Ganderia, a terrane of the Canadian 
Appalachians (Fig. 1), was transferred from 
Gondwana to Laurentia during the Paleozoic. 
All major stages in this transfer have been 
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documented (e.g. van Staal et al., 1998; van 
Staal et al., 2009; van Staal et al., 2012) and 
so Ganderia is an ideal terrane to test the 
sensitivity of the combined U-Pb-Hf isotopic 
approach.  Ganderia occupied a location 
along the northern Gondwanan margin in the 
late Neoproterozoic-early Paleozoic, prior to 
transfer as an active arc across the Iapetus 
Ocean to the Notre Dame Subzone on the 
Laurentian margin in the late Ordovician. 
Newfoundland exposes vestiges of the peri-
Laurentian margin, the Iapetan oceanic 
realm and the Ganderian terrane. It therefore 
provides a unique opportunity to investigate 
the sensitivity of the zircon hafnium isotopic 
method during continental ribbon transfer 
across an oceanic basin; from birth along an 
active margin, through to rifting and accretion 
to a continental margin. 

 In this paper, we present U-Pb 
detrital and magmatic zircon geochronology 
and hafnium isotopes in zircon from late 
Neoproterozoic to Silurian sedimentary and 
magmatic rocks from the Ganderia terrane 
and peri-Laurentian Notre Dame Subzone in 
Newfoundland. We fi nd that combined U-Pb-
Hf isotopic methods not only distinguish the 
different phases of arc-related magmatism in 
Ganderia, they reveal the contrasting nature 
of magmatism in peri-Laurentia, and provide 
additional insights into the waxing and waning 
of juvenile versus ancient crust contributions 
to magmatism during accretionary processes. 
The combined U-Pb-Hf isotopic data presented 
here are used to propose a revised geodynamic 
model for the early history of Ganderia.  

2. GEOLOGICAL FRAMEWORK

 The north-eastern section of the 
Appalachian-Caledonian orogen is composed 
of deformed Laurentian crust and a collage of 
exotic terranes, collectively termed the ‘peri-
Gondwanan’ terranes (Pollock et al., 2011). 
The peri-Gondwanan terranes (Avalonia, 
Ganderia, Cadomia, Carolina ± Meguma) are 
continental ribbons interpreted to originate 
along the northern margin of Amazonia and 

North Africa in the Neoproterozoic (Nance and 
Murphy, 1994; O’Brien et al., 1996; Keppie 
et al., 2003; Murphy et al., 2004). During the 
opening and closing of the Iapetus and Rheic 
Oceans, the peri-Gondwana terranes are 
purported to have been transferred from the 
Gondwanan margin to the Baltican/Laurussian 
margin (van Staal et al., 1998; Murphy and 
Keppie, 2005; Pollock et al., 2011). Closure 
of the Rheic Ocean was accompanied by 
continental collision between Gondwana and 
Laurussia forming the Appalachian-Variscan 
Orogen of North America and western Europe 
(Scotese, 2004; Hibbard et al., 2010; Stampfl i 
et al., 2013). 

 Ganderia consists of several distinct, 
but tectonically related terranes, which form the 
most inboard of the peri-Gondwanan terranes 
along the Laurentian margin. Ganderian 
fragments are now thought to be located in New 
Brunswick, Cape Breton and Newfoundland 
in Maritime Canada, and New England in 
the USA (Fig. 1). Across the Atlantic Ocean, 
they are also recognised in southern Ireland 
and central Britain (Waldron et al., 2014), and 
are interpreted to form parts of the southern 
Carpathians (Balintoni et al., 2014). However 
detailed geochemical, geological and isotopic 
studies of the Ganderian terrane have provided 
insight into the evolution of Ganderia prior 
to, and during, the transfer across the Iapetus 
Ocean and subsequent accretion to Laurentia 
(Holdsworth, 1994; van Staal, 1994; van 
Staal et al., 1996; Schofi eld and D’Lemos, 
2000; Rogers et al., 2006; Pollock et al., 2007; 
Zagorevski et al., 2007; Zagorevski et al., 
2010; van Staal et al., 2012; Barr et al., 2014; 
Kellett et al., 2014). The evolution of the 
Ganderia during the late Neoproterozoic-early 
Silurian interval is complex and involves the 
generation of two  successive magmatic arcs 
and associated back arc systems (~515-485 
Ma, 478-450 Ma), separated by a brief hiatus, 
and multiple deformation events associated 
with the docking of Ganderia with Laurentia 
(van Staal et al., 2009).  

 The late Neoproterozoic 
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Figure 1
Tectonic map showing the distribution of the Appalachian, Variscan and Caledonian belts at the end 
of the Paleozoic. Shown are the major cratonic and microcontinental components within the orogenic 
belts including Iberia (IB), Amorican Massif (AM), Massif Centrale (MC), Bohemian Massif (BO) and 
the West African Craton (WAC). This represents the approximate confi guration of Pangea following late 
Paleozoic convergence between Laurentia and Gondwana. The fi gure is modifi ed from Hibbard et al., 
(2007), Barreiro et al. (2007), Keppie et al., (2008) and  Pollock et al., (2011). 

paleogeography of Ganderia is poorly 
constrained, but the terrane is commonly 
considered to have been located somewhere 
along the Amazonian margin (Nance et al., 
2008; Fyffe et al., 2009; van Staal et al., 
2012).  Detrital zircon populations in late 
Neoproterozoic-Cambrian Ganderian rocks 
(Fyffe et al., 2009; van Staal et al., 2012; Barr 
et al., 2014; Waldron et al., 2014; Willner et 
al., 2014) are dominated by Mesoproterozoic 
(1.0-1.2 Ga, 1.5 Ga), Paleoproterozoic (~1.7-
2.2 Ga) and minor Archean (~2.5-3.1 Ga) 
peaks. Mesoproterozoic rocks are abundant 
in the Rondonian- San Ignacio (1.5-1.3 Ga) 
and Sunsas (1.25-1.0 Ga) orogenic belts of 
Amazonia and provide an plausible source for 
the dominant detrital populations in Ganderian 
rocks. Evidence for a major transgression in 
the Middle Cambrian autochthonous cover of 
Columbia suggests the departure of a major 
crustal fragment (Ramos, 2009), which is 
coeval with the ~509-505 Ma bimodal rift-

related volcanism and the deposition of 
transgressive middle to upper Cambrian black 
shales in Ganderia (White et al., 1994; Schulz 
et al., 2008).   On the basis of these lines of 
evidence van Staal et al., (2012) suggest 
that Ganderia was located along the paleo-
Caribbean (Amazonian) margin in the early 
Paleozoic.  

2.1 Ganderian geology in the Canadian 
Appalachians

The oldest Ganderian rocks are found in 
New Brunswick and include a 978 ± 7 
Ma alkalic anorthosite (Tesfai, 2011), the 
stromatolite-bearing carbonates and quartzites 
of the Cryogenian Green Head Group in 
New Brunswick (Barr et al., 2003a; Barr et 
al., 2014) and Cryogenian (minimum age) 
Seven Hundred Acre Island Formation in 
coastal Maine (Stewart et al., 2001). Detrital 
zircon populations in the lower unit of the 
Green Head Group (Ashburn Formation) 
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cluster between ~1200-2000 Ma with minor 
Archean grains (2.5-3.0 Ga) and provide a 
maximum depositional age of ~1230 Ma (Barr 
et al., 2003a; Barr et al., 2014). The upper 
unit of the Green Head Group (Martinon 
Formation) yields similar Mesoproterozoic-
Paleoproterozoic populations in addition to 
younger Neoproterozoic peaks (~1.0 Ga, 0.8-
0.6 Ga) (Barr et al., 2014). The Seven Hundred 
Acre Island Formation is constrained to a 
minimum deposition age of ~0.7 Ga based on 
40Ar/39Ar ages of hornblende in amphibolite 
facies rocks (Stewart et al., 2001). 

 The earliest evidence of Ediacaran 
magmatic arc activity is only found in the 
Brookville and New River terranes of southern 
New Brunswick (~652 Ma, Lingley Suite, 
Currie and McNicoll, 1999; ~622 Ma, Blacks 
Harbour Granite, Barr et al., 2003b), whereas 
the younger phase (~580-540 Ma) is more 
abundant and widespread across Ganderia. 
In Newfoundland, this younger phase is 
represented by the Roti Suite (~578-564 Ma, 
Kerr et al., 1995) and Cripple Back Granite 
(~565 Ma, Rogers et al., 2006), in Cape Breton 
the plutonic suites of the Bras d’Or terrane 
(Barr et al., 1990)(~565-555 Ma), and in New 
Brunswick the Simpsons Island Formation 
(539 ± 4 Ma, Barr et al., 2003b)  and the 
Golden Grove Plutonic Suite (553-527 Ma, 
White et al., 2002; Barr et al., 2014). Coeval 
volcanic sequences of the Sandy Brook Group 
(565 Ma, Rogers et al., 2006) in Newfoundland 
record continental-arc type geochemistry. The 
younger phase of magmatism is also associated 
with metamorphism and deformation variably 
dated between ~570-540 Ma (see Nance et al., 
2008 and references therein). 

 The Middle Cambrian to early 
Ordovician in Ganderia is also marked by arc 
magmatism and the concurrent deposition of 
clastic sedimentary rocks (van Staal et al., 
1998; Hibbard et al., 2010; van Staal and Barr, 
2011). The juxtaposition of the magmatic 
activity and clastic sedimentation is explained 
by the development of an active arc on the 
outboard edge of Ganderia, with an associated 

back-arc (Penobscot arc-backarc system), and 
a trailing passive edge known as the ‘Gander 
margin’ (van Staal, 1994). The Cambro-
Ordovician arc activity in Ganderia is divided 
into two virtually consecutive arc systems; 
the Penobscot arc at ~515-485 Ma, and the 
Popelogan-Victoria (P-V) arc and associated 
Tetagouche-Exploits back-arc basin between 
~478-450 Ma (van Staal et al., 2009; 
Zagorevski et al., 2010). In Newfoundland, 
the Penobscot and P-V arc rocks are restricted 
to the region between the Red Indian Line in 
the west and the GRUB line- Day Cove fault 
system, collectively known as the Exploits 
Subzone (Fig. 2) (Williams et al., 1988; 
Williams et al., 1993). 

 The ~515-485 Ma Penobscot arc is 
interpreted to have formed in an intra-oceanic 
setting outboard of the Gander margin above 
a west-dipping subduction zone (MacLachlan 
and Dunning, 1998; van Staal et al., 1998; 
Zagorevski et al., 2007). Inferred ongoing 
subduction resulted in the collision of the 
arc system and the obduction of supra-
subduction zone ophiolites (Colman-Sadd et 
al., 1992; Jenner and Swinden, 1993) onto 
the Gander margin. The apparent collision 
of the Penobscot arc to the Gander margin is 
assigned to the Penobscot orogeny at ~485 Ma 
(van Staal et al., 1998). Subduction reversal 
heralded the onset of magmatism within the 
Popelogan-Victoria arc system at ~478 Ma 
(van Staal et al., 1998; van Staal et al., 2009), 
which remained active until ~455 Ma, when 
it was terminated upon arrival to the peri-
Laurentian Red Indian Lake arc, thereby 
closing the main Iapetan Ocean (van Staal and 
Barr, 2011).

  The Gander margin is broadly 
equivalent to the Gander Zone of Williams 
(1979), and is coeval with the development 
of the Penobscot arc. It comprises of a series 
of Lower Cambrian to Lower Ordovician 
siliciclastic sequences of arenite, siltstones 
and shales interpreted to have formed on 
the outer shelf to slope of a passive margin 
(Williams et al., 1988; van Staal et al., 1996). 
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Figure 2
Detailed geology map of Newfoundland, Canada showing the division into the major tectonic ter-
ranes of the Appalachian Orogen. Included within “Laurentia” are the Humber Zone and Notre Dame 
Subzone, and in “Ganderia” the Exploits Subzone and Gander Margin. The Notre Dame Subzone 
and Exploits Subzones are considered to be the Iapetan Oceanic realms developed on either side of 
the Iapetus Ocean. Sample locations are shown by the fi lled white boxes with accompanying sample 
number. The fi gure is modifi ed after  van Staal et al. (2007),  van Staal and Barr (2011) and Piercey et 
al. (2014). BVL: Baie Verte Line, RIL: Red Indian Line, DBL: Dog Bay Line. 

It is uncertain as to whether the Gander margin 
was deposited on the trailing edge of Ganderia 
facing Gondwana and/or on the passive margin 
of the Penobscot back-arc basin (see van Staal, 
1994; Zagorevski et al., 2007; Zagorevski et 
al., 2010; van Staal et al., 2012). 

2.2 Ganderia in Newfoundland

 A NW-SE transect of the Newfoundland 
Appalachians includes most of the Laurentian 
and Gondwanan components involved in 
the orogen (Fig. 2). From west to east these 
components are: (i) the Neoproterozoic-

early Ordovician Laurentian passive margin 
(Humber Zone), which includes inliers of 
the Mesoproterozoic Grenville Province; (ii) 
the Dunnage Zone (Williams, 1979), which 
preserves vestiges of the Iapetan oceanic realm 
including the peri-Laurentian Notre Dame 
Subzone (NDSz) and the peri-Ganderian 
Exploits Subzone; and (iii) the Gander margin.

 The Gander margin in Newfoundland 
is composed of predominantly Cambrian-
Silurian metasedimentary rocks with 
metamorphic grade increasing from 
greenschist to upper amphibolite towards the 
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eastern boundary, marked by the Dover Fault 
Shear Zone (DFSZ, Fig. 2). The DFSZ is up 
to 25 km wide and forms a N-NE to NE-SW 
oriented high strain zone, which marks the 
surface expression of the tectonic boundary 
between Ganderia and Avalonia (D’Lemos 
et al., 1997).  The boundary is defi ned by 
seismic-refl ection studies as a crustal-scale 
structure that offsets the Moho (Keen et al., 
1986; Marillier et al., 1989; Stockmal et al., 
1990) . Paragneisses and migmatites of the 
Square Pond and Hare Bay Gneiss (Schofi eld 
and D’Lemos, 2000) exist within the DFSZ. 
The DFSZ is truncated by the Ackley granite 
suite, which has a U-Pb zircon crystallisation 
age of 377 ± 3 Ma (O’Brien et al., 1986; Kerr 
et al., 1993; Kellett et al., 2014). 

2.3 Geology of the peri-Laurentian Notre 
Dame Subzone

 The Notre Dame Subzone (NDSz) 
preserves remnants of a peri-Laurentian 
microcontinent (Dashwoods terrane, Waldron 
and van Staal, 2001) and rocks that record 
the complex geological evolution of the 
Taconic Orogeny (~495-450 Ma, van Staal et 
al., 2007) involving the protracted formation 
of supra-subduction zone oceanic crust, 
overprinted by continental arc magmatism and 

interaction with Laurentian crust (Colman-
Sadd et al., 1992; Waldron and van Staal, 
2001; Zagorevski et al., 2006). The NDSz 
is separated from the Humber Zone to the 
west by the Baie Verte-Brompton Line and 
to the east from the Exploits Subzone by the 
Red Indian Line (Fig. 2). The earliest event 
to affect the Notre Dame Subzone was the 
protracted opening of the Iapetus Ocean (see 
Cawood et al., 2001). Rifting and separation 
from Amazonia at 570 Ma is inferred to herald 
the opening of Iapetus with a rift-drift phase 
between ~540-535 Ma (Cawood et al., 2001). 
A proposed inboard ridge jump from the main 
oceanic tract of Iapetus led to the opening of 
the narrow Taconic Seaway (van Staal et al., 
2007) at ~540-530 Ma. 

 The opening of the Taconic Seaway 
was accompanied by the removal of one or 
several large microcontinental fragments from 
the Laurentian margin, the Dashwoods terrane  
(Waldron and van Staal, 2001; Lissenberg 
and van Staal, 2002). The Dashwoods terrane 
formed the basement of the Notre Dame arc 
(van Staal et al., 2007).   Representatives 
of Taconic oceanic crust include the ~510-
495 Ma Lushs Bight Oceanic Tract (LBOT) 
(Kean et al., 1995) and ~495-489 Ma Baie 

Sample 
Number 

Stratigraphic 
name 

Depositional 
age 

Tectonic 
Affinity 

Coordinates 
(N) 

Coordinates 
(W) 

ACO-13-08 Cripple Back 
Granite 

565 Ma 
(magmatic 
age) 

Ganderia 
(continental 
arc) 

48°44'29.85"N 56° 8'54.02"W 

ACO-13-14 Outflow 
Formation 

~450 Ma Gander 
Margin 

49°19'43.08"N 54°28'51.55"W 

ACO-13-13 Jonathans Pond 
Formation 

~490 Ma Exploits 
back-arc 
basin 

49° 1'45.38"N 54°35'56.50"W 

ACO-12-15b Goldson 
Formation 

~440 Ma Composite 
Laurentia 
(Exploits 
Subzone) 

48°57'11.87"N 55°56'46.72"W 

ACO-12-16 Wigwam 
Formation 

~420 Ma Composite 
Laurentia 
(Exploits 
Subzone) 

49° 1'38.26"N 55°27'41.81"W 

ACO-12-14 Skidder 
Formation 

~455-445 Ma Notre Dame 
Subzone 

48°46'17.47"N 56°52'51.34"W 

Table 1
Sample descriptions for the rocks analysed in the present study. 



125

Chapter 3 Hf isotopic record of arcs in the Iapetus Ocean 

Figure 3
Representative cathodoluminescence images for zircon grains from Ganderia and the Notre Dame 
Subzone. A) sample ACO-13-08 (Cripple Back Granite) magmatic zircons 35, 21, 40 and 20; B) Sample 
ACO-13-14 (Jonathans Pond Formation) detrital zircons 81, 12, 47, 30 and 88; C) sample ACO-13-13 
(Outfl ow Formation) detrital zircons 37, 27, 5, 57 & 30; D) sample ACO-12-15b (Goldson Formation) 
detrital zircons 19, 39, 17, 18 & 7; E) sample ACO-12-16 (Wigwam Formation) detrital zircons 7, 1, 19, 
5, 6, 23 & 49; F) sample ACO-12-14 (Skidder Formation) detrital zircons 2, 12, 30 and 41. 

Verte Oceanic Tract (BVOT) (Kerr et al., 
2008; Skulski et al., 2010). Subduction in the 
Taconic Seaway led to the formation of the 
490-480 supra-subduction BVOT (Dunning 
and Krogh, 1985; Jenner et al., 1991) in 
the forearc position of the leading edge of 
Dashwoods (see van Staal et al., 2007) and 
initiated the earliest phases of magmatism 
in the Notre Dame arc (~495-490 Ma) (see 
Fig. 12.3 in Zagorevski and Van Staal, 2011). 
Progressive closure of the Taconic seaway 
between ~488-477 Ma led to the obduction of 
the BVOT onto the Humber margin, triggering 
westward dipping subduction in the Iapetus 
Ocean (see Fig. 12.3 in Zagorevski and Van 
Staal, 2011) and the development of the supra-
subduction zone Annieopsquotch accretionary 
tract (Zagorevski et al., 2006). Magmatism 
continued intermittently in the Notre Dame 
arc until ~435 Ma (van Staal and Barr, 2011). 

 3. SAMPLE SELECTION

 Six samples were collected for U-Pb and 
hafnium isotope analysis across the Ganderian 

and Notre Dame Subzones in Newfoundland, 
Canada. Five samples are from mid-Cambrian-
Silurian (Wenlock) sedimentary rocks and one 
is from an Ediacaran granite. Sample locations 
are shown on Figure 2 and precise coordinates 
are given in Table 1. 

3.1 Samples for U-Pb-Hf zircon analysis

 A sample was taken from the Ediacaran 
Cripple Back Granite in the Victoria Lake 
region (Fig. 2), previously dated at 565 ± 4 
Ma (Evans et al., 1990), in order to clarify the 
age and nature of Neoproterozoic magmatism. 
The oldest sample collected for detrital 
zircon analysis is from the late Cambrian-
early Ordovician Gander Group (ACO-13-
14), a thick sequence of variably deformed 
and metamorphosed clastic metasedimentary 
rocks that occupy much of the west portion 
of Ganderia. The Gander Group is subdivided 
into the lower quartz-rich clastic Jonathans 
Pond Formation, considered to have been 
derived from a continental source, and the 
overlying Indian Bay Big Pond Formation that 
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contains signifi cantly more volcanic detritus 
(Holdsworth, 1994). Sample ACO-13-14 is 
from the Jonathans Pond Formation, which 
has no existing detrital zircon or fossil-age 
constraints. Sample ACO-13-13 is from the 
mid-Ordovician Outfl ow Formation, which 
forms the upper sequence of the platform 
marine Davidsville Group. Pollock et al. 
(2007)  analyzed  detrital zircons from the 
Outfl ow Formation and report the youngest 
detrital zircon population at 443 ± 22 Ma. 

 The Badger Group is a marine turbidite 
sequence comprised of upward-coarsening 
sequence of graywackes, siltstones and 
conglomerates (Williams et al., 1993). Sample 
ACO-12-15b is from the Goldson Formation 
in the Silurian Badger Group, which has 
previously been analyzed for detrital zircon 
provenance and yields a maximum deposition 
age of 439 Ma (Pollock et al., 2007). The 
Botwood Group overlies the Badger Group, 
and is an extensive thick sequence of volcanic 
rocks (Lawrenceton Formation) overlain by 
the fl uvial, cross bedded sandstones of the 
Wigwam Formation (Pollock et al., 2007).  
Sample ACO-12-16 is from the Wigwam 
Formation and the minimum age is constrained 
as Wenlockian by the intrusion of felsic 
dykes that have a U-Pb zircon age of 422 ± 
3 Ma (Elliot et al., 1991). The Badger and 
the Botwood Groups are interpreted to have 
been deposited as part of an overstep sequence 
following the arrival of the Ganderian leading 
arc to the Laurentian margin in the Ashgill-
Llandovery (449-443 Ma, Pollock et al., 
2007).

 In order to help defi ne the crustal 
evolution of the Laurentian Notre Dame arc, 
a sample was taken from the Ordovician 
Skidder Formation in the peri-Laurentian 
Notre-Dame Subzone. The Skidder Formation 
is predominantly a sequence of tholeitic 
basalts associated with volcanogenic massive 
sulphide-style mineralisation, pillow breccia 
and interstitial jasper (Pickett, 1987). Sample 
ACO-12-14 is from a rare volcanoclastic 
conglomerate within the Skidder Formation. 

4. ANALYTICAL METHODS

4.1 U-Pb zircon geochronology method

 Analytical techniques for U–Pb 
isotopic dating of zircon follow those of Payne 
et al., (2008) and Payne et al., (2010). U–Th–
Pb analysis of zircons was also conducted at 
Adelaide Microscopy, at the University of 
Adelaide, South Australia; using an Agilent 
7500cs ICPMS, coupled to a New Wave 
213 nm Nd-YAG laser. Prior to analysis, 
zircon grains were imaged at Adelaide 
Microscopy, The University of Adelaide, 
using a Phillips XL20 SEM with attached 
Gatan cathodoluminescence (CL) detector. 
Representative cathodoluminescence images 
of the detrital and magmatic zircons are shown 
in Figure 3. 

 Pb fractionation was corrected using 
the GEMOC GJ-1 zircon (TIMS normalisation 
data 207Pb/206Pb = 608.3 Ma, 206Pb/238U 
= 600.7 Ma and 207Pb/235U = 602.2 Ma; 
(Jackson et al., 2004). A second zircon standard 
(Plesovice, TIMS-ID U–Pb age: 337.1 ± 0.4 
Ma, Sláma et al., 2008) was used to monitor 
the ongoing accuracy of the instrument. GJ-1 
produced a weighted average 206Pb/238U age 
of 600.56 ± 0.86 Ma (n = 289, MSWD = 0.90), 
and Plesovice a 206Pb/238U age weighted 
average of 338.1 ± 1.2 Ma (n = 79, MSWD 
= 0.95). Data reduction was completed using 
the program “GLITTER” (Griffi n et al., 
2008). Weighted average calculations use 
207Pb/206Pb ages for zircon populations older 
than 1000 Ma and 206Pb/238U ages for those 
populations younger than 1000 Ma. A ± 10% 
discordancy threshold was applied to zircon 
analysis during age interpretation (Payne et 
al., 2006; Howard et al., 2009; Howard et al., 
2011). 

 In order to defi ne the youngest zircon 
population for each individual samples we 
utilise the conservative method described by 
Dickinson and Gehrels (2009) whereby the 
youngest grain cluster (2σ) (n= >3) grains 
overlap in age at 2σ error. Where possible 
at least eighty individual zircon grains were 
analyzed  per detrital sample in order to 
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Figure 4
Detrital zircon age probability density distribution plots from Ganderian Mid-Cambrian to Silurian 
sedimentary rocks and the Ordovician Skidder Formation of the Notre Dame Subzone. Lighter grey 
fi elds represent zircon grains that are > 10% discordant. n = xxx/xxx equals number of > 90–110% 
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satisfy the minimum recommendation of 
Anderson (2005). The zircon populations are 
qualitatively classifi ed by the population size 
(%) per sample from accessory populations 
(<5%) through minor (6-19% ), major (20-
49% ), large (50-79%) to dominant populations 
(80>%) of the total (Anderson, 2005).  A 
population is considered to be greater than 3 
grains (2σ) (Dickinson and Gehrels, 2009).

4.2 Lu-Hf isotope method

 The zircon mounts prepared for U–Pb 
LA-ICPMS analysis were also used for Lu–
Hf isotopic studies undertaken with Laser 
Ablation Multi-Collector Inductively Coupled 
Plasma Mass Spectrometry (LA-MC-ICPMS) 
at the joint CSIRO/University of Adelaide 
facilities on the Waite campus, South Australia. 
To ensure the accuracy of the epsilon hafnium 
estimates, only grains with U–Pb LA-ICPMS 
analysis between 95%-105% concordance 
were analyzed  for Lu–Hf isotope composition 
(e.g. Teale et al., 2011; Glorie et al., 2014; 
Henderson et al., 2014). Analysis spots were 
placed as close as possible to concordant U–
Pb LA-ICP-MS spots, and within the same CL 
zone, including those zircon mounts analyzed 
by previous studies. Zircons were ablated 
with a New Wave UP-193 Excimer laser (193 
nm) using a spot size of 50 μm, frequency of 
5 Hz, 4 ns pulse length and an intensity of ~ 
10 J/cm2. Confi rmation of accuracy of the 
technique was monitored using a combination 
of the Plesovice, Mudtank and QGNG zircon 
standards. The average 176Hf/177Hf value 
for Plesovice for the analytical session was 
0.282477 ± 0.000027 (2SD, n = 41), which is 
comparable to the published value of 0.282482 
± 0.000013 (2SD) by Sláma et al., (2008).

εHf(T), T(DM)   (DM=depleted mantle)  and  
TDMc (DMc= depleted mantle crustal model 
age) were calculated using 176Lu decay 
constant after Scherer et al., (2001), where 
T is the time of crystallization of the zircon. 
T(DM)   and  TDMc were calculated using 
the methods of Griffi n et al., (2002) with an 

average crustal composition of 176Lu/177Hf 
= 0.015. All data are presented using the 
epsilon hafnium (εHf) notation, referring to 
a comparison of the data with CHUR; which 
at any time is set at a value of 0 (Patchett et 
al., 1981; Blichert-Toft and Albarède, 1997). 
Juvenile zircons are recognized as those with 
εHf(T) values that fall between the estimated 
value of the new continental crust from 
modern island arcs (Dhuime et al., 2011) and 
the estimated depleted mantle array of Griffi n 
et al.,  (2004).  

5. RESULTS 

5.1 U-PB zircon geochronology

 A summary of representative 
cathodoluminescence images of zircon 
textures are shown in Figure 3. U–Pb zircon 
data are presented in supplementary fi les.  Age 
spectra and concordia diagrams are presented 
in Figure 4 and Figure 5. 

5.1.1 Sample ACO-13-14 (Ganderia)

 Sample ACO-13-14 is a moderately 
sorted grey sandstone from the late Cambrian-
early Ordovician Jonathans Pond Formation. 
Of the one hundred and fi ve analyses 
obtained, eighty-seven are concordant. The 
youngest detrital zircon population is 534 
± 6 Ma (n=6, MSWD=0.21). Ediacaran 
(~635-542 Ma) grains form 51% of the total 
population.  Lower Cambrian (~542-530 
Ma) and Paleoproterozoic (~1700-2100 Ma) 
zircons form 17% and 15% of the concordant 
population, respectively. Mesoproterozoic 
zircons (9%, ~1000-1400 Ma), Archean (6%, 
2536 ± 30 Ma, ~2700-2750, 3005 ± 18 Ma) 
and Tonian (2%, 883 ± 10, 948 ± 11 Ma) 
zircons make up the remainder of the complex 
detrital zircon spectra (Fig. 4).  

5.1.2 Sample ACO-13-13 (Ganderia)

 Sample ACO-13-13 is a poorly 
sorted, pebbly conglomerate from the mid-
Ordovician Outfl ow Formation. Of the eighty 
detrital zircon analyses conducted, sixty-eight 
are concordant (Fig. 4). The youngest detrital 
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Figure 5 
Concordia plots for zircon grains from the Cripple Back Granite. Mean ages displayed are 206Pb/238U 
ages with mean errors quoted at the one standard deviation level.

population is 450 ± 5 Ma (n=5, MSWD=0.29). 
Ordovician (~446-488 Ma) zircons form 75% 
of the total population, followed by Cambrian 
grains (20%, ~490-500, 525 Ma). Two 
Mesoproterozoic grains (1136 ± 14, 1233 ± 
20 Ma) and a singular Paleoproterozoic (1170 
± 23 Ma) zircon were also analyzed.  The 
young (~375 Ma) grain is discordant and is 
not considered further.

5.1.5 Sample ACO-12-14 (peri-Laurentian)

 Sample ACO-12-14 is from the 
Ordovician Skidder Formation within the 
peri-Laurentian Dunnage Zone (Fig. 4). It is 
a poorly sorted, volcaniclastic conglomerate 
with pebbles (1-3 cm) of granitic and mafi c 
clasts. Of the eighty analyses obtained, 
sixty-one are concordant. The youngest 
detrital zircon population is 455 ± 5 Ma 
(n=5, MSWD=0.65). The dominant zircon 
populations are Ordovician (49%, ~450-488 
Ma) and middle-upper Cambrian (30%, ~490-
520 Ma). Mesoproterozoic (13%, ~1000-1350 

Ma) zircon, Ediacaran (5%, ~545 Ma, 587 ± 
6 Ma) and Paleoproterozoic (3%, 1627 ± 30, 
1728 ± 25 Ma) form comparatively minor 
detrital populations. 

5.1.3 Sample ACO-12-15B (peri-
Laurentian)

 Sample ACO-12-15b is a gritty, poorly 
sorted sandstone from the Goldson Formation 
in the Silurian Badger Group. Of the eighty 
detrital zircon analyses obtained, sixty-
three are concordant (Fig. 4). The youngest 
detrital zircon population is 430 ± 3 Ma 
(n=10, MSWD=0.94). The dominant zircon 
populations are Ordovician (59%, ~440-
460 Ma) and Silurian (33%, ~430-440 Ma). 
A minor Tonian population (6%, ~860 Ma, 
~950-990 Ma) and a single Cambrian zircon 
at 497 ± 5 Ma were also analyzed.  

5.1.4 Sample ACO-12-16 (peri-Laurentian)

 Sample ACO-12-16 is a moderately 
sorted sandstone interbedded with fi ne 
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Figure 8
εHf plots showing only U-Pb zircon data between 250-1000 Ma in order to highlight the character 
of the late Neoproterozoic-early Paleozoic magmatism in the peri-Laurentian Notre Dame Subzone 
and Ganderian terrane. Included in the diagrams are probability density plots (shown as solid grey 
fi elds) for the concordant zircon data associated with the samples displayed. The data set includes the 
data from Willner et al. (2014).  A) εHf isotopic array for Ganderia in the late Neoproterozoic-early 
Paleozoic. Key tectonic events are highlighted including the lifespan of the Ganderian continental arc, 
the Penobscot and Popelogan-Victoria arcs and the closure of the Iapetus Ocean. Also shown in the 
small grey fi eld are the juvenile zircons associated with the possible early arc history of Ganderia. 
The 770-700 Ma zircons overlap with the record in Avalonia. The crustal evolution fi eld defi ned by 
the upper and lower limits of the array in the latest Neoproterozoic suggest the Ganderia is built on a 
basement of Mesoproterozoic-Paleoproterozoic crust (~2.2-1.1 Ga). A red vertical arrow at ~630 Ma 
indicates a period of crustal mixing between juvenile and ancient crustal material during continental 
arc-type magmatism. The second red arrow between ~550-500 Ma illustrates the progressive shift 
towards juvenile magmatism. B) εHf isotopic array for peri-Laurentia in the late Neoproterozoic-early 
Paleozoic. The lifespan of the Notre Dame arc magmatism is highlighted between ~520-430 Ma. The 
crustal evolution fi eld is defi ned by lower and upper limits that suggest recycling of Mesoproterozoic-
Archean crust (1.4 to 2.9 Ga) dominated the magmatic processes in the Notre Dame arc. The red vertical 
arrow at ~460 Ma highlights an interval of mixing between juvenile and Archean crust during typical 
continental-arc magmatism.
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(1-2 mm) horizons of silt, from the upper 
Silurian Wigwam Formation. Of the eighty-
seven detrital zircon analyses, sixty-four are 
concordant.  The youngest detrital zircon 
population is 388 ± 4 Ma (n=7, MSWD=0.80), 
which is younger than the previously assigned 
upper Silurian maximum deposition age 
(Pollock et al., 2007). The detrital zircon 
spectra is complex (Fig. 4) with the largest 
population coming from Mesoproterozoic 
(28%, ~1100-1600 Ma) sources. Devonian 
(24%, ~380-415 Ma) zircons form the 
second largest population. The remainder 
of the highly variable detrital zircon spectra 
is composed of Silurian (15%, ~420-440 
Ma), Paleoproterozoic (13%, ~1650-1750 
Ma, ~1850 Ma, 2130 ± 30 Ma), Ordovician 
(8%, ~470-480 Ma), Tonian (6%, ~970-980 
Ma) and singular Cambrian (491 ± 6 Ma), 
Cryogenian (662 ± 9 Ma) and Archean (2695 
± 20 Ma) zircons.   

5.1.6 Sample ACO-13-08 (Ganderia)

 Sample ACO-13-08 is a K-feldspar, 
biotite-bearing granite from the Ediacaran 
Cripple Back Granite, considered to represent 
the oldest Ganderian rock in Newfoundland. A 
total of forty-fi ve analyses were obtained from 
prismatic, euhedral zircons (Fig. 3), with thirty-
nine concordant (Fig. 5). The 206Pb/238U 
weighted average age of the dominant 
population is 559 ± 3 Ma (MSWD=0.27), 
with a single younger outlier (529 ± 6 Ma) 
and a small population of inherited older 
zircon grains with an age range of ~580-624 
Ma. These inherited ages conform to the age 
range from detrital zircons (Fig. 4) thereby 
suggesting that this 500-650 Ma age-peak is 
locally derived and represents the basement.

5.2 Hf isotopes

 A total of 197 Lu-Hf isotopic analyses 
were obtained from four sedimentary rocks 
and two igneous rocks from Neoproterozoic-
Devonian Ganderia. There were also 22 
hafnium isotopic analyses obtained from the 
peri-Laurentian Skidder Formation. The zircon 

grains analyzed have measured 176Hf/177Hf 
ratios of 0.280769- 0.2828997 and initial 
176Hf/177Hf ratios of 0.280742- 0.282853. 
Only 30% of the Ganderian and Laurentian 
zircon grains are juvenile (εHf =0 to +14). 
The hafnium data are presented in Figures 6 
and 7 and are detailed below as: Ganderian 
detrital zircon analyses, Ganderian magmatic 
zircon analyses and peri-Laurentian hafnium 
data, respectively. In order to consider the 
hafnium isotopic data in a more complete 
manner, we have also included the Ganderian 
and Laurentian hafnium dataset from Willner 
et al. (2014). Full hafnium isotopic data tables 
are included in the supplementary fi les. 

5.2.1 Ganderian detrital zircons

 The late Cambrian-early Ordovician 
Jonathans Pond Fm (ACO-13-14) is the oldest 
sedimentary rock analyzed. It is dominated 
by Ediacaran-Cambrian detrital zircon grains, 
with the weighted average of the population 
at ~550 Ma. All but fi ve of the Ediacaran-
Cambrian grains are evolved, yielding εHf 
values between 0 and -12, which correspond 
to model ages of 1.5 to 2.2 Ga. The positive 
grains range between εHf +5 and +1, with 
model ages of 1.3 to 1.5, respectively (Fig. 
6). Mesoproterozoic and Paleoproterozoic 
zircons form comparatively minor populations 
and yield highly variable hafnium ratios. Two 
analyses at ~1.0 Ga yield highly evolved εHf 
values of -21 and -23, corresponding to model 
ages of 3.1 to 3.3 Ga. A single analysis at 1.2 
Ga is chondritic (εHf= 0), and a single grain 
at 1.5 Ga is comparatively juvenile (εHf= 
+3).  Paleoproterozoic grains (~1.75-2.2 Ga) 
are relatively juvenile at ~2.2 Ga (εHf= +10 
to -1) and become progressively more evolved 
between ~2.0 and ~1.75 Ga (εHf= 0 to -12).  
Archean zircons are chondritic-sub chondritic 
(εHf= +1 to -4). 

 The Ordovician Outfl ow Formation 
(ACO-13-13) has distinct hafnium isotopic 
spectra dominated by Ordovician and 
late Cambrian zircons (~500-450 Ma), all 
of which are juvenile (εHf= +2 to +13). 
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A single Mesoproterozoic (~1.2 Ga) and 
Paleoproterozoic (~1.85 Ga) yield chondritic 
to slightly evolved εHf values (Fig. 6). 

5.2.2 Ganderian magmatic zircons

 Zircon grains extracted from the 
(Cripple Back Granite (ACO-13-08) indicate 
a crystallisation age of 559 ± 3 Ma (Fig. 6). All 
the zircon grains analyzed yield very consistent 
measured 176Hf/177Hf ratios of 0.282309- 
0.282392 and initial 176Hf/177Hf ratios of 
0.282302- 0.282375, which correspond to 
εHf values of -2 to -4. The TDMc for these 
zircon grains is 1.64-1.78 Ga, indicating 
that the Cripple Back Granite crystallized 
from magmas that predominantly recycled 
Paleoproterozoic crust. 

5.3 Peri-Laurentia (ACO-12-14) and 
Silurian rocks deposited on composite 
Laurentia

 The Ordovician Skidder Formation 
(ACO-12-14) yields a dominant Ordovician 
(~488-450 Ma) zircon population which 
overlaps with the main phase of arc-
magmatism in the Notre Dame arc (van Staal 
et al., 2007). The ~488-450 Ma zircons are 
evolved and yield εHf values of -15 to -25, 
which corresponds to T(DM)  of ~2.3-2.9 
Ga. εHf values of Cambrian zircons (~490-
525 Ma) also cluster between -24 to -15 (Fig. 
7). Early Mesoproterozoic zircons (~1000-
1350 Ma) predominantly straddle CHUR 
(0 ± 4 εHf) recording εHf values between 
+4 and -1. Upper Mesoproterozoic-early 
Paleoproterozoic zircons (~1450-1750 Ma) all 
record positive εHf values between +2.5 to +6. 

 The hafnium isotopic arrays from the 
Silurian Goldson and Wigwam Formation 
samples (ACO-12-16 and ACO-12-15B) 
are interpreted to refl ect deposition in 
the Tetagouche-Exploits back-arc basin, 
immediately following the accretion of the 
Popelogan-Victoria arc to the Laurentian margin 
(Pollock, 2007). The Goldson Formation is 
dominated by Ordovician and Silurian zircons 
that are all chondritic to evolved, forming a 

well-defi ned vertical ‘spike’ (see Fig. 8a) at 
~470-440 Ma with εHf values varying between 
+2 to -21 (Fig. 7), corresponding to model 
ages of 1.2 to 2.7 Ga. Minor populations of 
early late Mesoproterozoic zircons (~1.2-1.0 
Ga) and early Paleoproterozoic (1.5-1.7 Ga) 
are chondritic to juvenile (εHf= -1 to +6).  The 
mid-Silurian Wigwam Formation contains 
an Ordovician population that overlaps with 
the zircons in the Badger Fm (Fig. 7). The 
Wigwam Formation also contains a Devonian 
population that are all evolved and indicate 
recycling of Paleoproterozoic crustal material 
(εHf= 0 to -9).

6. DISCUSSION

6.1 The crustal evolution of the Ganderian 
continental arc

 Mid Cryogenian- early Cambrian 
zircon populations  (~650-535 Ma) dominate 
the detrital zircon age spectra in the late 
Cambrian Jonathans Pond Formation, the 
Gander Group (Willner et al., 2014) and the late 
Neoproterozoic sequences in New Brunswick 
and Maine (Fyffe et al., 2009). Taking into 
account the hafnium isotopic data presented 
here and from elsewhere in the Gander Group 
(Willner et al., 2014), 84% of all ~650-500 Ma 
zircons fall in a mixed array between εHf 0 
and -15 (Fig. 8a) . The remainder of the ~650-
500 Ma zircons (16%) that are comparatively 
‘juvenile’ (εHf=0 to +6) cluster into two 
intervals; 650-600 Ma and 550-500 Ma. The 
hafnium array for the ~650-550 Ma zircons 
yields an upper and lower limit (Lu/Hf=0.015) 
that intersects the depleted mantle   at ~1.1 
Ga and 2.2 Ga, respectively (Fig. 8a).  The 
hafnium isotopic array from the Cripple Back 
Granite (559 ± 3 Ma) completely overlaps 
with the detrital zircon array, demonstrating 
that the Hf array is “endemic” to Ganderia.

Volcanic rocks within the ~563 Ma Sandy 
Brook Group and the Cripple Back Granite 
have a continental-arc geochemical signature 
(Evans et al., 1990; Rogers et al., 2006), 
consistent with the extended vertical 
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mixing array for the ~650-550 Ma zircons 
from Ganderia (Fig. 6). The array supports 
the hypothesis that Ganderia occupied 
a continental-arc setting during the late 
Cryogenian-late Neoproterozoic (Rogers et 
al., 2006 and references therein).  Ganderian 
continental-arc magmatism was dominated 
by the recycling of Mesoproterozoic-
Paleoproterozoic crust with variable input 
of juvenile mantle material, and confi rms 
that the basement of Ganderia is composed 
of “Grenvillian-type” Mesoproterozoic-
Paleoproterozoic (2.2-1.1 Ga) crust (Fig. 8a). 

Late Neoproterozoic-early Cambrian 
continental-arc magmatism is common 
throughout the peri-Gondwanan terranes 
(Keppie et al., 2003; Murphy et al., 2013; 
Balintoni et al., 2014) with the main phase 
of continental arc magmatism occurring 
between ~650-550 Ma. However, Ganderian 
continental arc zircons (~650-550 Ma) are 
comparatively evolved (Fig. 8a) relative to 
Avalonia (Willner et al., 2013; Pollock et al., 
2015; Henderson et al., 2016). No Ganderian 
zircons fall within the depleted mantle array 
(new crust and traditional depleted mantle 
of Griffi n et al., 2004; Dhuime et al., 2011), 
contrasting with Avalonia where juvenile 
zircons are a common feature of the mid-late 
Neoproterozoic Avalonian continental arc 
(Henderson et al., 2016, see Fig. 9b). 

6.3 Provenance of Ganderia in the early 
Paleozoic

 The hafnium isotopic array (Fig. 8a) 
indicates that Ganderia was a continental 
arc between ~650-550 Ma. The continental 
margin to which Ganderia accreted can be 
further investigated by investigating the 
detrital zircon spectra from the mid-Cambrian-
early Ordovician Ganderian sequences. 
Although Neoproterozoic (770-550 Ma) 
“arc-related” detritus dominates the detrital 
zircon spectra of Ganderia, minor populations 
of Mesoproterozoic (1.0-1.2 Ga, 1.5 Ga), 
Paleoproterozoic (~1.7-2.2 Ga) and Archean 
(~2.5-3.1 Ga) are also found (present study, 

Pollock, 2007; Fyffe et al., 2009; Willner et 
al., 2014). 

The older age ranges in Ganderia have been 
previously matched to known tectonothermal 
events in Amazonia (Fyffe et al., 2009; van 
Staal et al., 2012; Barr et al., 2014; Waldron et 
al., 2014; Willner et al., 2014). A compilation 
of available Amazonian hafnium isotopic 
data (Fig. 9a, Henderson et al., 2016) enables 
a direct comparison to the detrital zircons 
from Ganderia. Many of the similarities 
and differences between the Ganderian and 
Amazonian hafnium isotope arrays are subtle.  
Although there are Proterozoic populations 
that overlap between Ganderia and 
Amazonia, the isotopic nature of the detrital 
populations are not always comparable. For 
example, both the Ganderian and Amazonia 
hafnium arrays record Paleoproterozoic 
magmatism commencing at ~2.2-2.25 Ga, 
but the Ganderian zircons are markedly more 
juvenile (εHf= +11 to -14) than the coeval 
Amazonian zircons (εHf= +6 to -23).  The 
Mesoproterozoic array from Ganderia also 
records subtle differences to that of Amazonia. 
Amazonia records predominantly juvenile 
magmatism throughout the Mesoproterozoic 
(Fig. 9a), whereas Ganderia records almost 
exclusively reworking of Paleoproterozoic 
crust throughout the Mesoproterozoic (Fig. 
6). Apparent mixing between juvenile and 
Paleoproterozoic (~2.4-2.2 Ga) crust at 
~1050-900 Ma, typical of Amazonia, is also 
not evident in the Ganderian array; with the 
exception of two extremely evolved zircons at 
~1.0 Ga (Fig. 8a).  Also, the scarcity of ~900-
800 Ma zircons in Ganderia is inconsistent 
with the Amazonian record, which is marked 
by abundant zircon crystallisation during this 
interval (see Cordani et al., 2009; Pimentel et 
al., 2011). 

There are similarities in the detrital zircon 
age spectra and hafnium isotopic arrays 
of Avalonia and Ganderia (Willner et al., 
2014; Pollock et al., 2015) (Fig. 9b). The 
detrital zircon age spectra and isotopic array 
from Mesoproterozoic, Paleoproterozoic 
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and Archean zircons in Ganderian rocks 
closely overlap in with those of Avalonia 
(Fig. 9b), although there are comparatively 
fewer Mesoproterozoic and older detrital 
zircons preserved in the sedimentary rocks of 
Ganderia.  

The Paleoproterozoic peak at ~2.2 Ga in 
Ganderia and Avalonia both record mixing 
between depleted mantle crust (εHf=+11) 
and Paleoproterozoic crust (εHf= -15) that 
continues until the early Mesoproterozoic. 
The early Mesoproterozoic (~1550-1400 Ma) 
features a large population of mixed zircons 
that plot in a mixed array between the depleted 
mantle and -10 in Avalonia. By comparison, 
the ~1550-1400 Ma population in Ganderia is 
more restricted yielding an εHf range between 
7+ to -2. Both the Avalonian and Ganderian 
isotopic arrays record reworking along a 
typical crustal array in zircons between ~1400-
950 Ma (Fig. 6, Fig. 9b). Both Ganderia 
and Avalonia also record a magmatic gap 
between 800-900 Ma, which contrasts with 
the Amazonian record. 

Both Ganderia and Avalonia also preserve a 
small population of predominantly juvenile 
~770-700 Ma zircons (Fig. 8a, Fig. 9b).   
Although the ~770-700 Ma detrital zircon 
population is relatively minor in Ganderia, it 
is ubiquitous throughout late Neoproterozoic-
early Paleozoic Ganderian sequences, such as 
the mid-Cambrian Jonathans Pond Formation, 
the Gander Group (Willner et al., 2014) and 
from Ediacaran Ganderian sequences in New 
Brunswick and coastal Maine (USA) (see Fyffe 
et al. 2009). The ubiquitous presence of ~770-
700 Ma zircons indicates a proximal volcanic 
source was available to Ganderia throughout 
the late Neoproterozoic-early Paleozoic. The 
hafnium isotopic character of the ~770-700 
Ma zircons is uniform, yielding positive εHf 
values of +9 to +2, indicating recycling of 
early Neoproterozoic-Mesoproterozoic crust  
( TDMc= 0.96-1.2 Ga).  

 Avalonia preserves Cryogenian 
granitic and volcanic rocks including the 734 

Ma Economy River Gneiss in Nova Scotia 
(Doig et al. 1993), the 763 Ma Burin Group 
Volcanics in Newfoundland (Krogh et al. 
1988; Murphy et al. 2008) and the 675 Ma 
Malverns Plutonic Complex in the English 
Midlands (Strachan et al., 1996), which are 
testament to the early magmatic-arc history 
in Avalonia. The nature of the magmatism 
at ~750-700 Ma in Avalonia is generated 
from a mix of depleted mantle melts and 
Paleoproterozoic crust (TDMc = ~0.68 to 
1.9 Ga) with εHf values between -7 and +14 
(Henderson et al., 2016, Pollock et al. 2015). 
Early arc magmatism in Avalonia is interpreted 
to have nucleated on a continental ribbon that 
originated in Baltica, or the Grenvillian region 
of Laurentia (Henderson et al. 2016), before 
accretion to the northern Gondwanan margin 
by ~650 Ma (Murphy et al., 2013) . The ~760-
700 Ma early arc rocks of Avalonia are a 
potential source for the ~700-700 Ma zircons 
found in Cambrian Ganderian sequences. 

6.4 Crustal evolution of the Penobscot and 
Popelogan-Victoria arcs

 The oldest Paleozoic rocks in the 
Exploits Subzone of Ganderia are attributed 
to the Penobscot arc-backarc system (~515-
485 Ma, Colman-Sadd et al., 1992), which 
was initially proposed to have formed via 
intraoceanic  subduction outboard of the 
Gondwanan margin in the mid-Cambrian 
(MacLachlan and Dunning, 1998; van Staal 
et al., 1998), prior to accretion to Gondwana 
during the Penobscot Orogeny (~490 Ma).  
However, evolved neodymium isotopic data, 
late Neoproterozoic inherited zircons and 
other geochemical data from the ~511 Ma 
Tally Pond Group Volcanics, suggest that 
the Penobscot arc was built on Ganderian 
basement (see Pollock and Wilton, 2001; 
Evans and Kean, 2002; Rogers et al., 2006 and 
references therein). 

 Hafnium data from late Neoproterozoic-
early Ordovician zircons in the late Cambrian 
Jonathans Pond Formation and the Ordovician 
Outfl ow Formation allow the tectonic 
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evolution of the Penobscot and Popelogan-
Victoria arcs to be tested. The Penobscot arc 
was active from ~515-490 Ma but there is no 
appreciable magmatic gap between the late 
Neoproterozoic Ganderian continental arc 
and the commencement of the Penobscot arc 
(Figs. 4, 8a).  Furthermore, the Hf isotopic 
arrays show a smooth transition within this 
interval. Rather, the continuous magmatism 
from~650-450 Ma suggests ongoing arc 
magmatism associated with consumption of 
the same oceanic plate throughout the late 
Neoproterozoic- early Paleozoic.

 The shift in isotopic composition 
of the zircons between ~550-500 Ma (Fig. 
8a) suggests a gradual change in the source 
of the magmatism and/or a shift in the 
tectonic environment. The transition towards 
increasingly positive (depleted mantle) εHf 
values between ~550-500 Ma is indicative of 
a retreating subduction zone analogous to the 
Tasmanides of Australia (Kemp et al., 2009). 
Ongoing subduction-related magmatism 
(together with roll-back) in the Penobscot arc 
system would progressively remove the lower 
crust and SCLM (Collins et al., 2011), leading 
to increasingly positive εHf values that refl ect 
the increasing but continual input of juvenile 
material from the underlying mantle wedge. 

 We suggest that Ganderia underwent 
extensional processes and crustal thinning 
during slab roll back and subduction retreat, 
driving the development of the Penobscot 
backarc basin at ~490-485 Ma (Jenner and 
Swinden, 1993; van Staal et al., 2012) in 
a similar setting to the modern day Tonga-
Kermadec arc – back-arc systems (Ewart et al., 
1998; Smith and Price, 2006). The existence 
of multiple back-arc basin systems through the 
Ordovician (Penobscot back-arc, Tetagouche-
Exploits basins), which separated the leading 
oceanic arcs from the trailing passive margin 
of Gander (Zagorevski et al., 2007; Zagorevski 
et al., 2010), is also consistent with a primitive, 
retreating subduction zone (e.g. Rosenbaum 
and Lister, 2004). 

 There is also no demonstrable 
magmatic gap between the Penobscot Orogeny 
(~486-478 Ma) and the commencement of the 
Popelogan-Victoria (P-V) arc magmatism at 
475 Ma. The hafnium data from the upper 
Ordovician Outfl ow Formation emphasises 
the juvenile nature of the (P-V) arc; all 
zircons preserve a restricted εHf range (+14 
to +3, average = +10) between 550-540 Ma.  
Therefore, P-V magmatism did not rework 
signifi cant portions of the ~1.1-2.2 Ga 
Ganderian basement. The primitive hafnium 
isotopic array from the P-V arc implies it 
was an oceanic arc, and its existence requires 
that Ganderia retreated from the Gondwanan 
margin with the leading magmatic arc 
becoming increasingly juvenile.  Juvenile 
magmatism was abruptly terminated at ~450 
Ma, consistent with the existing constraints on 
the arrival of Ganderia to the peri-Laurentian 
margin (Pollock et al., 2007; Zagorevski and 
Van Staal, 2011; van Staal et al., 2012; Willner 
et al., 2014) .

6.5 Crustal evolution of the Notre Dame 
Subzone

 Extensive rifting along the Humber 
margin between ~565-550 Ma resulted in 
the opening of the Taconic Seaway and the 
separation of the  Dashwoods microcontinent 
from Laurentia by ~540 Ma (Waldron and 
van Staal, 2001; van Staal and Barr, 2011). 
A complex supra-subduction zone and 
continental arc environment ensued in the 
Taconic Seaway and Dashwoods terrane 
between ~515-470 Ma (van Staal et al., 2007; 
van Staal et al., 2009; van Staal and Barr, 
2011), evident as arc tholeiites, boninites and 
ophiolites and subduction-related granites 
(see Kean et al., 1995; Szybinski, 1995; 
Swinden, 1996; Kurth et al., 1998; Skulski et 
al., 2010; Zagorevski et al., 2010; Castonguay 
et al., 2014). Closure of the Taconic seaway 
at ~468 Ma culminated in the re-accretion of 
the Dashwoods microcontinent to the Humber 
margin (Schroetter et al., 2006; Tremblay et 
al., 2009).  
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 Hafnium data from the peri-Laurentian 
domain (Figs. 7, 8b) span the ~515-470 Ma 
interval of complex Taconic tectonic activity, 
and despite the apparent oceanic setting, the 
hafnium isotopic array indicates that crustal 
recycling processes dominated the magmatic 
record of the NDSz  (Fig. 8b). Evidence of 
crustal contamination and zircon inheritance 
has long been recognised within the peri-
Laurentian Dashwoods realm (Skulski et 
al., 2010) and hafnium data confi rm that the 
peri-Laurentian Dashwoods microcontinent 
(Waldron and van Staal, 2001) comprises 
in part an Archean basement. Crustal model 
ages of ~2.5-2.9 Ga for ~450-500 Ma NDSz 
zircons imply that Dashwoods microcontinent 
may potentially represent a ribbon of the 
>2.5 Ga Superior Province (Percival, 2007), 
albeit overprinted by Mesoproterozoic and 
Grenvillian events (Whitmeyer and Karlstrom, 
2007).  

 The U-Pb-Hf data from the NDSz 
zircons indicate that magmatism involved 
signifi cant recycling of Paleoproterozoic-
Archean crust, commencing as early as ~515 
Ma and continuing until ~425 Ma, with 
the majority of zircons yielding εHf values 
between 0 and -25 (Fig. 8b). However, a cluster 
of ~460-445 Ma zircons from the Silurian 
King George red beds (Fig. 8b, Willner et al., 
2014), are signifi cantly more juvenile (εHf= 
+7 to +12), implying that an important juvenile 
component of magmatism contributed to the 
Notre Dame arc. When all available data 
are considered together (Fig. 8b), the NDSz 
records mixing between ancient Archean and 
juvenile crustal components yielding a mixed 
array typical of continental arcs (e.g. Mueller 
et al., 2008; Roberts et al., 2013; Linnemann 
et al., 2014). 

 A marked shift in the hafnium 
array occurs between ~460-445 Ma, when 
mixing between depleted mantle and ancient 
Laurentian crust occurred (εHf= +12 to 
-20). This shift is preceded by an interval of 
extensive tonalite emplacement at 467-459 
Ma (van Staal et al., 2007), prior to intrusion  

of 445-435 Ma calc-alkaline gabbros to 
granodiorites  (van Staal and Barr, 2011 and 
references therein). The infl ux of juvenile 
crust evident in the hafnium array may be 
attributed to slab break off in the Taconic 
seaway and/or possibly delamination beneath 
the Notre Dame arc (van Staal et al., 2007; van 
Staal et al., 2009; van Staal and Barr, 2011). A 
simple alternative explanation is that it refl ects 
the mixing of juvenile and continental crust in 
a typical continental arc setting (e.g. Mueller 
et al., 2008; Roberts et al., 2013; Linnemann 
et al., 2014).

 The mixing array ceased by ~445-450 
Ma (Fig. 8b) coinciding with the arrival of the 
P-V arc to composite Laurentia (present study, 
Pollock, 2007; Zagorevski et al., 2007; van 
Staal and Barr, 2011; van Staal et al., 2012), 
but post-collisional magmatism continued 
until at least 425 Ma (van Staal and Barr, 2011 
and references therein). Epsilon Hf values 
ranging from 0 to -20 for the ~445-425 Ma 
magmatism (T(DM)  = 1.3-2.0 Ga) imply 
dominant recycling of Laurentian crust. The 
fi nal phase of magmatism (>439 Ma) in the 
Notre Dame Subzone is a bimodal magmatic 
suite that has been previously attributed to slab-
breakoff (Whalen et al., 1996; Whalen et al., 
2006) following the closure of the Tetagouche-
Exploits backarc basin. The hafnium from 
zircons crystallised between ~440-370 Ma 
indicates a shift towards CHUR (εHf= -6 to 
0), indicating a decreasing input from ancient 
Laurentian crust into arc magmas.

6.6 Revised geodynamic model for Ganderia 

 The late Neoproterozoic to Silurian 
evolution of Ganderia occurred during 
complex plate tectonic changes largely 
associated with development of the Iapetus 
Ocean. Geochronological, biological and 
paleomagnetic constraints have led to a broad 
framework for the evolution of Ganderia, the 
composite Laurentian margin, and the Iapetus 
Ocean (Hibbard, 2006; Pollock et al., 2007; 
Murphy et al., 2010; Zagorevski et al., 2010; 
van Staal and Barr, 2011; van Staal et al., 2012; 
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Willner et al., 2014).  The comprehensive 
hafnium isotopic record presented here from 
the coeval, but contrasting, arc systems hosted 
on Ganderia and peri-Laurentia provides 
additional insights into the late Neoproterozoic-
early Paleozoic evolution of the Iapetus Ocean 
and the process of continental ribbon transfer, 
details of which cannot be discerned using 
geochronological methods alone. We present 
a revised model for the evolution of Ganderia 
and the nature of the magmatism in the Notre 
Dame Subzone (Fig. 10).  

 The earliest record of arc magmatism 
in Ganderia is evident in the ~770-700 Ma 
zircons that persistently appear throughout the 
late Neoproterozoic-Cambrian sedimentary 
rocks (Pollock et al., 2007; Fyffe et al., 2009; 
Willner et al., 2014). The positive εHf values 
of the ~770-700 Ma Ganderia zircons (Fig. 
8a) indicates a predominantly juvenile source 
mixed with Mesoproterozoic crust (1.1-1.4 
Ga), similar to the ~750-700 Ma record in 
Avalonia (Fig. 9b, 10a). Sm-Nd whole rock 
model ages of 0.9-1.2 Ga from igneous and 
sedimentary rocks from Ganderia and Avalonia 
have been previously interpreted to refl ect the 
formation of juvenile lithosphere (“proto-
Avalonia”) within the peri-Rodinian Mirovoi 
Ocean during the early Neoproterozoic 
(Nance and Murphy, 1994, 1996; Murphy et 
al., 2000). Early arc magmatism (770-650 
Ma) in Avalonia was subsequently considered 
to have formed during renewed subduction 
and predominantly involved the recycling 
of the 0.9-1.2 Ga juvenile lithosphere 
(Murphy et al., 2013 and references therein 
). However, hafnium isotopes from ~800-650 
Ma Avalonian and Ganderian zircons yield 
zircons with εHf model ages of ~1.0-2.2 Ga, 
indicating that the basement is actually likely 
to be Mesoproterozoic-Paleoproterozoic, 
similar to that of the Grenville Orogen (Dickin 
et al., 1990; Daly and McLelland, 1991; 
Dickin, 2000).  

 We consider that Ganderia records 
an early arc history built on a sliver of 
Mesoproterozoic-Paleoproterozoic crust prior 

to accretion with the Gondwanan margin 
at ~650 Ma (Fig. 10a), similar to that of 
Avalonia (Henderson et al., 2016). A modern 
analogue to this is the Cenozoic oceanic arcs 
of Vanuatu in the South Pacifi c. Hafnium 
isotopes from zircons in arc-related magmas 
have identifi ed a continental basement to 
the oceanic arcs, which has allowed the 
continental ribbon to be traced to its point of 
origin along the Australian margin (Buys et 
al., 2014). The hafnium isotopic data indicates 
that Ganderia (and Avalonia) must have been 
derived from an appropriate Mesoproterozoic-
Paleoproterozoic cratonic source during the 
early Neoproterozoic; such as the Grenville 
regions of Laurentia and Sveconorwegian 
Baltica (Dickin, 2000; Bingen et al., 2008).

 The overlapping εHf array between 
Ganderia and Avalonia at 650-600 Ma 
(compare Figs. 8a, 9b) suggests Ganderia 
formed part of the same continental arc 
system as Avalonia by 650 Ma (Fig. 
10b). Like Avalonia, continental-arc type 
magmatism continued in Ganderia throughout 
the Neoproterozoic, yielding a mixed 
isotopic array that recycled predominantly a 
Mesoproterozoic-Paleoproterozoic basement 
with varying amounts of juvenile crust until 
~550 Ma (Fig. 10b). 

 The record of ~650 Ma arc accretion 
onto Gondwana is much clearer in Avalonia 
than Ganderia, where instances of high-
intermediate grade metamorphism at ~650 
Ma are preserved in east Avalonia (Malverns 
Plutonic Complex, Strachan et al., 1996) and 
west Avalonia (southern Maine, Cape Breton 
Island, southern Newfoundland, O’Brien et 
al., 1996). Given that there is no appreciable 
magmatic gap in Ganderia from ~750 Ma 
to the Paleozoic, the transition away from 
positive εHf values between 650-550 Ma in 
both Ganderia and Avalonia is consistent with 
growth of a continental arc following accretion 
to Gondwana (Fig. 10b). The hafnium record 
of the Ganderian arc contrasts with that of the 
Cadomian arc built on the West African Craton 
(Linnemann et al., 2014), where juvenile arc 
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magmas are mixed with Archean (possibly 
Hadean) crust yielding a large vertical mixing 
array (εHf = +11 to -38) between 750-540 Ma 
(Linnemann et al., 2014), compared to the 
+11 to -15 εHf array for Avalonia-Ganderia, 
though some of the εHf values for Ganderia 
reach -30 (Fig. 9b). It is evident from the 
hafnium arrays that Ganderia was not part of 
the Cadomian arc system that formed on the 
margin of the West African Craton. In light 
of new isotopic and geochronological data, it 
is clear that the nature of late Neoproterozoic 
continental-arc magmatism along the peri-
Gondwanan margin is highly variable and if 
more characterised precisely, can be utilised 
for provenance studies and paleogeographic 
reconstructions (e.g. Henderson et al., 2016).

  Between ~550 Ma to 500 Ma, the 
εHf values shifted towards the depleted 
mantle composition (Fig. 10b). The ancient 
crustal contribution progressively diminished 
and was replaced by a very juvenile mantle 
input. This contraction to positive values is 
consistent with a reversion to an oceanic arc 
realm that normally occurs during subduction 
retreat (Kemp et al., 2009; Collins et al., 
2011). The latter stages of this inferred retreat 
was associated with a period of extension, 
indicated by the emplacement of bimodal 
volcanics, including the Ellsworth Schist and 
unconformably overlying Castine volcanics; 
dated at 508 Ma and 503 Ma, respectively 
(Schulz et al., 2008). It also coincides with 
development of the Penobscot and Popelogan-
Victoria arcs outboard of Ganderia (Fig. 
10c). We interpret the characteristics of 
the ~550-500 Ma interval in the Ganderian 
hafnium isotopic array to indicate the onset 
of subduction rollback from ~550 Ma leading 
to retreat of the magmatic arc away from the 
continental margin. Other existing geological, 
geochronological and isotopic data (van 
Staal et al., 2012 and references therein) 
imply progressive rifting of Ganderia from 
a continental margin by ~510 Ma, which 
is the point (510-500 Ma) in the hafnium 
array where magmatism becomes extremely 
juvenile (Fig. 8a). The timing of the rifting 

also overlaps with the existing constraints on 
the opening of the Rheic Ocean (~500 Ma) in 
the Ganderian realm (Nance et al., 2012 and 
references therein). 

 The metamorphic record in Ganderia 
is also consistent with extension during the 
Early Paleozoic. An early fl at-lying fabric 
preserved in the Gander Zone is loosely 
constrained to pre ~470 Ma (King, 1997) 
and a subsequent high T, low P metamorphic 
assemblage overprints the earlier fabric and is 
dated at 469 ± 5 Ma by insitu monazite analysis 
(Henderson, in prep). The early horizontal 
fabric could represent extension associated 
with either the opening of the Penobscot back-
arc at ~497-482 Ma (Johnson et al., 2012) or 
Rheic Ocean initiation (~500 Ma), with the 
later metamorphic assemblage coeval with 
the development of the Tetagouche-Exploits 
back-arc basin (Fig. 10c) between 470-460 
Ma (Zagorevski et al., 2010). 

 Juvenile magmatism persisted in the 
Popelogan-Victoria arc until ~450 Ma (Fig. 
8a), when termination of the arc is interpreted 
to refl ect its arrival at the peri-Laurentian 
Red Indian Lake arc, resulting in a Moluccan 
Sea-style arc-arc convergence (van Staal 
and Barr, 2011). Evidence for the arrival of 
Ganderia is the shift in provenance recorded 
in the late Ordovician- early Silurian Badger 
and Botwood Groups deposited within the 
Exploits Subzone (Fig. 10d). The upper-most 
unit of the 449-443 Ma Badger Group  contains 
zircons that overlap in epsilon Hf space with 
peri-Laurentian Notre Dame arc detritus (Fig. 
7), and contrast signifi cantly with the juvenile 
zircons produced in the Ganderian P-V arc 
system (Fig. 10c, d). However, detrital zircons 
from the late Ordovician Point Leamington 
Formation in the Gander Zone (Willner et al., 
2014) are  sourced from the peri-Laurentian 
Notre Dame arc (Fig. 8b), and thus confi rm 
the earliest isotopic evidence of the arrival of 
Ganderia to Laurentia by 452 Ma (Fig. 10d).

 On the peri-Laurentian margin, the 
lack of signifi cant mantle input into the Notre 
Dame arc throughout most of its history (Fig. 
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8b) could be a refl ection of the general inability 
of mafi c rocks to yield signifi cant zircon, or it 
could indicate that very little magmatism was 
generated from the depleted mantle during 
this interval. Recently, the Taconic Seaway 
was proposed to have been magma poor and 
generated via extremely slow spreading, and 
was fl oored by thinned Laurentian lithosphere 
with partially exhumed mantle and limited 
oceanic crust (see Castonguay et al., 2014). 
During closure of the Taconic Seaway at ~475-
465 Ma, the thinned Laurentian lithosphere, 
embryonic oceanic crust and the leading edge 
of the Humber margin were all thrust beneath 
the Dashwoods terrane (van Staal and Barr, 
2011). The hafnium array records mainly 
records the reworking of Laurentian crust 
during this interval, and suggests that minimal 
oceanic crust was recycled during this event.

 Following Taconic Seaway closure 
by ~465 Ma (~465, Hibbard et al., 2010), 
subduction likely stepped outboard (see van 
Staal et al., 2009) coinciding with an infl ux of 
juvenile crust evident in the hafnium array at 
~465-445 Ma (Fig. 8a, 10c). Although Notre 
Dame arc magmatism during the ~460-445 
Ma interval is commonly considered to be 
post-collisional (van Staal and Barr, 2011 and 
references therein), mixing between juvenile 
and continental crust is typical of continental-
arc settings (e.g. Mueller et al., 2008; Roberts 
et al., 2013; Linnemann et al., 2014) and is 
a simple explanation for the vertical mixing 
array at ~465-445 Ma. In the model (Fig. 10c), 
the subduction stepped outboard (eastward) 
following the Taconic orogeny and W-dipping 
subduction continued beneath Laurentia. This 
scenario would place the Annieopsquotch 
Accretionary Tract (Zagorevski et al., 2009) 
in a back-arc setting and the Red Indian Lake 
arc as the outboard (easternmost) magmatic 
system following subduction retreat (Fig. 10c, 
d).  

 Ultimately, the hafnium isotopic array 
for the Notre Dame Subzone does not record 
the detailed evolution of the complex oceanic 
processes associated with the geological 

evolution of peri-Laurentia (Zagorevski et al., 
2006; van Staal et al., 2009; Zagorevski and 
Van Staal, 2011) instead broadly recording 
the development of a continental arc built 
on Archean crust between ~520-440 Ma. 
Magmatism predominantly reworked the 
Archean basement of the Notre Dame Subzone 
during these events with minor input from the 
mantle wedge.

7. CONCLUDING REMARKS

 We use the hafnium isotopic method on 
detrital and magmatic zircons from Ganderia 
and the peri- Laurentian Notre Dame Subzone 
to test the sensitivity of the method against the 
tectonic evolution of the Ganderia terrane in 
the late Neoproterozoic-early Paleozoic. The 
hafnium isotopic method is proven to be a 
powerful tool when used in conjunction with 
sound geological constraints, and is able to 
identify the changing nature of magmatism 
during the evolution of complex accretionary 
orogens. Of particular signifi cance is the 
recognition that hafnium isotopes are able to 
characterise the early evolution of Ganderia, 
which has not been previously identifi ed and 
is largely lost from the geological record. 

 The present study fi nds the hafnium 
method is broadly consistent with geological 
framework previously defi ned for Ganderia, 
but provides additional insight into the 
geodynamic driving forces behind continental 
ribbon transfer; a process that is important 
for continental growth. The hafnium isotope 
array identifi es an interval of continental arc 
magmatism at ~650-550 Ma, which coincides 
with continental arc magmatism in Avalonia. 
The Hf data also show that Ganderia is 
built on a basement of Paleoproterozoic-
Mesoproterozoic “Grenvillian-type” crust 
(~2.2-1.1 Ga) crust, which was recycled 
during the main phase of Neoproterozoic 
magmatism. A similar hafnium isotopic array 
for ~750-550 Ma magmatism in Avalonia, 
on compositionally similar basement, 
suggests a previously unrecognised shared 
early Neoproterozoic history. A progressive 
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shift in the hafnium isotopic array towards 
increasingly juvenile magmatism between 
~550-500 Ma in Ganderia represents the 
onset of subduction retreat, leading to the 
rifting and separation of Ganderia from 
Gondwana. During terrane transfer the ~510-
485 Ma Penobscot and immediate successor 
(475-455 Ma) Popelogan-Victoria arcs were 
almost exclusively juvenile oceanic arcs. The 
peri-Laurentian Notre Dame arc recycled 
Archean Laurentian crust in an arc- back-
arc environment, which underwent multiple 
extensional and contractional events during 
the closure of Iapetus. Despite the record of 
oceanic-arc magmatism on peri-Laurentian 
between ~510-450 Ma, the detail of these 
processes are not preserved in the hafnium 
isotopic record.  The preservation of very 
evolved Notre Dame arc zircons in Ganderian 
overstep sequences confi rm the arrival of the 
leading edge of Ganderia to Laurentia by ~450 
Ma.
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Supporting information
Supplementary Table 1. U-Pb zircon data 

Sample No. Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 Concordancy Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 
aco-13-08 1 0.05838 0.00082 0.09571 0.00109 0.77045 0.01102 0.02957 0.00101 102 544.1 30.26 589.2 6.4 580 6.32 589.1 19.79 
aco-13-08 2 0.05955 0.00095 0.09579 0.00114 0.78692 0.01273 0.0307 0.00135 100 587.4 34.11 589.7 6.69 589.4 7.23 611.1 26.43 
aco-13-08 3 0.05866 0.00077 0.09522 0.00117 0.77007 0.01107 0.02921 0.00084 101 554.5 28.4 586.3 6.88 579.8 6.35 581.9 16.57 
aco-13-08 4 0.05897 0.00089 0.09001 0.00104 0.73165 0.01123 0.02773 0.00119 100 565.9 32.45 555.6 6.17 557.5 6.58 552.8 23.44 
aco-13-08 5 0.05927 0.00129 0.09043 0.00142 0.73859 0.01723 0.02627 0.0017 99 577.2 46.78 558.1 8.38 561.6 10.06 524.1 33.47 
aco-13-08 6 0.05989 0.00094 0.09426 0.00128 0.77841 0.01348 0.02953 0.00143 99 599.6 33.54 580.7 7.56 584.6 7.7 588.3 28.04 
aco-13-08 7 0.05851 0.00167 0.09051 0.00151 0.72972 0.02127 0.0268 0.00193 100 548.8 61.29 558.6 8.94 556.4 12.48 534.5 37.98 
aco-13-08 8 0.06783 0.00096 0.09984 0.00127 0.93358 0.01443 0.03339 0.00118 92 863.4 29.04 613.5 7.43 669.5 7.58 663.9 23.06 
aco-13-08 9 0.05833 0.00084 0.08972 0.00118 0.72153 0.0116 0.02677 0.00112 100 541.5 31.84 553.9 6.98 551.6 6.84 534 22.06 
aco-13-08 10 0.05896 0.00098 0.09124 0.0011 0.74132 0.01263 0.02835 0.00141 100 565.5 35.82 562.9 6.5 563.2 7.36 565 27.75 
aco-13-08 11 0.0599 0.0017 0.10172 0.00154 0.84017 0.02452 0.03273 0.00333 101 600.1 60.34 624.5 9 619.2 13.53 650.9 65.17 
aco-13-08 12 0.05911 0.00098 0.09122 0.00133 0.74346 0.01388 0.02744 0.00123 100 571.2 35.56 562.8 7.87 564.4 8.08 547.1 24.14 
aco-13-08 13 0.05971 0.00098 0.09026 0.00125 0.74302 0.01333 0.02737 0.00088 99 593.3 34.82 557.1 7.39 564.2 7.76 545.8 17.27 
aco-13-08 14 0.05941 0.00111 0.09409 0.00124 0.76987 0.01478 0.02853 0.00151 100 582.1 39.96 579.7 7.31 579.7 8.48 568.5 29.75 
aco-13-08 15 0.06671 0.00103 0.0914 0.00113 0.84016 0.01363 0.02914 0.00137 91 828.7 31.89 563.8 6.67 619.2 7.52 580.6 27 
aco-13-08 16 0.05784 0.00112 0.09188 0.0014 0.73257 0.01544 0.02833 0.00155 102 523.3 41.98 566.7 8.28 558.1 9.05 564.7 30.5 
aco-13-08 17 0.05828 0.00103 0.09139 0.00124 0.73429 0.01378 0.02818 0.00105 101 539.7 38.85 563.7 7.35 559.1 8.07 561.7 20.74 
aco-13-08 18 0.05853 0.00084 0.09175 0.00116 0.74037 0.01156 0.02774 0.00117 101 549.7 30.96 565.9 6.87 562.6 6.74 553.1 22.99 
aco-13-08 19 0.0673 0.00103 0.08818 0.00112 0.81818 0.01332 0.03012 0.00145 90 847.1 31.42 544.8 6.62 607 7.44 599.9 28.47 
aco-13-08 20 0.05794 0.0011 0.09224 0.00137 0.73695 0.0152 0.02838 0.00165 101 527.2 41.42 568.8 8.09 560.6 8.88 565.6 32.5 
aco-13-08 21 0.0594 0.00081 0.09009 0.00121 0.73802 0.01158 0.029 0.00104 99 581.9 29.5 556.1 7.14 561.2 6.77 577.8 20.44 
aco-13-08 22 0.06024 0.00098 0.09063 0.0013 0.75282 0.01373 0.02916 0.00138 98 612.4 34.77 559.3 7.7 569.9 7.95 581 27.16 
aco-13-08 23 0.05938 0.00471 0.09047 0.00261 0.74101 0.05533 0.02723 0.00839 99 580.9 163.51 558.3 15.46 563 32.27 543.1 165.14 
aco-13-08 24 0.0617 0.00102 0.08978 0.00123 0.76387 0.01362 0.02988 0.0013 96 663.8 34.94 554.2 7.26 576.2 7.84 595.1 25.58 
aco-13-08 25 0.06009 0.00105 0.08991 0.00129 0.74479 0.01416 0.02906 0.00152 98 606.8 37.22 555 7.63 565.2 8.24 579 29.78 
aco-13-08 26 0.05772 0.0011 0.08992 0.00123 0.71577 0.01421 0.02752 0.00122 101 518.9 41.62 555.1 7.28 548.2 8.41 548.8 24.07 
aco-13-08 27 0.06425 0.00097 0.09058 0.00125 0.80243 0.01357 0.02816 0.00129 93 749.9 31.43 558.9 7.41 598.2 7.64 561.4 25.45 
aco-13-08 28 0.06023 0.00093 0.09054 0.00113 0.75183 0.01213 0.02823 0.00121 98 611.7 32.92 558.7 6.67 569.3 7.03 562.6 23.88 
aco-13-08 29 0.07299 0.02103 0.08119 0.00705 0.82574 0.228 -0.198 0.09216 82 1013.8 494.87 503.2 42.03 611.2 126.8 ****** 2322.76 
aco-13-08 30 0.0582 0.00085 0.09029 0.00115 0.72461 0.01147 0.02844 0.00125 101 536.6 32.39 557.3 6.8 553.4 6.75 566.8 24.61 
aco-13-08 31 0.06024 0.01348 0.08982 0.00659 0.74365 0.15102 0.03717 0.00661 98 612.1 421.5 554.5 39 564.5 87.94 737.6 128.86 
aco-13-08 32 0.0581 0.001 0.09118 0.00124 0.73056 0.01338 0.02784 0.00152 101 533 37.86 562.5 7.31 556.9 7.85 554.9 29.95 
aco-13-08 33 0.05942 0.00093 0.08551 0.00114 0.70064 0.0119 0.02745 0.00135 98 582.5 33.77 529 6.75 539.2 7.1 547.3 26.49 
aco-13-08 34 0.0681 0.00291 0.07868 0.00139 0.73857 0.02983 0.02777 0.00512 87 871.5 86 488.3 8.33 561.6 17.42 553.6 100.77 
aco-13-08 35 0.05999 0.00087 0.09433 0.00118 0.78022 0.01216 0.02812 0.00078 99 603.2 31.16 581.1 6.93 585.6 6.93 560.6 15.42 
aco-13-08 36 0.06005 0.00089 0.09047 0.00119 0.74914 0.01224 0.02791 0.00104 98 605.5 31.77 558.3 7.04 567.7 7.11 556.4 20.51 
aco-13-08 37 0.05998 0.00091 0.08978 0.00123 0.74243 0.01256 0.02749 0.00106 98 602.7 32.34 554.3 7.26 563.8 7.32 548.2 20.81 
aco-13-08 38 0.05954 0.00096 0.09045 0.00125 0.74249 0.01325 0.02916 0.0013 99 586.9 34.7 558.2 7.4 563.9 7.72 581 25.45 
aco-13-08 39 0.0598 0.00081 0.09709 0.00121 0.8005 0.01182 0.03048 0.00102 100 596.4 28.93 597.3 7.08 597.1 6.66 606.8 20.07 
aco-13-08 40 0.05969 0.00098 0.09014 0.00124 0.74177 0.01334 0.0282 0.0013 99 592.8 34.66 556.4 7.34 563.4 7.78 562.2 25.53 
aco-13-08 41 0.05889 0.00103 0.09067 0.00115 0.73621 0.01324 0.03017 0.00159 100 562.9 37.72 559.5 6.8 560.2 7.74 600.8 31.15 
aco-13-08 42 0.06145 0.00119 0.09044 0.0013 0.76617 0.0158 0.02853 0.0017 97 654.9 41.04 558.1 7.68 577.6 9.08 568.5 33.45 
aco-13-08 43 0.0595 0.00083 0.09681 0.00122 0.79413 0.01212 0.03067 0.0012 100 585.4 30.02 595.7 7.17 593.5 6.86 610.7 23.59 
aco-12-16 74 0.13247 0.00222 0.38893 0.00603 7.10239 0.13329 0.10607 0.00444 99 2130.9 29.1 2117.8 27.99 2124.3 16.7 2037.7 81.09 
aco-12-16 75 0.092 0.00125 0.24641 0.00354 3.12491 0.05051 0.07174 0.00274 97 1467.2 25.69 1419.9 18.31 1438.8 12.43 1400.3 51.61 
aco-12-16 76 0.18551 0.00269 0.31273 0.00464 7.99777 0.13763 0.09063 0.00453 65 2702.8 23.75 1754.1 22.81 2230.8 15.53 1753.6 84.03 
aco-12-16 77 0.1059 0.00151 0.25585 0.00372 3.73502 0.06225 0.10853 0.0046 85 1730 25.93 1468.6 19.11 1578.9 13.35 2082.6 83.93 
aco-12-16 78 0.05574 0.00121 0.06867 0.00108 0.52777 0.01227 0.02025 0.00087 100 441.6 47.35 428.2 6.54 430.3 8.16 405.2 17.22 
aco-12-16 79 0.10712 0.00163 0.31987 0.00485 4.72472 0.08477 0.08942 0.00397 102 1751 27.52 1789.1 23.7 1771.6 15.03 1731.1 73.62 
aco-12-16 80 0.05861 0.0012 0.07155 0.00114 0.57814 0.01289 0.02102 0.00111 96 552.7 43.98 445.5 6.84 463.3 8.3 420.4 22.05 
aco-12-16 81 0.05557 0.00095 0.06812 0.00099 0.52191 0.00994 0.02148 0.00082 100 434.9 37.26 424.8 5.96 426.4 6.63 429.6 16.28 
aco-12-16 82 0.07621 0.00124 0.18372 0.00263 1.93037 0.03501 0.05584 0.00257 99 1100.6 32.22 1087.3 14.31 1091.7 12.13 1098.3 49.21 
aco-12-16 83 0.05666 0.00133 0.06688 0.001 0.5224 0.0127 0.02063 0.00102 98 477.6 51.43 417.3 6.06 426.8 8.47 412.7 20.28 
aco-12-16 84 0.0558 0.00151 0.06717 0.00105 0.51674 0.01418 0.0223 0.00142 99 444.1 59.1 419.1 6.35 423 9.49 445.7 28.11 
aco-12-16 85 0.05838 0.00193 0.06754 0.00111 0.5435 0.01772 0.02197 0.00165 96 543.9 70.76 421.3 6.72 440.7 11.66 439.3 32.54 
aco-12-16 86 0.08723 0.00158 0.22968 0.00335 2.76224 0.05419 0.06889 0.00362 98 1365.7 34.35 1332.8 17.59 1345.4 14.62 1346.6 68.42 
aco-12-16 87 0.09891 0.00179 0.28311 0.00421 3.86055 0.07658 0.08698 0.00496 100 1603.6 33.3 1607 21.14 1605.5 16 1685.7 92.15 

Sample No. 
Analysis_
# Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 Concordancy Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 

ACO-12-
14B 32 0.06064 0.00138 0.07248 0.00087 0.60594 0.01314 0.02354 0.00087 94 626.6 48.16 451.1 5.25 481 8.31 470.3 17.16 
ACO-12-
14B 27 0.05858 0.00146 0.07257 0.00089 0.5861 0.01391 0.02516 0.00097 96 551.5 53.42 451.6 5.38 468.4 8.9 502.2 19.22 
ACO-12-
14B 2 0.06007 0.00136 0.07289 0.00087 0.60359 0.01307 0.02337 0.00068 95 605.9 48.19 453.6 5.25 479.5 8.28 467 13.35 
ACO-12-
14B 28 0.05551 0.00137 0.07384 0.0009 0.56508 0.01328 0.02311 0.00086 101 432.4 53.55 459.3 5.39 454.8 8.62 461.8 17.08 
ACO-12-
14B 31 0.06354 0.00126 0.07394 0.00088 0.64774 0.01247 0.02617 0.00083 91 726.4 41.48 459.8 5.27 507.1 7.68 522.1 16.28 
ACO-12-
14B 48 0.05631 0.0016 0.07412 0.00099 0.57523 0.01567 0.02275 0.00084 100 463.8 62.17 460.9 5.96 461.4 10.1 454.7 16.55 
ACO-12-
14B 50 0.05987 0.00115 0.07458 0.00095 0.61545 0.01189 0.02376 0.00089 95 598.8 41.02 463.7 5.71 487 7.47 474.6 17.66 
ACO-12-
14B 45 0.05622 0.00098 0.07474 0.00088 0.57923 0.01003 0.02196 0.00056 100 460.3 38.46 464.7 5.27 464 6.45 439.1 11 
ACO-12-
14B 62 0.07515 0.00136 0.07501 0.00094 0.77704 0.01404 0.02587 0.00071 80 1072.6 36 466.3 5.62 583.8 8.02 516.3 13.94 
ACO-12-
14B 52 0.05936 0.00113 0.07506 0.0009 0.6142 0.01145 0.02331 0.00074 96 580.4 40.68 466.6 5.41 486.2 7.2 465.8 14.63 
ACO-12-
14B 42 0.08149 0.00154 0.07549 0.00097 0.84783 0.01582 0.02186 0.00054 75 1233.2 36.54 469.1 5.83 623.5 8.69 437.1 10.62 
ACO-12-
14B 10 0.0735 0.00145 0.07556 0.00092 0.7656 0.01462 0.03107 0.00095 81 1027.7 39.37 469.6 5.49 577.2 8.41 618.4 18.64 
ACO-12-
14B 29 0.05903 0.00088 0.07594 0.00085 0.6181 0.00922 0.02398 0.00062 97 568.3 32.12 471.9 5.11 488.7 5.78 478.9 12.27 
ACO-12-
14B 1 0.0597 0.00105 0.07597 0.00082 0.62522 0.01048 0.0251 0.00076 96 593.1 37.24 472 4.89 493.1 6.55 501 14.92 
ACO-12-
14B 7 0.06272 0.00155 0.07643 0.00097 0.66081 0.01574 0.02474 0.00078 92 698.7 51.83 474.7 5.81 515.1 9.62 493.9 15.31 
ACO-12-
14B 24 0.05602 0.00095 0.07642 0.00088 0.59025 0.00997 0.02248 0.00054 101 452.7 37.09 474.7 5.29 471 6.36 449.3 10.58 
ACO-12-
14B 26 0.07812 0.00148 0.07649 0.00094 0.82392 0.0152 0.02524 0.00063 78 1150 37.13 475.1 5.63 610.2 8.46 503.8 12.47 
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ACO-12-
14B 36 0.05653 0.00104 0.07667 0.00099 0.5976 0.01126 0.02214 0.00104 100 472.6 40.63 476.2 5.93 475.7 7.16 442.5 20.48 
ACO-12-
14B 55 0.06004 0.00145 0.07695 0.00105 0.63682 0.01514 0.02302 0.00096 96 604.9 51.42 477.9 6.27 500.3 9.39 460.1 19.05 
ACO-12-
14B 63 0.06638 0.00184 0.07695 0.00105 0.70399 0.01865 0.0251 0.00089 88 818.3 57.01 477.9 6.27 541.2 11.11 501 17.52 
ACO-12-
14B 33 0.05851 0.00148 0.07706 0.00098 0.62154 0.01511 0.02625 0.00098 97 548.8 54.44 478.5 5.85 490.8 9.46 523.7 19.3 
ACO-12-
14B 14 0.06085 0.00199 0.07712 0.0011 0.6469 0.02014 0.02453 0.0011 95 633.8 68.89 478.9 6.58 506.6 12.41 489.8 21.64 
ACO-12-
14B 46 0.05885 0.0014 0.07716 0.00099 0.6259 0.01442 0.02451 0.00078 97 561.7 51.02 479.2 5.9 493.5 9.01 489.5 15.42 
ACO-12-
14B 11 0.05396 0.00194 0.07729 0.00113 0.57507 0.0198 0.02474 0.00105 104 369.4 78.96 479.9 6.74 461.3 12.77 493.9 20.67 
ACO-12-
14B 34 0.05922 0.00173 0.07734 0.00105 0.63138 0.01763 0.02499 0.00108 97 575.2 62.32 480.2 6.26 497 10.97 498.9 21.29 
ACO-12-
14B 65 0.06114 0.00147 0.07752 0.00104 0.65319 0.01537 0.02311 0.00076 94 644 50.77 481.3 6.24 510.4 9.44 461.8 15.04 
ACO-12-
14B 37 0.06832 0.00144 0.07762 0.00098 0.73112 0.01503 0.02604 0.00089 86 878.2 43.11 481.9 5.84 557.2 8.82 519.5 17.6 
ACO-12-
14B 19 0.06129 0.00219 0.07766 0.00127 0.65625 0.02271 0.0259 0.00137 94 649.5 74.94 482.1 7.58 512.3 13.92 516.9 27.03 
ACO-12-
14B 5 0.05587 0.00111 0.07795 0.00089 0.6004 0.01151 0.02511 0.00073 101 447 43.31 483.9 5.33 477.5 7.3 501.2 14.33 
ACO-12-
14B 21 0.05671 0.00096 0.07797 0.00088 0.60969 0.0101 0.02424 0.0007 100 479.7 37.29 484 5.25 483.4 6.37 484.1 13.86 
ACO-12-
14B 39 0.05532 0.0016 0.07811 0.00103 0.59558 0.01651 0.02386 0.00117 102 425.1 62.72 484.8 6.19 474.4 10.51 476.5 23.05 
ACO-12-
14B 25 0.12147 0.00223 0.07827 0.00099 1.3108 0.02304 0.04675 0.00116 57 1977.9 32.28 485.8 5.9 850.5 10.12 923.5 22.47 
ACO-12-
14B 58 0.10603 0.0018 0.07839 0.00096 1.14599 0.01907 0.03377 0.00108 63 1732.3 30.84 486.5 5.74 775.3 9.02 671.3 21.03 
ACO-12-
14B 47 0.05664 0.00166 0.07848 0.00106 0.61243 0.01717 0.0241 0.0009 100 476.7 63.62 487 6.32 485.1 10.81 481.3 17.77 
ACO-12-
14B 40 0.06154 0.00142 0.07848 0.00106 0.66591 0.01514 0.01872 0.00068 94 658.2 48.71 487.1 6.35 518.2 9.23 374.8 13.57 
ACO-12-
14B 30 0.05748 0.00122 0.07852 0.00097 0.62227 0.01294 0.02353 0.00066 99 509.6 46.45 487.3 5.78 491.3 8.1 470 13.03 
ACO-12-
14B 13 0.0585 0.00172 0.07856 0.00108 0.63357 0.01791 0.0228 0.00088 98 548.5 63.07 487.5 6.44 498.3 11.13 455.6 17.38 
ACO-12-
14B 76 0.05908 0.00115 0.07879 0.00097 0.64149 0.01236 0.02317 0.00074 97 569.9 41.71 488.9 5.82 503.2 7.65 463 14.68 
ACO-12-
14B 66 0.07312 0.00131 0.07887 0.00097 0.79486 0.01412 0.02379 0.00058 82 1017.3 35.92 489.4 5.79 593.9 7.99 475.2 11.44 
ACO-12-
14B 15 0.07432 0.00161 0.07901 0.001 0.80951 0.01694 0.03033 0.00101 81 1050.1 43.1 490.2 5.96 602.2 9.51 604 19.88 
ACO-12-
14B 59 0.07127 0.00205 0.07907 0.00122 0.77666 0.02179 0.01851 0.00082 84 965.2 57.71 490.6 7.28 583.6 12.45 370.6 16.18 
ACO-12-
14B 77 0.05977 0.00148 0.07936 0.00106 0.65383 0.01575 0.02346 0.00086 96 594.9 53.05 492.3 6.33 510.8 9.67 468.7 17.06 
ACO-12-
14B 78 0.05966 0.00108 0.07944 0.00095 0.65327 0.0117 0.02548 0.00093 97 591.3 38.63 492.8 5.66 510.5 7.19 508.5 18.4 
ACO-12-
14B 51 0.06865 0.00157 0.07947 0.00104 0.75215 0.01674 0.02341 0.00071 87 888.2 46.68 493 6.23 569.5 9.7 467.7 14.11 
ACO-12- 74 0.05668 0.00111 0.0795 0.00101 0.62108 0.01222 0.02169 0.00072 101 478.4 43.23 493.1 6.04 490.5 7.65 433.8 14.19 
14B 
ACO-12-
14B 54 0.05641 0.0012 0.07961 0.00096 0.61896 0.01279 0.0254 0.00089 101 467.9 47 493.8 5.73 489.2 8.02 507 17.54 
ACO-12-
14B 17 0.0565 0.00158 0.0797 0.00102 0.62085 0.01653 0.02445 0.00122 101 471.5 60.94 494.3 6.11 490.4 10.35 488.2 24.07 
ACO-12-
14B 75 0.05798 0.00146 0.08 0.0011 0.63931 0.01584 0.023 0.00087 99 528.7 54.64 496.1 6.59 501.9 9.81 459.5 17.12 
ACO-12-
14B 12 0.05695 0.00146 0.08026 0.00099 0.63018 0.01537 0.02458 0.001 100 488.9 56.03 497.7 5.93 496.2 9.57 490.9 19.76 
ACO-12-
14B 80 0.06026 0.00139 0.08045 0.00105 0.66819 0.01512 0.0272 0.00118 96 612.8 49.19 498.8 6.24 519.6 9.2 542.5 23.2 
ACO-12-
14B 38 0.05821 0.0013 0.08072 0.00097 0.64775 0.01384 0.02639 0.00115 99 537.3 48.57 500.4 5.76 507.1 8.53 526.6 22.7 
ACO-12-
14B 79 0.06913 0.00177 0.08097 0.00118 0.77146 0.01939 0.02447 0.00102 86 902.6 51.91 501.9 7.01 580.6 11.11 488.6 20.2 
ACO-12-
14B 67 0.05803 0.00168 0.08101 0.00119 0.64798 0.01834 0.02281 0.00082 99 530.6 62.86 502.2 7.1 507.2 11.3 455.9 16.23 
ACO-12-
14B 4 0.05774 0.00122 0.08109 0.00094 0.64549 0.01308 0.02657 0.00077 99 519.6 45.92 502.6 5.6 505.7 8.07 530.1 15.13 
ACO-12-
14B 70 0.05777 0.0015 0.08114 0.00109 0.64602 0.01635 0.02607 0.00089 99 520.7 56.34 502.9 6.48 506 10.09 520.2 17.56 
ACO-12-
14B 56 0.08857 0.00162 0.08119 0.00101 0.99148 0.01772 0.03373 0.00107 72 1394.9 34.58 503.2 6 699.5 9.03 670.5 20.9 
ACO-12-
14B 69 0.05912 0.00117 0.08155 0.00101 0.66458 0.01305 0.02435 0.00069 98 571.7 42.63 505.4 6.02 517.4 7.96 486.2 13.55 
ACO-12-
14B 68 0.06162 0.00151 0.0821 0.00106 0.6972 0.0165 0.0264 0.00089 95 660.9 51.69 508.7 6.29 537.1 9.87 526.6 17.49 
ACO-12-
14B 43 0.05758 0.00081 0.0825 0.00093 0.65477 0.00935 0.02563 0.00056 100 513.3 30.95 511 5.54 511.4 5.74 511.5 10.95 
ACO-12-
14B 61 0.08475 0.00201 0.08323 0.00116 0.97233 0.02226 0.03259 0.00094 75 1309.8 45.45 515.4 6.89 689.7 11.46 648.2 18.39 
ACO-12-
14B 71 0.05772 0.00114 0.08392 0.001 0.66755 0.01285 0.02894 0.00097 100 518.8 42.94 519.5 5.94 519.2 7.82 576.6 19.14 
ACO-12-
14B 9 0.05567 0.00128 0.08485 0.00104 0.65118 0.01448 0.02659 0.00082 103 438.9 49.91 525 6.2 509.2 8.9 530.3 16.08 
ACO-12-
14B 73 0.05791 0.00089 0.08494 0.00099 0.67803 0.01059 0.02557 0.00073 100 526.1 33.66 525.6 5.9 525.6 6.41 510.3 14.4 
ACO-12-
14B 20 0.0953 0.00216 0.08617 0.00118 1.13216 0.02481 0.04175 0.00186 69 1534.1 42.01 532.9 7.01 768.8 11.81 826.8 36.17 
ACO-12-
14B 35 0.05798 0.00134 0.08849 0.00108 0.70738 0.01572 0.02944 0.00113 101 528.8 50.23 546.6 6.42 543.2 9.35 586.5 22.12 
ACO-12-
14B 8 0.05935 0.00115 0.08871 0.00099 0.72589 0.01344 0.03025 0.00103 99 579.9 41.67 547.9 5.84 554.1 7.91 602.4 20.16 
ACO-12-
14B 60 0.05919 0.00106 0.09534 0.00112 0.77785 0.01376 0.02607 0.00097 100 574 38.63 587.1 6.61 584.3 7.86 520.1 19.02 
ACO-12-
14B 16 0.09665 0.00158 0.10385 0.00122 1.38386 0.02219 0.0284 0.00093 72 1560.5 30.4 636.9 7.12 882.1 9.45 566.1 18.18 
ACO-12-
14B 23 0.11093 0.00174 0.12013 0.00144 1.83743 0.02849 0.05105 0.00129 40 1814.6 28.18 731.3 8.3 1058.9 10.2 1006.5 24.86 
ACO-12-
14B 53 0.073 0.0018 0.17113 0.00238 1.72206 0.04122 0.04971 0.00177 100 1014 49.05 1018.3 13.09 1016.8 15.38 980.6 34.16 
ACO-12-
14B 41 0.07811 0.0016 0.17616 0.00207 1.89534 0.0367 0.05181 0.00235 91 1149.6 40.25 1046 11.35 1079.5 12.87 1020.9 45.21 
ACO-12-
14B 6 0.07387 0.00097 0.18344 0.00199 1.86803 0.02447 0.05584 0.00135 105 1037.9 26.2 1085.7 10.81 1069.8 8.66 1098.3 25.83 
ACO-12-
14B 57 0.07716 0.00154 0.1909 0.00244 2.03085 0.03969 0.05178 0.00167 100 1125.3 39.23 1126.3 13.23 1125.9 13.3 1020.3 32.02 
ACO-12-
14B 72 0.08042 0.00256 0.20158 0.00318 2.23423 0.06775 0.06383 0.00277 98 1207.3 61.52 1183.8 17.06 1191.8 21.27 1250.7 52.63 
ACO-12-
14B 49 0.08367 0.00125 0.21586 0.00261 2.48948 0.03838 0.06497 0.00204 98 1284.7 28.96 1259.9 13.83 1269 11.17 1272.3 38.62 
ACO-12-
14B 3 0.09257 0.00164 0.23222 0.00261 2.96392 0.04932 0.06374 0.00239 91 1479.1 33.25 1346.1 13.67 1398.4 12.63 1249 45.36 
ACO-12-
14B 64 0.09048 0.00274 0.24138 0.00386 3.00966 0.08662 0.07136 0.00305 97 1435.5 56.81 1393.9 20.04 1410.1 21.94 1393.3 57.63 
ACO-12-
14B 22 0.60293 0.0072 0.24169 0.00276 20.092 0.24037 0.47985 0.01025 31 4515.1 17.23 1395.5 14.32 3095.8 11.57 7922 140 
ACO-12-
14B 18 0.10016 0.00167 0.28235 0.00312 3.89889 0.06186 0.08607 0.00387 99 1627 30.66 1603.2 15.69 1613.5 12.82 1668.8 72.04 
ACO-12-
14B 44 0.10584 0.00151 0.30315 0.00335 4.42184 0.06123 0.09312 0.00262 99 1728.9 25.89 1706.9 16.56 1716.4 11.47 1799.7 48.49 
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aco-13-08 44 0.0615 0.00096 0.09004 0.00115 0.76352 0.01269 0.03005 0.00139 96 656.7 33.09 555.8 6.82 576 7.31 598.5 27.35 
aco-13-08 45 0.06069 0.00123 0.09088 0.00132 0.76055 0.01625 0.02968 0.00194 98 628.3 43.04 560.7 7.77 574.3 9.37 591.1 38.02 

Sample no 
Analysis_
# Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 Concordancy Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 

aco-13-13 1 0.05616 0.00156 0.0767 0.00111 0.5936 0.01629 0.02371 0.00088 101 458.3 60.61 476.4 6.63 473.2 10.38 473.7 17.28 
aco-13-13 2 0.10828 0.00142 0.30564 0.00388 4.5612 0.06662 0.0861 0.00254 97 1770.7 23.8 1719.2 19.18 1742.2 12.16 1669.5 47.32 
aco-13-13 3 0.05796 0.00095 0.07511 0.00093 0.59959 0.01012 0.02372 0.00084 98 527.8 35.9 466.9 5.56 477 6.43 473.8 16.55 
aco-13-13 4 0.05857 0.00118 0.07506 0.00098 0.60591 0.01237 0.02311 0.00074 97 551.1 43.31 466.6 5.88 481 7.82 461.8 14.68 
aco-13-13 5 0.05978 0.00095 0.07455 0.00094 0.61414 0.01021 0.02243 0.00067 95 595.2 34.5 463.5 5.62 486.2 6.43 448.3 13.2 
aco-13-13 6 0.05526 0.00161 0.07197 0.00104 0.54806 0.0157 0.02476 0.00102 101 422.6 63.15 448 6.27 443.7 10.3 494.4 20.21 
aco-13-13 7 0.0628 0.00161 0.07387 0.00106 0.63937 0.01619 0.02449 0.00095 92 701.6 53.61 459.5 6.35 501.9 10.03 489.1 18.71 
aco-13-13 8 0.06278 0.00192 0.07708 0.00116 0.66679 0.02002 0.02563 0.00116 92 700.7 63.88 478.7 6.91 518.8 12.19 511.6 22.85 
aco-13-13 9 0.06158 0.00098 0.07397 0.00093 0.62767 0.01049 0.02366 0.00076 93 659.5 33.8 460 5.57 494.6 6.55 472.6 15.08 
aco-13-13 10 0.23797 0.00607 0.10126 0.00141 3.32479 0.08193 0.07538 0.00709 42 3106.4 40.03 621.8 8.26 1486.9 19.24 1468.9 133.26 
aco-13-13 11 0.05701 0.00119 0.07628 0.00104 0.59902 0.01276 0.02216 0.00088 99 491.4 45.4 473.9 6.21 476.6 8.1 443 17.44 
aco-13-13 12 0.06033 0.00206 0.07872 0.00123 0.65432 0.02191 0.02446 0.00124 96 615.3 72.11 488.5 7.33 511.1 13.45 488.3 24.47 
aco-13-13 13 0.06419 0.00188 0.07749 0.0012 0.68542 0.01986 0.02646 0.00138 91 748 60.68 481.1 7.21 530 11.96 527.8 27.17 
aco-13-13 14 0.05763 0.0011 0.07513 0.00102 0.59637 0.01182 0.02385 0.00113 98 515.5 41.6 467 6.11 474.9 7.52 476.3 22.27 
aco-13-13 15 0.0612 0.00242 0.07663 0.00133 0.64618 0.02484 0.02396 0.00142 94 646.3 82.87 476 7.98 506.1 15.32 478.6 28.01 
aco-13-13 16 0.0565 0.00094 0.072 0.00092 0.56047 0.00975 0.02159 0.00064 99 471.2 36.6 448.2 5.53 451.8 6.35 431.8 12.6 
aco-13-13 17 0.0625 0.00163 0.07614 0.00112 0.65557 0.01695 0.02336 0.0009 92 691.1 54.59 473.1 6.71 511.9 10.39 466.8 17.78 
aco-13-13 18 0.05997 0.00248 0.07462 0.00129 0.61662 0.0248 0.0199 0.00104 95 602.4 87.02 463.9 7.71 487.7 15.58 398.3 20.59 
aco-13-13 19 0.05688 0.00078 0.07658 0.00093 0.60016 0.00882 0.02265 0.00072 100 486.1 30.34 475.7 5.54 477.3 5.6 452.6 14.16 
aco-13-13 20 0.05894 0.00149 0.07633 0.00106 0.61995 0.01568 0.02276 0.00082 97 564.8 54.18 474.2 6.34 489.8 9.83 454.9 16.12 
aco-13-13 21 0.05711 0.00158 0.07805 0.00111 0.61435 0.01683 0.02369 0.00091 100 495.2 60.35 484.4 6.65 486.3 10.59 473.3 18.02 
aco-13-13 22 0.05935 0.00145 0.0792 0.00113 0.64764 0.01584 0.02202 0.00088 97 579.8 52.26 491.3 6.73 507 9.76 440.2 17.34 
aco-13-13 23 0.06042 0.00185 0.07845 0.00123 0.6533 0.01975 0.02025 0.00104 95 618.6 64.82 486.9 7.35 510.5 12.13 405.2 20.57 
aco-13-13 24 0.06464 0.00127 0.07939 0.00096 0.70773 0.01356 0.02307 0.00141 91 762.7 40.77 492.5 5.74 543.4 8.06 461.1 27.77 
aco-13-13 25 0.06101 0.00181 0.07775 0.00124 0.65399 0.01925 0.02286 0.0012 94 639.6 62.6 482.7 7.39 510.9 11.82 456.8 23.79 
aco-13-13 26 0.05777 0.00259 0.07869 0.00152 0.62679 0.02736 0.02496 0.00181 99 520.7 95.84 488.3 9.11 494.1 17.07 498.2 35.69 
aco-13-13 27 0.07998 0.00135 0.19286 0.00259 2.12608 0.03806 0.05567 0.00245 95 1196.4 33.04 1136.9 13.98 1157.3 12.36 1095.1 46.82 
aco-13-13 28 0.05873 0.00146 0.07381 0.00102 0.59752 0.0147 0.02228 0.00105 97 556.9 53.26 459.1 6.14 475.7 9.35 445.3 20.75 
aco-13-13 29 0.06315 0.00152 0.07712 0.00114 0.67144 0.01629 0.02598 0.0015 92 713.4 50.22 478.9 6.8 521.6 9.9 518.5 29.59 
aco-13-13 30 0.05713 0.00108 0.07727 0.00099 0.6085 0.01166 0.02405 0.00109 99 495.8 41.06 479.8 5.91 482.6 7.36 480.3 21.43 
aco-13-13 31 0.05867 0.00231 0.07271 0.00121 0.588 0.0226 0.02346 0.00113 96 554.8 83.63 452.5 7.26 469.6 14.45 468.7 22.32 
aco-13-13 32 0.05604 0.00089 0.07299 0.00089 0.56365 0.00929 0.02191 0.00066 100 453.6 34.59 454.1 5.35 453.9 6.03 438.1 12.99 
aco-13-13 33 0.06411 0.00139 0.07837 0.00102 0.69243 0.01497 0.02879 0.00102 91 745.2 45.26 486.4 6.11 534.3 8.98 573.6 19.98 
aco-13-13 34 0.05741 0.00155 0.07465 0.00107 0.5907 0.01586 0.02393 0.00098 98 506.9 58.77 464.1 6.44 471.3 10.12 477.9 19.32 
aco-13-13 35 0.05886 0.0024 0.08796 0.00153 0.7136 0.02816 0.03417 0.00226 99 561.8 86.44 543.5 9.07 546.9 16.69 679.1 44.15 
aco-13-13 36 0.05751 0.00144 0.07751 0.00102 0.61445 0.015 0.02312 0.00103 99 510.6 54.45 481.3 6.11 486.4 9.44 461.9 20.29 
aco-13-13 37 0.05731 0.00127 0.08055 0.00117 0.63646 0.0146 0.02609 0.00141 100 503.1 48.68 499.4 6.95 500.1 9.06 520.5 27.68 
aco-13-13 38 0.06659 0.00343 0.07452 0.00156 0.68415 0.03409 0.02705 0.0019 88 825 103.92 463.3 9.37 529.3 20.55 539.4 37.4 
aco-13-13 39 0.05629 0.00125 0.08054 0.00109 0.62484 0.01401 0.02543 0.00114 101 462.9 48.94 499.3 6.51 492.9 8.75 507.6 22.39 
aco-13-13 41 0.05847 0.00121 0.07889 0.00109 0.63576 0.01359 0.02586 0.00132 98 547.3 44.73 489.5 6.53 499.7 8.44 516.1 26.08 
aco-13-13 42 0.05778 0.00249 0.0792 0.00138 0.63078 0.02658 0.02512 0.00148 99 521.3 92.14 491.4 8.27 496.6 16.55 501.4 29.25 
aco-13-13 43 0.06027 0.0015 0.07947 0.00105 0.66021 0.01604 0.02551 0.00171 96 613.1 52.91 493 6.3 514.7 9.81 509.1 33.77 
aco-13-13 44 0.06029 0.00262 0.0849 0.00144 0.70556 0.02956 0.03135 0.00238 97 614 91.22 525.3 8.56 542.1 17.6 623.9 46.71 
aco-13-13 45 0.05649 0.00242 0.07977 0.00142 0.62115 0.02592 0.02572 0.00193 101 470.8 92.88 494.8 8.5 490.6 16.23 513.2 37.98 
aco-13-13 46 0.05807 0.0022 0.07793 0.00133 0.62378 0.02314 0.02644 0.00128 98 531.9 81.23 483.7 7.97 492.2 14.47 527.4 25.29 
aco-13-13 47 0.08393 0.00155 0.07716 0.00107 0.89272 0.01719 0.03567 0.00135 74 1290.7 35.54 479.2 6.41 647.8 9.22 708.5 26.42 
aco-13-13 48 0.05807 0.00101 0.07591 0.001 0.60771 0.01115 0.02411 0.00079 98 532 38.24 471.7 5.98 482.1 7.04 481.6 15.52 
aco-13-13 49 0.0575 0.00183 0.07379 0.00119 0.58495 0.01841 0.02675 0.00159 98 510.5 68.95 459 7.13 467.6 11.8 533.6 31.31 
aco-13-13 50 0.05709 0.00123 0.07587 0.00108 0.59707 0.01329 0.02673 0.00115 99 494.4 46.74 471.4 6.48 475.4 8.45 533.1 22.66 
aco-13-13 51 0.06462 0.00114 0.07399 0.00094 0.6589 0.0119 0.0241 0.00091 90 762.1 36.72 460.1 5.66 513.9 7.29 481.3 17.91 
aco-13-13 52 0.05617 0.00198 0.07507 0.00118 0.58124 0.0201 0.02446 0.0013 100 458.6 76.15 466.7 7.08 465.3 12.91 488.4 25.71 
aco-13-13 53 0.05814 0.00122 0.07366 0.00098 0.59015 0.0125 0.02317 0.00103 97 534.7 45.87 458.2 5.88 471 7.98 462.9 20.44 
aco-13-13 54 0.08116 0.00207 0.07869 0.00124 0.8802 0.02263 0.03112 0.00196 76 1225.4 49.18 488.3 7.38 641.1 12.22 619.5 38.42 
aco-13-13 55 0.3757 0.05802 0.14673 0.01498 7.59325 0.95024 0.06471 0.00973 40 3814.6 215.74 882.6 84.21 2184.1 112.28 1267.4 184.77 
aco-13-13 56 0.05716 0.00104 0.07554 0.001 0.59516 0.01131 0.02403 0.00096 99 497.3 39.72 469.4 5.97 474.2 7.2 480 18.96 
aco-13-13 57 0.0587 0.00179 0.07471 0.00119 0.60459 0.01832 0.02626 0.00161 97 556 65.1 464.5 7.16 480.1 11.59 524 31.74 
aco-13-13 58 0.05664 0.00231 0.07419 0.00123 0.57872 0.02306 0.02321 0.00126 100 476.8 88.57 461.3 7.39 463.6 14.83 463.7 24.92 
aco-13-13 59 0.13151 0.00237 0.0828 0.00113 1.50086 0.02756 0.05116 0.00209 55 2118.2 31.3 512.8 6.74 930.7 11.19 1008.5 40.23 
aco-13-13 60 0.08134 0.00329 0.07163 0.00136 0.80315 0.03106 0.02625 0.00181 75 1229.8 77.27 446 8.15 598.6 17.49 523.7 35.61 
aco-13-13 61 0.06565 0.0045 0.07906 0.00179 0.71545 0.04756 0.03012 0.00278 90 795.2 137.58 490.5 10.71 548 28.15 599.7 54.47 
aco-13-13 62 0.05787 0.00148 0.0779 0.00106 0.62131 0.0157 0.02749 0.00155 99 524.7 55.36 483.6 6.33 490.7 9.83 548.1 30.48 
aco-13-13 63 0.05835 0.00156 0.08115 0.00113 0.65266 0.01718 0.02674 0.00152 99 543 57.28 503 6.76 510.1 10.55 533.4 29.95 
aco-13-13 64 0.05789 0.00116 0.08062 0.00102 0.64321 0.01286 0.0274 0.00141 99 525.2 43.48 499.8 6.07 504.3 7.95 546.3 27.79 
aco-13-13 65 0.05563 0.00268 0.0771 0.00145 0.59115 0.02768 0.02454 0.00189 102 437.2 103.47 478.8 8.67 471.6 17.66 489.9 37.25 
aco-13-13 66 0.05785 0.00229 0.07513 0.00114 0.5991 0.02313 0.02506 0.00143 98 523.9 84.67 467 6.85 476.7 14.69 500.3 28.17 
aco-13-13 67 0.0601 0.00197 0.07347 0.00101 0.60869 0.01941 0.0227 0.00132 95 607.2 69.51 457 6.06 482.7 12.25 453.7 26.04 
aco-13-13 68 0.05858 0.0011 0.0786 0.00093 0.63476 0.01185 0.02507 0.00123 98 551.6 41.18 487.8 5.57 499.1 7.36 500.6 24.18 
aco-13-13 69 0.05942 0.00162 0.07932 0.00111 0.64949 0.01744 0.02864 0.00178 97 582.4 58.23 492 6.65 508.2 10.74 570.7 34.94 
aco-13-13 70 0.05787 0.0016 0.08069 0.0012 0.64365 0.01768 0.02531 0.00184 99 524.6 59.83 500.3 7.13 504.6 10.92 505.3 36.26 
aco-13-13 71 0.06525 0.00351 0.07698 0.00152 0.69241 0.03604 0.02819 0.00235 89 782.4 109 478 9.08 534.2 21.62 561.9 46.12 
aco-13-13 72 0.06033 0.00128 0.07745 0.00097 0.64399 0.0135 0.02608 0.0015 95 615.3 45.02 480.9 5.82 504.8 8.34 520.3 29.6 
aco-13-13 73 0.05871 0.00129 0.07847 0.00102 0.63507 0.01385 0.02529 0.00163 98 556.4 47.13 487 6.12 499.3 8.6 504.9 32.16 
aco-13-13 74 0.05777 0.00174 0.07693 0.00108 0.61269 0.0181 0.02604 0.00165 98 521 65.11 477.8 6.49 485.3 11.4 519.6 32.57 
aco-13-13 75 0.05814 0.00139 0.07597 0.00105 0.60893 0.01453 0.0259 0.0021 98 534.7 52 472 6.32 482.9 9.17 516.8 41.31 
aco-13-13 76 0.06052 0.00178 0.07668 0.00112 0.63959 0.01839 0.02497 0.00184 95 622.1 62.05 476.3 6.73 502.1 11.39 498.6 36.23 
aco-13-13 77 0.0575 0.00141 0.0758 0.00101 0.6007 0.01453 0.02498 0.00173 99 510.2 53.33 471 6.08 477.7 9.22 498.8 34.21 
aco-13-13 78 0.08299 0.00252 0.21085 0.00339 2.41271 0.07276 0.06544 0.00743 97 1269.1 58.14 1233.3 18.07 1246.4 21.65 1281.2 140.91 
aco-13-13 79 0.10153 0.00295 0.05997 0.00093 0.83951 0.02365 0.02243 0.00203 61 1652.3 52.91 375.5 5.68 618.9 13.05 448.4 40.22 
aco-13-13 80 0.06934 0.00269 0.07561 0.00129 0.72275 0.02709 0.026 0.00226 85 908.9 78.27 469.8 7.73 552.3 15.97 518.8 44.59 
aco-13-13 40D 0.05698 0.00119 0.07743 0.00102 0.60818 0.01282 0.02476 0.00103 100 490.2 45.45 480.8 6.08 482.4 8.09 494.4 20.4 

Sample No. 
Analysis_
# Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 Concordancy Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 
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ACO-13-14 1 0.09384 0.00114 0.09238 0.00114 1.19543 0.01631 0.02636 0.0006 71 1504.9 22.81 569.6 6.73 798.5 7.55 525.8 11.87 
ACO-13-14 2 0.06016 0.00107 0.08947 0.00127 0.74227 0.01429 0.02529 0.00092 98 609.2 37.96 552.4 7.53 563.7 8.33 504.7 18.16 
ACO-13-14 3 0.0583 0.00092 0.08702 0.00106 0.69944 0.01138 0.02556 0.00076 100 540.5 34.9 537.9 6.28 538.5 6.8 510.1 14.95 
ACO-13-14 4 0.05885 0.0008 0.08565 0.0011 0.69519 0.01056 0.02498 0.00072 99 561.7 29.39 529.7 6.52 535.9 6.32 498.7 14.17 
ACO-13-14 5 0.10617 0.00184 0.30161 0.00424 4.41712 0.08099 0.08472 0.00287 98 1734.7 31.43 1699.3 20.98 1715.6 15.18 1643.6 53.5 
ACO-13-14 6 0.06333 0.00098 0.1135 0.00148 0.99131 0.01655 0.03168 0.00098 99 719.3 32.56 693 8.57 699.4 8.44 630.4 19.15 
ACO-13-14 7 0.0586 0.00084 0.09119 0.00115 0.73691 0.0115 0.0266 0.0008 100 552.1 31.13 562.6 6.82 560.6 6.72 530.6 15.7 
ACO-13-14 8 0.06943 0.00088 0.14685 0.00182 1.40595 0.0198 0.0367 0.00118 99 911.6 25.88 883.3 10.21 891.4 8.36 728.5 22.94 
ACO-13-14 9 0.05867 0.0012 0.08703 0.00122 0.70439 0.01491 0.02389 0.00096 99 554.9 44.05 538 7.22 541.4 8.88 477.1 18.87 
ACO-13-14 10 0.06298 0.00157 0.08799 0.00134 0.76406 0.01925 0.02863 0.00165 94 707.5 52.18 543.6 7.95 576.3 11.08 570.5 32.51 
ACO-13-14 11 0.06078 0.00125 0.09265 0.00121 0.77663 0.01598 0.02607 0.00084 98 631.6 43.56 571.2 7.15 583.6 9.13 520.2 16.58 
ACO-13-14 12 0.05792 0.00166 0.08699 0.0014 0.69441 0.01992 0.02499 0.00165 100 526.5 62.1 537.7 8.27 535.4 11.94 498.9 32.6 
ACO-13-14 13 0.05854 0.00131 0.0903 0.00138 0.72822 0.01684 0.02591 0.00201 100 549.9 47.96 557.3 8.13 555.5 9.89 517 39.54 
ACO-13-14 14 0.05871 0.00085 0.08837 0.00108 0.71538 0.01089 0.0249 0.00089 100 556.3 31.14 545.9 6.42 547.9 6.45 497.2 17.47 
ACO-13-14 15 0.06092 0.00137 0.08755 0.0012 0.73557 0.01659 0.0262 0.00107 97 636.5 47.8 541 7.11 559.8 9.71 522.8 21.02 
ACO-13-14 16 0.05868 0.00102 0.08811 0.00118 0.71281 0.01314 0.02594 0.00096 100 555.3 37.89 544.3 6.96 546.4 7.79 517.7 18.88 
ACO-13-14 17 0.05845 0.00111 0.09063 0.00119 0.73029 0.01425 0.02619 0.00087 100 546.8 41.03 559.2 7 556.7 8.36 522.6 17.21 
ACO-13-14 18 0.05864 0.00109 0.08975 0.00114 0.72559 0.01375 0.02546 0.00079 100 553.9 40.1 554 6.77 554 8.09 508.2 15.55 
ACO-13-14 19 0.12924 0.0017 0.37004 0.00452 6.59336 0.09389 0.09761 0.00305 97 2087.7 22.99 2029.6 21.26 2058.5 12.55 1882.5 56.16 
ACO-13-14 20 0.05893 0.00085 0.09059 0.00108 0.73588 0.01116 0.02626 0.00084 100 564.3 30.75 559 6.37 560 6.53 523.9 16.53 
ACO-13-14 21 0.06053 0.00129 0.08801 0.0012 0.73433 0.01586 0.02525 0.001 97 622.5 45.25 543.7 7.1 559.1 9.28 504 19.66 
ACO-13-14 22 0.06409 0.00112 0.1131 0.00137 0.99945 0.01758 0.0346 0.00148 98 744.7 36.6 690.7 7.92 703.5 8.93 687.6 28.9 
ACO-13-14 23 0.12167 0.00252 0.35477 0.00527 5.94943 0.12929 0.09862 0.0066 99 1980.8 36.47 1957.3 25.05 1968.5 18.89 1901.1 121.48 
ACO-13-14 24 0.06332 0.00109 0.10661 0.00138 0.93048 0.01674 0.03106 0.00132 98 718.9 36.13 653 8.03 667.9 8.8 618.3 25.91 
ACO-13-14 25 0.05898 0.00123 0.08782 0.00112 0.71404 0.01483 0.02498 0.00104 99 566.2 44.73 542.6 6.63 547.1 8.78 498.7 20.42 
ACO-13-14 26 0.06164 0.00128 0.08748 0.00114 0.74345 0.01551 0.02594 0.0011 96 661.8 43.92 540.6 6.78 564.4 9.03 517.6 21.61 
ACO-13-14 27 0.05975 0.00104 0.09069 0.0011 0.74696 0.01314 0.02614 0.00114 99 594.3 37.3 559.6 6.52 566.5 7.64 521.6 22.5 
ACO-13-14 28 0.06214 0.00165 0.08673 0.00132 0.74303 0.01983 0.02601 0.00176 95 678.9 55.73 536.2 7.81 564.2 11.55 519 34.64 
ACO-13-14 29 0.06009 0.00113 0.09207 0.00113 0.76262 0.01431 0.0249 0.00121 99 606.7 40 567.8 6.69 575.5 8.24 497 23.83 
ACO-13-14 30 0.19022 0.00302 0.52434 0.00639 13.7492 0.22441 0.13715 0.00647 99 2744.1 25.84 2717.6 27.04 2732.6 15.45 2597.9 115.01 
ACO-13-14 31 0.18458 0.00271 0.52556 0.00676 13.3716 0.20359 0.13891 0.00413 101 2694.5 24.01 2722.7 28.55 2706.3 14.38 2629 73.21 
ACO-13-14 32 0.07275 0.00088 0.08992 0.00102 0.90171 0.01159 0.02818 0.00074 85 1007 24.4 555.1 6.02 652.6 6.19 561.6 14.63 
ACO-13-14 33 0.07646 0.00105 0.18364 0.0022 1.93529 0.02827 0.05347 0.00158 98 1107.1 27.21 1086.8 12 1093.4 9.78 1052.8 30.22 
ACO-13-14 34 0.05738 0.00215 0.09134 0.00163 0.72217 0.02664 0.02399 0.00152 102 505.6 80.81 563.5 9.61 551.9 15.71 479.2 29.98 
ACO-13-14 35 0.05825 0.00167 0.09142 0.00124 0.73415 0.02026 0.0279 0.00132 101 538.6 62.12 563.9 7.34 559 11.86 556.2 25.96 
ACO-13-14 36 0.06932 0.00089 0.08608 0.00101 0.8225 0.01132 0.02857 0.00083 87 908.4 26.16 532.3 6 609.4 6.31 569.4 16.32 
ACO-13-14 37 0.05933 0.00111 0.08854 0.00113 0.72401 0.0138 0.02524 0.0009 99 579.3 40.06 546.9 6.72 553 8.13 503.7 17.78 
ACO-13-14 38 0.11652 0.00184 0.33359 0.00418 5.35711 0.08693 0.09109 0.00313 97 1903.5 28.13 1855.7 20.19 1878 13.88 1762 57.96 
ACO-13-14 39 0.06167 0.00101 0.08868 0.0011 0.75385 0.01284 0.02604 0.00085 96 662.8 34.8 547.7 6.52 570.5 7.43 519.6 16.81 
ACO-13-14 40 0.08874 0.0014 0.22928 0.00283 2.8045 0.04584 0.06519 0.00235 95 1398.5 29.91 1330.7 14.85 1356.7 12.23 1276.4 44.63 
ACO-13-14 41 0.05919 0.0013 0.093 0.00126 0.7586 0.01682 0.02601 0.00104 100 573.9 47.07 573.2 7.41 573.2 9.71 519 20.43 
ACO-13-14 42 0.06144 0.00112 0.0911 0.00122 0.77151 0.01484 0.02566 0.00113 97 654.7 38.71 562.1 7.22 580.6 8.5 512 22.23 
ACO-13-14 43 0.06844 0.00133 0.10766 0.00148 1.01552 0.02063 0.03127 0.00143 93 881.8 39.8 659.1 8.6 711.7 10.4 622.4 28.07 
ACO-13-14 44 0.08019 0.00199 0.18884 0.00297 2.08712 0.05358 0.04923 0.00341 93 1201.8 48.1 1115.1 16.12 1144.6 17.62 971.3 65.6 
ACO-13-14 45 0.071 0.00149 0.15848 0.00211 1.55106 0.03285 0.0434 0.00164 100 957.3 42.45 948.3 11.76 950.9 13.08 858.8 31.68 
ACO-13-14 46 0.18252 0.00265 0.09048 0.00114 2.27647 0.03457 0.04298 0.00131 46 2675.9 23.82 558.4 6.76 1205 10.71 850.7 25.48 
ACO-13-14 47 0.13197 0.00216 0.38545 0.00527 7.00921 0.12452 0.10073 0.00453 99 2124.3 28.43 2101.7 24.52 2112.6 15.79 1939.9 83.2 
ACO-13-14 48 0.06682 0.0025 0.10126 0.0018 0.93265 0.03412 0.03154 0.00188 93 832.1 76.04 621.8 10.55 669 17.92 627.6 36.82 
ACO-13-14 49 0.05952 0.00135 0.08388 0.00118 0.68813 0.01588 0.02515 0.00104 98 586.1 48.46 519.3 7.03 531.7 9.55 502 20.59 
ACO-13-14 50 0.06385 0.00101 0.08901 0.00115 0.78349 0.01329 0.02839 0.00119 94 736.7 32.98 549.7 6.81 587.5 7.56 565.9 23.43 
ACO-13-14 51 0.08351 0.00131 0.20614 0.00265 2.37326 0.03958 0.062 0.00247 94 1281.1 30.31 1208.2 14.14 1234.6 11.92 1215.8 46.93 
ACO-13-14 52 0.06158 0.00086 0.08898 0.00107 0.75549 0.01128 0.0271 0.0009 96 659.6 29.6 549.5 6.36 571.4 6.52 540.4 17.71 
ACO-13-14 53 0.12265 0.00262 0.34788 0.00516 5.88197 0.13156 0.09645 0.00633 96 1995.1 37.56 1924.5 24.7 1958.6 19.41 1861 116.71 
ACO-13-14 54 0.12314 0.00251 0.37621 0.00551 6.38591 0.13639 0.09871 0.00587 103 2002.2 35.82 2058.5 25.81 2030.3 18.75 1902.7 108.07 
ACO-13-14 55 0.05943 0.00098 0.08635 0.0011 0.70752 0.01234 0.02776 0.00115 98 583 35.55 533.9 6.54 543.3 7.34 553.5 22.55 
ACO-13-14 56 0.10819 0.00163 0.32119 0.00395 4.79109 0.07545 0.08873 0.00339 101 1769 27.26 1795.5 19.28 1783.3 13.23 1718.2 62.85 
ACO-13-14 57 0.06858 0.00124 0.0946 0.00128 0.89433 0.01718 0.03515 0.00184 90 886.1 36.96 582.7 7.55 648.7 9.21 698.3 35.89 
ACO-13-14 58 0.06209 0.00129 0.0989 0.00133 0.84661 0.01789 0.02874 0.00137 98 677.3 43.7 607.9 7.83 622.8 9.84 572.6 26.89 
ACO-13-14 59 0.06322 0.00148 0.08438 0.00106 0.73589 0.01653 0.02585 0.00201 93 715.8 48.79 522.2 6.32 560 9.67 515.9 39.52 
ACO-13-14 60 0.05902 0.0011 0.09233 0.00118 0.75135 0.01428 0.0271 0.00121 100 567.8 39.96 569.3 6.95 569 8.28 540.4 23.89 
ACO-13-14 61 0.05953 0.00125 0.09179 0.00118 0.75319 0.01579 0.02728 0.00112 99 586.4 44.81 566.1 6.96 570.1 9.15 544 22.04 
ACO-13-14 62 0.12643 0.00244 0.36926 0.00509 6.43511 0.12739 0.09519 0.00537 99 2049 33.64 2025.9 23.97 2037.1 17.4 1837.8 99.06 
ACO-13-14 63 0.06553 0.00183 0.08978 0.0012 0.81153 0.02178 0.02683 0.0013 92 791.3 57.46 554.2 7.1 603.3 12.21 535.2 25.58 
ACO-13-14 64 0.09261 0.0014 0.2403 0.00276 3.06968 0.04628 0.07184 0.00293 94 1479.8 28.43 1388.3 14.34 1425.2 11.55 1402.3 55.26 
ACO-13-14 65 0.05935 0.00102 0.08216 0.00099 0.67229 0.01168 0.02496 0.00107 97 580 36.85 509 5.91 522.1 7.09 498.4 21.16 
ACO-13-14 66 0.0593 0.00105 0.08004 0.00096 0.65453 0.01166 0.02312 0.00099 97 578.2 38.04 496.4 5.74 511.3 7.15 462 19.57 
ACO-13-14 67 0.06097 0.00156 0.08107 0.00111 0.68135 0.0172 0.02459 0.00118 95 638 54.24 502.5 6.6 527.6 10.39 490.9 23.31 
ACO-13-14 68 0.06243 0.00121 0.09879 0.00118 0.85086 0.01619 0.03084 0.00143 97 688.8 40.66 607.3 6.95 625.1 8.88 614 28.12 
ACO-13-14 69 0.06343 0.00135 0.08386 0.0011 0.73324 0.01558 0.02651 0.00146 93 722.5 44.52 519.1 6.51 558.5 9.13 528.9 28.84 
ACO-13-14 70 0.06094 0.00131 0.08143 0.00099 0.68437 0.01429 0.02867 0.00164 95 637 45.64 504.7 5.92 529.4 8.62 571.3 32.32 
ACO-13-14 71 0.06734 0.0012 0.09026 0.00106 0.83854 0.01478 0.02829 0.00143 90 848.3 36.76 557.1 6.26 618.3 8.16 564 28.18 
ACO-13-14 72 0.064 0.00128 0.11423 0.00139 1.00841 0.01987 0.03778 0.00216 98 741.6 41.87 697.2 8.01 708.1 10.05 749.6 42.15 
ACO-13-14 73 0.05803 0.00152 0.09791 0.00139 0.78358 0.02031 0.03094 0.00272 103 530.4 56.96 602.2 8.15 587.5 11.56 615.9 53.34 
ACO-13-14 74 0.05992 0.00108 0.08718 0.00106 0.72026 0.01307 0.02628 0.00151 98 600.7 38.71 538.8 6.29 550.8 7.72 524.3 29.71 
ACO-13-14 75 0.13078 0.00202 0.35232 0.0041 6.35724 0.09888 0.09793 0.00529 92 2108.4 26.88 1945.7 19.55 2026.4 13.65 1888.3 97.42 
ACO-13-14 76 0.05794 0.00147 0.08655 0.00118 0.69135 0.01721 0.02727 0.0018 100 527.1 54.81 535.1 7.01 533.6 10.33 543.9 35.42 
ACO-13-14 77 0.06208 0.00105 0.09795 0.00115 0.83896 0.0142 0.03004 0.00173 97 676.9 35.8 602.4 6.75 618.6 7.84 598.3 34 
ACO-13-14 78 0.16782 0.00291 0.45644 0.00562 10.5617 0.18449 0.12623 0.00811 96 2536 28.79 2423.8 24.86 2485.4 16.2 2402.8 145.57 
ACO-13-14 79 0.16038 0.00312 0.17041 0.00219 3.76783 0.0737 0.05596 0.00422 41 2459.7 32.55 1014.4 12.05 1585.9 15.69 1100.7 80.69 
ACO-13-14 80 0.06041 0.00122 0.09355 0.00111 0.77981 0.01526 0.03002 0.00217 98 618.2 42.88 576.5 6.56 585.4 8.71 597.9 42.57 
ACO-13-14 81 0.07342 0.00095 0.16875 0.0024 1.70817 0.02702 0.05001 0.00116 98 1025.7 26.09 1005.2 13.22 1011.6 10.13 986.3 22.28 
ACO-13-14 82 0.12008 0.00139 0.35032 0.00496 5.79918 0.08635 0.10597 0.00267 99 1957.4 20.47 1936.1 23.67 1946.3 12.9 2035.8 48.78 
ACO-13-14 83 0.06397 0.00105 0.10267 0.00149 0.90546 0.01674 0.02658 0.00072 96 740.6 34.51 630.1 8.71 654.6 8.92 530.3 14.24 
ACO-13-14 84 0.2234 0.0026 0.58733 0.00821 18.0896 0.26707 0.15758 0.00433 99 3005.4 18.55 2978.6 33.36 2994.5 14.21 2957.7 75.57 
ACO-13-14 85 0.06441 0.00082 0.08927 0.00127 0.79263 0.01245 0.02884 0.0008 93 755 26.67 551.2 7.5 592.7 7.05 574.6 15.77 
ACO-13-14 86 0.09154 0.00134 0.25035 0.00379 3.15969 0.05612 0.0748 0.00312 99 1457.7 27.63 1440.3 19.52 1447.4 13.7 1458 58.66 
ACO-13-14 87 0.128 0.0019 0.37029 0.00552 6.53459 0.1149 0.1086 0.00467 98 2070.7 25.9 2030.8 25.98 2050.6 15.48 2083.8 85.15 
ACO-13-14 88 0.11018 0.00147 0.31643 0.00441 4.80679 0.07572 0.09088 0.00304 98 1802.3 24.12 1772.2 21.57 1786.1 13.24 1758.2 56.26 
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ACO-13-14 89 0.06141 0.00084 0.10227 0.00143 0.86591 0.01394 0.03382 0.00129 99 653.6 28.93 627.7 8.38 633.3 7.59 672.2 25.16 
ACO-13-14 90 0.06046 0.00103 0.09814 0.0015 0.81814 0.01596 0.03251 0.00149 99 620.2 36.35 603.5 8.8 607 8.91 646.7 29.24 
ACO-13-14 91 0.09194 0.00132 0.25011 0.00344 3.17034 0.05163 0.07919 0.00304 98 1466 27.19 1439 17.74 1450 12.57 1540.5 57.01 
ACO-13-14 92 0.13413 0.00166 0.39089 0.00545 7.22845 0.10983 0.10902 0.00352 99 2152.7 21.41 2127 25.25 2140 13.55 2091.5 64.15 
ACO-13-14 93 0.0622 0.00088 0.0902 0.0013 0.77351 0.01295 0.0313 0.00121 96 681 29.78 556.7 7.67 581.8 7.41 623 23.81 
ACO-13-14 94 0.06371 0.00095 0.09268 0.00129 0.81412 0.0138 0.0294 0.00131 94 732.1 31.3 571.4 7.63 604.8 7.72 585.7 25.68 
ACO-13-14 95 0.06098 0.00129 0.09002 0.00144 0.75668 0.01733 0.02869 0.00175 97 638.6 44.77 555.6 8.5 572.1 10.02 571.8 34.45 
ACO-13-14 96 0.06217 0.00088 0.08765 0.00123 0.75122 0.01241 0.0289 0.00065 95 680 29.99 541.6 7.26 568.9 7.2 575.9 12.82 
ACO-13-14 97 0.05785 0.00081 0.08795 0.00124 0.70142 0.01158 0.02981 0.00075 101 523.8 30.79 543.4 7.32 539.6 6.91 593.8 14.68 
ACO-13-14 98 0.06842 0.00115 0.09274 0.00129 0.87455 0.01591 0.03133 0.00145 90 881.3 34.32 571.7 7.61 638 8.62 623.6 28.38 
ACO-13-14 99 0.05979 0.00081 0.08737 0.00121 0.72021 0.0115 0.02952 0.00074 98 596 29.02 540 7.17 550.8 6.79 588.1 14.51 
ACO-13-14 100 0.06026 0.0008 0.09002 0.00125 0.74794 0.01189 0.0321 0.00082 98 613.1 28.54 555.7 7.41 567 6.91 638.5 16.05 
ACO-13-14 101 0.187 0.00256 0.53615 0.00735 13.8232 0.21783 0.15202 0.00571 102 2715.9 22.42 2767.3 30.84 2737.7 14.92 2860.4 100.26 
ACO-13-14 102 0.05835 0.00163 0.1027 0.0016 0.82632 0.02327 0.03341 0.00123 103 543.1 59.99 630.2 9.36 611.6 12.94 664.2 24.06 
ACO-13-14 103 0.05689 0.00092 0.08927 0.00124 0.70029 0.01247 0.02732 0.00111 102 486.7 35.88 551.2 7.32 539 7.45 544.8 21.8 
ACO-13-14 104 0.05787 0.00098 0.08846 0.00123 0.70574 0.013 0.02876 0.00116 101 524.4 37.15 546.4 7.3 542.2 7.74 573 22.73 
ACO-13-14 105 0.0598 0.00092 0.1057 0.00149 0.87138 0.01517 0.03608 0.00121 102 596.2 32.99 647.7 8.68 636.3 8.23 716.5 23.55 

Sample No 
Analysis_
# Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 Concordancy Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 

aco-12-15b 1 0.05727 0.00066 0.07405 0.0009 0.58463 0.00759 0.02218 0.00039 99 501.3 25.27 460.5 5.38 467.4 4.86 443.5 7.74 
aco-12-15b 2 0.05675 0.00074 0.07187 0.0009 0.56237 0.0081 0.02091 0.00042 99 481.3 28.78 447.4 5.41 453.1 5.26 418.2 8.38 
aco-12-15b 3 0.06858 0.00094 0.0717 0.00093 0.67796 0.01032 0.02145 0.00053 85 886.3 28.2 446.4 5.59 525.5 6.25 429 10.55 
aco-12-15b 4 0.05689 0.00076 0.06956 0.00085 0.5456 0.0079 0.0213 0.00038 98 486.8 29.75 433.5 5.11 442.1 5.19 426 7.58 
aco-12-15b 5 0.08316 0.0009 0.14696 0.00173 1.68491 0.02059 0.04145 0.00075 88 1272.9 20.89 883.9 9.73 1002.8 7.79 820.9 14.57 
aco-12-15b 6 0.06309 0.0008 0.07283 0.00089 0.63345 0.00884 0.02215 0.00042 91 711.1 26.86 453.2 5.34 498.2 5.5 442.8 8.38 
aco-12-15b 7 0.07172 0.00118 0.14247 0.00194 1.40877 0.0248 0.04148 0.00121 96 977.9 33.2 858.6 10.93 892.6 10.45 821.6 23.54 
aco-12-15b 8 0.05816 0.00076 0.07348 0.00094 0.58916 0.00862 0.02156 0.00054 97 535.1 28.82 457.1 5.64 470.3 5.51 431.1 10.78 
aco-12-15b 9 0.06097 0.00089 0.07074 0.00091 0.59457 0.00943 0.02206 0.00057 93 638 31.13 440.6 5.48 473.8 6 441 11.21 
aco-12-15b 10 0.05629 0.00069 0.07269 0.00088 0.5641 0.00764 0.02179 0.00046 100 463 27.1 452.3 5.27 454.2 4.96 435.6 9.05 
aco-12-15b 11 0.07171 0.00084 0.14263 0.0017 1.41017 0.01824 0.04218 0.00093 96 977.6 23.6 859.5 9.57 893.2 7.69 835 17.95 
aco-12-15b 12 0.11407 0.00132 0.07879 0.00092 1.23912 0.0156 0.02735 0.00066 60 1865.2 20.73 488.9 5.47 818.5 7.07 545.4 12.91 
aco-12-15b 13 0.10546 0.00118 0.24818 0.003 3.60896 0.04597 0.06568 0.00141 83 1722.4 20.41 1429.1 15.5 1551.5 10.13 1285.7 26.81 
aco-12-15b 14 0.06707 0.00084 0.07178 0.00089 0.66375 0.00923 0.01814 0.00049 86 839.9 25.72 446.9 5.33 516.9 5.63 363.4 9.69 
aco-12-15b 15 0.0675 0.0009 0.07696 0.00094 0.71632 0.01031 0.02534 0.00059 87 853.3 27.31 477.9 5.65 548.5 6.1 505.9 11.57 
aco-12-15b 16 0.07368 0.00091 0.10874 0.00133 1.10467 0.01512 0.02615 0.00046 88 1032.8 24.34 665.4 7.76 755.6 7.29 521.8 9.11 
aco-12-15b 17 0.05758 0.00063 0.07207 0.00085 0.57214 0.0071 0.02221 0.00038 98 513.5 23.53 448.6 5.14 459.4 4.58 443.9 7.52 
aco-12-15b 18 0.05739 0.0007 0.08018 0.00096 0.63448 0.00851 0.02257 0.00042 100 506.3 26.44 497.2 5.74 498.9 5.29 451 8.2 
aco-12-15b 19 0.05786 0.00073 0.07107 0.00085 0.56698 0.00784 0.02104 0.00039 97 524.3 27.78 442.6 5.14 456.1 5.08 420.9 7.79 
aco-12-15b 20 0.05764 0.00087 0.06982 0.00089 0.55488 0.00899 0.02152 0.00049 97 515.9 33.12 435.1 5.37 448.2 5.87 430.4 9.75 
aco-12-15b 21 0.05672 0.00073 0.07214 0.00087 0.56417 0.0079 0.02213 0.00043 99 480.1 28.51 449 5.21 454.2 5.13 442.5 8.5 
aco-12-15b 22 0.05846 0.00069 0.07319 0.00088 0.58995 0.00776 0.02373 0.00047 97 547.1 25.48 455.3 5.27 470.8 4.95 474.1 9.21 
aco-12-15b 23 0.05979 0.00067 0.07062 0.00086 0.58225 0.0075 0.0195 0.0004 94 596.1 24.14 439.9 5.15 465.9 4.82 390.4 7.9 
aco-12-15b 24 0.05634 0.00069 0.0734 0.00088 0.57018 0.00768 0.02333 0.00049 100 465.2 27.03 456.6 5.27 458.1 4.97 466.2 9.72 
aco-12-15b 25 0.05724 0.00071 0.07296 0.00088 0.57576 0.00784 0.02519 0.00056 98 500.1 27.19 454 5.27 461.7 5.05 502.8 11.14 
aco-12-15b 26 0.05709 0.00077 0.07195 0.00087 0.5663 0.00823 0.0242 0.00055 98 494.3 29.71 447.9 5.25 455.6 5.33 483.3 10.89 
aco-12-15b 27 0.0743 0.00107 0.07454 0.00091 0.76358 0.01163 0.02743 0.00067 80 1049.7 28.88 463.4 5.47 576.1 6.7 547 13.08 
aco-12-15b 28 0.06009 0.0008 0.06979 0.00086 0.57823 0.00841 0.02332 0.00058 94 606.8 28.48 434.9 5.19 463.3 5.41 466 11.5 
aco-12-15b 29 0.08937 0.00158 0.07345 0.00098 0.90503 0.0165 0.02862 0.00081 70 1412.1 33.42 456.9 5.89 654.4 8.8 570.4 15.85 
aco-12-15b 30 0.05757 0.00074 0.07313 0.00089 0.58037 0.00817 0.02275 0.00059 98 512.9 27.71 455 5.32 464.7 5.25 454.7 11.57 
aco-12-15b 31 0.07272 0.00092 0.15746 0.00193 1.57829 0.02201 0.04796 0.00082 98 1006.1 25.36 942.6 10.75 961.7 8.67 946.8 15.85 
aco-12-15b 32 0.06363 0.00084 0.06839 0.00088 0.59983 0.00894 0.0215 0.00044 89 729.5 27.81 426.4 5.28 477.1 5.67 430 8.64 
aco-12-15b 33 0.05869 0.0008 0.06772 0.00084 0.54785 0.0082 0.02185 0.00039 95 555.5 29.56 422.4 5.1 443.6 5.38 436.9 7.67 
aco-12-15b 34 0.05656 0.00067 0.07213 0.0009 0.56236 0.00768 0.02301 0.00044 99 473.6 26.22 449 5.4 453.1 4.99 459.9 8.62 
aco-12-15b 35 0.05675 0.00083 0.07004 0.00087 0.54799 0.00857 0.02207 0.00042 98 481.3 32.25 436.4 5.25 443.7 5.62 441.3 8.39 
aco-12-15b 36 0.09263 0.00116 0.07417 0.00095 0.94719 0.01358 0.03272 0.00067 68 1480.3 23.72 461.2 5.72 676.6 7.08 650.8 13.19 
aco-12-15b 37 0.05891 0.00074 0.07168 0.00091 0.58205 0.00833 0.02501 0.00052 96 563.7 27.08 446.3 5.46 465.8 5.34 499.2 10.25 
aco-12-15b 38 0.05616 0.00066 0.07406 0.00091 0.57331 0.00767 0.02387 0.00047 100 458.2 25.47 460.6 5.44 460.2 4.95 476.9 9.23 
aco-12-15b 39 0.07421 0.00087 0.16595 0.00205 1.69781 0.02277 0.05368 0.00109 98 1047.2 23.46 989.8 11.31 1007.7 8.57 1056.8 20.99 
aco-12-15b 40 0.05691 0.00067 0.07295 0.00091 0.57229 0.00778 0.02267 0.00049 99 487.4 25.93 453.9 5.48 459.5 5.03 453 9.71 
aco-12-15b 41 0.05898 0.00075 0.07066 0.00087 0.57453 0.00809 0.02322 0.00051 95 566.5 27.42 440.1 5.22 460.9 5.22 464 10.15 
aco-12-15b 42 0.06012 0.00072 0.0716 0.00089 0.59336 0.0081 0.02398 0.00052 94 607.7 25.64 445.8 5.33 473 5.16 478.9 10.31 
aco-12-15b 43 0.05809 0.00066 0.07036 0.00087 0.56346 0.0074 0.02212 0.00047 97 532.7 24.98 438.3 5.22 453.8 4.8 442.1 9.31 
aco-12-15b 44 0.05727 0.00072 0.07148 0.00089 0.56443 0.00799 0.02335 0.00055 98 501.6 27.58 445.1 5.34 454.4 5.18 466.6 10.94 
aco-12-15b 45 0.05794 0.00066 0.07324 0.0009 0.58497 0.00778 0.02403 0.00056 97 527 25.27 455.6 5.43 467.6 4.98 480 10.96 
aco-12-15b 46 0.06162 0.00086 0.0734 0.00094 0.62348 0.00961 0.02449 0.00062 93 660.9 29.7 456.6 5.63 492 6.01 489 12.33 
aco-12-15b 47 0.05607 0.00074 0.07209 0.00091 0.55723 0.00819 0.02357 0.00064 100 454.7 28.64 448.7 5.45 449.7 5.34 470.9 12.69 
aco-12-15b 48 0.06231 0.0008 0.07297 0.00092 0.6268 0.00901 0.02488 0.00063 92 684.7 27.08 454 5.5 494.1 5.62 496.6 12.44 
aco-12-15b 49 0.0579 0.00076 0.07629 0.00094 0.6091 0.00878 0.02468 0.00074 98 525.8 28.79 474 5.61 483 5.54 492.7 14.64 
aco-12-15b 50 0.0579 0.00087 0.07266 0.00093 0.57997 0.00945 0.02217 0.0006 97 525.5 33.03 452.2 5.6 464.4 6.08 443.2 11.86 
aco-12-15b 51 0.06034 0.00074 0.0725 0.00088 0.60314 0.00827 0.02351 0.00045 94 615.7 26.28 451.2 5.31 479.2 5.24 469.7 8.85 
aco-12-15b 52 0.10972 0.00153 0.07887 0.00101 1.19292 0.01797 0.0401 0.00087 61 1794.8 25.25 489.4 6.02 797.3 8.32 794.8 16.94 
aco-12-15b 53 0.05724 0.0008 0.07178 0.0009 0.56644 0.00861 0.02133 0.00046 98 500.4 30.39 446.9 5.43 455.7 5.58 426.5 9.06 
aco-12-15b 54 0.05652 0.00083 0.07165 0.00091 0.55828 0.00889 0.0212 0.00051 99 472 32.45 446.1 5.5 450.4 5.79 424 10.05 
aco-12-15b 55 0.05787 0.00084 0.06956 0.00086 0.55485 0.00859 0.02257 0.00056 97 524.5 31.83 433.5 5.17 448.2 5.61 451.2 11.1 
aco-12-15b 56 0.10285 0.00122 0.20317 0.00244 2.88064 0.03782 0.08247 0.00191 71 1676.1 21.7 1192.3 13.06 1376.9 9.9 1601.7 35.66 
aco-12-15b 57 0.06851 0.0008 0.06971 0.00083 0.65832 0.00858 0.02771 0.00068 85 883.9 23.97 434.4 5.01 513.6 5.25 552.5 13.39 
aco-12-15b 58 0.0567 0.00075 0.06954 0.00082 0.54347 0.00761 0.02131 0.00058 98 479.1 29.15 433.4 4.94 440.7 5.01 426.2 11.53 
aco-12-15b 59 0.08288 0.00131 0.06584 0.00082 0.75224 0.01225 0.02532 0.00071 72 1266.4 30.41 411.1 4.98 569.5 7.1 505.4 13.99 
aco-12-15b 60 0.05719 0.00089 0.07233 0.00093 0.57029 0.00944 0.01998 0.00067 98 498.2 33.84 450.2 5.6 458.2 6.11 399.8 13.32 
aco-12-15b 61 0.05748 0.00109 0.07812 0.00089 0.61875 0.01138 0.02627 0.00131 99 509.4 41.59 484.9 5.34 489.1 7.14 524.1 25.82 
aco-12-15b 62 0.07947 0.00139 0.07423 0.00087 0.81322 0.01398 0.0306 0.00124 76 1183.9 34.26 461.6 5.23 604.3 7.83 609.2 24.3 
aco-12-15b 63 0.05943 0.00248 0.07423 0.00116 0.60803 0.02451 0.02556 0.00135 96 583 88.07 461.6 6.94 482.3 15.47 510.2 26.63 
aco-12-15b 64 0.05792 0.00114 0.07272 0.00087 0.58064 0.01121 0.02273 0.00095 97 526.5 42.78 452.5 5.23 464.9 7.2 454.3 18.78 
aco-12-15b 65 0.06133 0.00129 0.07699 0.00096 0.65088 0.01342 0.02352 0.00101 94 650.9 44.39 478.1 5.75 509 8.25 469.9 19.97 
aco-12-15b 66 0.05791 0.00092 0.06769 0.00079 0.54039 0.00864 0.02413 0.00107 96 526 34.64 422.2 4.76 438.7 5.7 482 21.12 
aco-12-15b 67 0.05831 0.00179 0.06879 0.00097 0.55245 0.01641 0.02159 0.00128 96 540.7 66.58 428.9 5.87 446.6 10.74 431.7 25.28 
aco-12-15b 68 0.07121 0.00265 0.07684 0.00114 0.75408 0.02706 0.03007 0.00169 84 963.5 74.25 477.3 6.84 570.6 15.67 598.9 33.18 
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aco-12-15b 69 0.05657 0.00109 0.07279 0.00083 0.56768 0.01059 0.0249 0.00146 99 474.1 42.68 452.9 4.99 456.5 6.86 497.1 28.71 
aco-12-15b 70 0.05889 0.0013 0.07086 0.00095 0.57481 0.01264 0.0219 0.00134 96 562.9 47.32 441.4 5.71 461.1 8.15 437.9 26.48 
aco-12-15b 71 0.05652 0.00187 0.06584 0.00094 0.51309 0.01627 0.02214 0.00142 98 472.2 72.36 411.1 5.67 420.5 10.92 442.7 28.03 
aco-12-15b 72 0.05651 0.00118 0.06982 0.00085 0.54379 0.01111 0.02336 0.00114 99 471.9 45.93 435.1 5.14 440.9 7.31 466.7 22.44 
aco-12-15b 73 0.05995 0.00216 0.06959 0.00106 0.57511 0.02008 0.02132 0.00107 94 601.9 76.09 433.7 6.42 461.3 12.94 426.4 21.14 
aco-12-15b 74 0.05856 0.00141 0.07158 0.00095 0.57791 0.01366 0.02431 0.00131 96 550.8 51.74 445.7 5.69 463.1 8.79 485.5 25.9 
aco-12-15b 75 0.05809 0.00257 0.06978 0.00125 0.55871 0.02381 0.022 0.00142 96 532.7 94.46 434.8 7.5 450.7 15.51 439.9 28.1 
aco-12-15b 76 0.05603 0.00217 0.06616 0.00098 0.51084 0.01917 0.02388 0.00122 99 453.2 83.64 413 5.9 419 12.88 476.9 24.07 
aco-12-15b 77 0.05721 0.00106 0.06964 0.0008 0.54911 0.00995 0.025 0.00109 98 499 40.2 434 4.84 444.4 6.52 499.2 21.43 
aco-12-15b 78 0.05987 0.00146 0.07425 0.00099 0.61278 0.01471 0.02123 0.00108 95 598.8 52.02 461.7 5.97 485.3 9.26 424.7 21.33 
aco-12-15b 79 0.057 0.00137 0.0725 0.0009 0.5696 0.01336 0.02397 0.00104 99 491 52.93 451.2 5.43 457.8 8.64 478.9 20.6 
aco-12-15b 80 0.05702 0.00108 0.07479 0.00091 0.58787 0.01103 0.02459 0.0011 99 491.8 41.18 464.9 5.44 469.5 7.05 491 21.77 

Sample No. 
Analysis_
# Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 

aco-12-16 1 0.07526 0.00138 0.18495 0.00251 1.91846 0.03577 0.0514 0.0015 102 1075.3 36.3 1093.9 13.66 1087.5 12.44 1013.1 28.92 
aco-12-16 2 0.09293 0.0013 0.26377 0.00335 3.37957 0.05045 0.07545 0.00221 102 1486.3 26.33 1509.1 17.07 1499.7 11.7 1470.2 41.48 
aco-12-16 3 0.05799 0.00151 0.06632 0.00101 0.53021 0.01368 0.02033 0.00079 70 528.9 56.48 414 6.12 432 9.08 406.8 15.64 
aco-12-16 4 0.066 0.00132 0.06615 0.00089 0.6019 0.01215 0.0216 0.00069 37 806.4 41.33 412.9 5.4 478.4 7.7 431.9 13.6 
aco-12-16 5 0.05603 0.00098 0.06488 0.00084 0.50117 0.00903 0.02054 0.00064 79 453.4 38 405.2 5.11 412.5 6.11 410.9 12.76 
aco-12-16 6 0.06062 0.00115 0.06591 0.0009 0.55077 0.01066 0.02154 0.00076 27 625.6 40.37 411.5 5.44 445.5 6.98 430.8 15.09 
aco-12-16 7 0.08133 0.00137 0.19637 0.0027 2.20175 0.03874 0.0575 0.00216 94 1229.4 32.64 1155.8 14.53 1181.6 12.29 1130.1 41.32 
aco-12-16 8 0.07571 0.00116 0.17458 0.00225 1.82215 0.02939 0.04953 0.00171 95 1087.4 30.44 1037.3 12.32 1053.5 10.57 977 32.96 
aco-12-16 9 0.06459 0.00132 0.06088 0.00081 0.54202 0.01095 0.02174 0.00094 40 761.2 42.35 380.9 4.95 439.8 7.21 434.6 18.67 
aco-12-16 10 0.05803 0.00137 0.06425 0.00093 0.51405 0.01213 0.02017 0.00084 84 530.6 51.47 401.4 5.61 421.2 8.13 403.7 16.71 
aco-12-16 11 0.10094 0.00152 0.27632 0.00358 3.84512 0.06089 0.08616 0.00328 96 1641.5 27.63 1572.8 18.07 1602.2 12.76 1670.5 61.09 
aco-12-16 12 0.05755 0.00127 0.07697 0.00105 0.61067 0.01338 0.02583 0.00116 109 512.4 48.17 478 6.31 484 8.44 515.5 22.93 
aco-12-16 13 0.05838 0.00239 0.0626 0.00123 0.50353 0.01951 0.02337 0.00236 80 544.2 87.12 391.4 7.43 414.1 13.18 466.9 46.7 
aco-12-16 14 0.06104 0.00095 0.06508 0.00084 0.54766 0.00899 0.02147 0.00089 93 640.6 33.14 406.5 5.06 443.5 5.9 429.3 17.69 
aco-12-16 15 0.07555 0.00181 0.16357 0.00257 1.70387 0.04061 0.06169 0.00587 252 1083.3 47.38 976.6 14.25 1010 15.25 1209.9 111.72 
aco-12-16 16 0.05644 0.00172 0.07769 0.0013 0.6044 0.01805 0.02791 0.00186 116 468.9 66.46 482.3 7.75 480 11.42 556.5 36.63 
aco-12-16 17 0.05819 0.0016 0.06483 0.00103 0.52013 0.01412 0.01975 0.00109 99 536.4 59.73 404.9 6.21 425.2 9.43 395.2 21.59 
aco-12-16 18 0.05792 0.00099 0.07352 0.00097 0.58704 0.01045 0.02544 0.0012 111 526.5 37.46 457.3 5.81 469 6.69 507.7 23.62 
aco-12-16 19 0.10333 0.00183 0.29614 0.00415 4.21873 0.07825 0.08524 0.00479 99 1684.7 32.26 1672.1 20.65 1677.7 15.23 1653.4 89.24 
aco-12-16 20 0.06394 0.00115 0.07034 0.00097 0.61999 0.0116 0.02507 0.00138 106 739.6 37.61 438.2 5.82 489.8 7.27 500.4 27.28 
aco-12-16 21 0.05887 0.00147 0.0692 0.001 0.56195 0.01367 0.0275 0.00122 106 562.3 53.36 431.3 6.05 452.8 8.89 548.3 23.96 
aco-12-16 22 0.08869 0.00139 0.21671 0.00291 2.6475 0.04463 0.085 0.00366 90 1397.5 29.73 1264.5 15.42 1313.9 12.42 1649 68.16 
aco-12-16 23 0.05662 0.00119 0.06289 0.00087 0.49072 0.0104 0.02329 0.00087 93 475.9 46.44 393.2 5.27 405.4 7.08 465.3 17.1 
aco-12-16 24 0.1051 0.00138 0.24301 0.00297 3.52104 0.04977 0.10271 0.00322 82 1716 23.8 1402.3 15.41 1532 11.18 1976.2 59.02 
aco-12-16 25 0.0727 0.00121 0.14633 0.00188 1.46661 0.02511 0.0551 0.00184 207 1005.6 33.5 880.3 10.55 916.7 10.34 1084.1 35.2 
aco-12-16 26 0.08684 0.00117 0.17076 0.00209 2.04435 0.0296 0.04979 0.00163 75 1357 25.83 1016.3 11.53 1130.4 9.87 982.1 31.31 
aco-12-16 27 0.0921 0.0015 0.21784 0.00267 2.76595 0.0449 0.0815 0.00369 86 1469.3 30.68 1270.5 14.13 1346.4 12.11 1583.6 69.01 
aco-12-16 28 0.14415 0.00409 0.17201 0.00318 3.41413 0.09128 0.09359 0.00542 45 2277.7 48.06 1023.2 17.47 1507.7 21 1808.3 100.21 
aco-12-16 29 0.08628 0.00149 0.18787 0.00234 2.23482 0.03808 0.06685 0.00308 83 1344.4 32.99 1109.8 12.68 1192 11.95 1308 58.32 
aco-12-16 30 0.09578 0.00186 0.07092 0.00096 0.93656 0.01804 0.04184 0.00153 99 1543.4 36.12 441.7 5.75 671.1 9.46 828.4 29.67 
aco-12-16 31 0.05723 0.00121 0.05889 0.00077 0.46478 0.00977 0.02148 0.00085 81 499.8 46.5 368.9 4.71 387.6 6.77 429.5 16.84 
aco-12-16 32 0.09515 0.00172 0.22363 0.00282 2.93261 0.05181 0.07725 0.00386 85 1531 33.6 1301 14.88 1390.4 13.38 1504 72.51 
aco-12-16 33 0.08158 0.00185 0.07031 0.00104 0.79076 0.01775 0.02663 0.00139 91 1235.5 43.74 438 6.28 591.6 10.06 531.1 27.37 
aco-12-16 34 0.06899 0.00138 0.10829 0.00142 1.03044 0.02044 0.04127 0.00173 137 898.3 40.82 662.8 8.26 719.1 10.22 817.4 33.58 
aco-12-16 35 0.11724 0.0026 0.30791 0.00464 4.97302 0.11041 0.08915 0.00552 90 1914.6 39.29 1730.4 22.88 1814.7 18.77 1726.1 102.53 
aco-12-16 36 0.06237 0.00187 0.06246 0.00101 0.53704 0.01564 0.0233 0.00147 54 686.9 62.81 390.6 6.12 436.5 10.33 465.6 28.94 
aco-12-16 37 0.05853 0.00111 0.06129 0.00078 0.49493 0.00927 0.02256 0.00102 42 549.8 40.86 383.5 4.72 408.3 6.3 450.9 20.24 
aco-12-16 38 0.08818 0.00218 0.2179 0.0033 2.64839 0.06365 0.07633 0.0054 92 1386.5 46.57 1270.8 17.48 1314.2 17.71 1486.7 101.41 
aco-12-16 39 0.08381 0.00171 0.13292 0.00184 1.53603 0.0312 0.04897 0.00251 76 1288 39.33 804.5 10.5 944.9 12.49 966.3 48.45 
aco-12-16 40 0.11559 0.00239 0.30416 0.00438 4.84617 0.10002 0.09152 0.00512 91 1889.1 36.8 1711.9 21.64 1792.9 17.37 1770 94.81 
aco-12-16 41 0.05799 0.00084 0.06886 0.00085 0.55011 0.00839 0.02363 0.00069 39 529 31.64 429.3 5.14 445.1 5.49 472.1 13.63 
aco-12-16 42 0.05671 0.00111 0.06294 0.00084 0.49162 0.00972 0.02267 0.00072 34 479.5 43.17 393.5 5.07 406 6.62 453 14.29 
aco-12-16 43 0.07492 0.00174 0.06348 0.00095 0.6552 0.01503 0.02961 0.00122 34 1066.4 46.12 396.8 5.78 511.7 9.22 589.8 23.87 
aco-12-16 44 0.05998 0.00177 0.06095 0.00094 0.50348 0.01427 0.01859 0.00117 29 602.9 62.54 381.4 5.71 414.1 9.64 372.3 23.24 
aco-12-16 45 0.05818 0.00114 0.06252 0.00083 0.50093 0.00987 0.02272 0.00078 30 536 42.79 390.9 5.02 412.3 6.68 454.1 15.46 
aco-12-16 46 0.05827 0.00097 0.06443 0.00084 0.51696 0.00891 0.02 0.0007 29 539.1 36.65 402.5 5.07 423.1 5.97 400.3 13.78 
aco-12-16 47 0.09217 0.00129 0.23513 0.00292 2.98439 0.04466 0.07315 0.0026 93 1470.7 26.54 1361.3 15.22 1403.6 11.38 1426.9 48.9 
aco-12-16 48 0.05834 0.00114 0.06216 0.00083 0.49931 0.00979 0.02055 0.00079 26 541.7 42.68 388.8 5.01 411.2 6.63 411.1 15.61 
aco-12-16 49 0.0585 0.00095 0.07569 0.00096 0.60964 0.01027 0.02457 0.00094 29 548.4 35.18 470.3 5.77 483.3 6.48 490.6 18.58 
aco-12-16 50 0.09948 0.00157 0.25596 0.00325 3.50503 0.05722 0.07892 0.00332 91 1614.4 29.13 1469.1 16.68 1528.3 12.9 1535.2 62.18 
aco-12-16 51 0.07569 0.00126 0.17456 0.00228 1.81969 0.0313 0.05245 0.00233 95 1087 33 1037.2 12.49 1052.6 11.27 1033.2 44.78 
aco-12-16 52 0.07984 0.00146 0.18897 0.00246 2.07637 0.0383 0.06059 0.00311 94 1193 35.73 1115.8 13.36 1141 12.64 1189 59.36 
aco-12-16 53 0.11462 0.00144 0.13442 0.00183 2.12341 0.03173 0.02734 0.00056 43 1873.9 22.54 813 10.4 1156.4 10.32 545.2 10.95 
aco-12-16 54 0.09219 0.00125 0.25231 0.00367 3.20732 0.05299 0.0597 0.00184 99 1471.2 25.6 1450.4 18.9 1458.9 12.79 1172 35.15 
aco-12-16 55 0.0647 0.00102 0.06512 0.00091 0.58064 0.01027 0.02031 0.00049 87 764.5 32.97 406.7 5.53 464.9 6.6 406.5 9.62 
aco-12-16 56 0.13095 0.00174 0.14357 0.00202 2.59132 0.04058 0.05317 0.00117 41 2110.7 23.12 864.8 11.37 1298.2 11.47 1047.1 22.49 
aco-12-16 57 0.18466 0.00217 0.49895 0.0069 12.6976 0.18713 0.11776 0.00278 97 2695.2 19.25 2609.3 29.69 2657.5 13.87 2250.2 50.27 
aco-12-16 58 0.06062 0.00098 0.0744 0.00103 0.62166 0.01117 0.02102 0.0006 94 625.7 34.59 462.6 6.21 490.9 6.99 420.5 11.91 
aco-12-16 59 0.2238 0.00259 0.52506 0.00727 16.1975 0.23722 0.18744 0.0042 90 3008.2 18.5 2720.6 30.72 2888.5 14.01 3472.5 71.42 
aco-12-16 60 0.19658 0.00227 0.48623 0.00678 13.1754 0.19447 0.11209 0.00255 91 2798 18.76 2554.3 29.4 2692.3 13.93 2147.4 46.31 
aco-12-16 61 0.0945 0.00138 0.25527 0.00353 3.32588 0.05583 0.06127 0.00242 97 1518.2 27.24 1465.6 18.12 1487.1 13.1 1202 46.02 
aco-12-16 62 0.11276 0.00138 0.31572 0.0044 4.90701 0.07501 0.07127 0.00194 96 1844.3 22.05 1768.8 21.54 1803.5 12.89 1391.5 36.51 
aco-12-16 63 0.0957 0.0015 0.27305 0.00398 3.60202 0.06349 0.07586 0.00174 101 1541.8 29.17 1556.3 20.16 1550 14.01 1478 32.75 
aco-12-16 64 0.09536 0.0012 0.26357 0.00386 3.46506 0.05516 0.06491 0.00159 98 1535.3 23.51 1508.1 19.71 1519.3 12.54 1271.2 30.11 
aco-12-16 65 0.07687 0.0015 0.17066 0.00255 1.80799 0.0374 0.03706 0.00114 97 1117.9 38.52 1015.8 14.03 1048.4 13.52 735.5 22.3 
aco-12-16 66 0.05541 0.00107 0.06812 0.00099 0.52031 0.01077 0.01933 0.00055 100 428.7 42.09 424.8 5.98 425.4 7.2 386.9 10.95 
aco-12-16 67 0.05861 0.00081 0.07922 0.00114 0.6401 0.01059 0.01978 0.00055 98 552.8 29.81 491.5 6.8 502.4 6.56 395.8 10.81 
aco-12-16 68 0.06022 0.00131 0.06579 0.00099 0.5462 0.01242 0.01434 0.00053 93 611.7 46.15 410.8 6.01 442.5 8.16 287.9 10.61 
aco-12-16 69 0.05606 0.00106 0.07004 0.00103 0.54117 0.0111 0.02056 0.00063 99 454.2 41.31 436.4 6.23 439.2 7.31 411.3 12.4 
aco-12-16 70 0.09153 0.00167 0.07408 0.00114 0.93478 0.01861 0.03577 0.00116 69 1457.5 34.33 460.7 6.83 670.1 9.77 710.4 22.71 
aco-12-16 71 0.07883 0.00135 0.16555 0.00232 1.79817 0.03307 0.04229 0.00215 95 1168 33.6 987.6 12.84 1044.8 12 837.1 41.62 
aco-12-16 72 0.09211 0.00189 0.24901 0.00377 3.16032 0.06699 0.0722 0.00318 98 1469.6 38.57 1433.4 19.45 1447.5 16.35 1409 59.9 
aco-12-16 73 0.07581 0.00178 0.16142 0.00249 1.68637 0.04031 0.04842 0.00229 96 1090.1 46.45 964.7 13.81 1003.4 15.23 955.8 44.1 
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 Scherer et al., 2001 - 176Lu decay constant (1.865x10-11)     

Hfi epsilon 1se T(DM) T(DM)     

Sample N  No. Hf176/Hf177  1 S.D. Lu176/Hf177 Yb176/Hf177 
U/Pb 
AGE       (Ga) (crustal) Hf Chur (t) Hf DM (t) 

1308 4 0.282341799 3.831E-05 0.0011352 0.0355606 555.6 0.282330 -3.41 1.3 1.29 1.72 0.282426 0.282851 
1308 2 0.282366572 6.507E-05 0.0023234 0.0766073 589.7 0.282341 -2.27 2.3 1.30 1.67 0.282405 0.282826 
1308 6 0.282347432 5.495E-05 0.0026533 0.0707908 580.7 0.282319 -3.26 1.9 1.34 1.73 0.282410 0.282833 
1308 9 0.282342613 2.941E-05 0.0008907 0.0280807 553.9 0.282333 -3.32 1.0 1.28 1.71 0.282427 0.282852 
1308 11 0.282347527 4.088E-05 0.0011683 0.0375267 624.5 0.282334 -1.74 1.4 1.28 1.66 0.282383 0.282801 
1308 16 0.282323229 5.891E-05 0.001746 0.051703 566.7 0.282305 -4.06 2.1 1.34 1.77 0.282419 0.282843 
1308 14 0.282320325 3.564E-05 0.0014416 0.0474056 579.7 0.282305 -3.77 1.2 1.33 1.76 0.282411 0.282834 
1308 18 0.282347587 2.544E-05 0.0011656 0.0388096 565.9 0.282335 -2.99 0.9 1.28 1.70 0.282420 0.282844 
1308 20 0.282348687 4.296E-05 0.0018846 0.0589922 568.8 0.282329 -3.16 1.5 1.31 1.71 0.282418 0.282841 
1308 25 0.282354734 2.996E-05 0.0012971 0.0410724 555 0.282341 -3.02 1.0 1.28 1.69 0.282427 0.282851 
1308 26 0.282308799 2.795E-05 0.0006643 0.0222492 555.1 0.282302 -4.41 1.0 1.32 1.78 0.282427 0.282851 
1308 33 0.282392431 2.947E-05 0.001795 0.064422 529 0.282375 -2.41 1.0 1.24 1.64 0.282443 0.282870 
1308 31 0.282375515 2.825E-05 0.0008653 0.0280029 554.5 0.282367 -2.14 1.0 1.23 1.64 0.282427 0.282852 
1308 39 0.282336279 3.484E-05 0.0015337 0.0524009 597.3 0.282319 -2.87 1.2 1.31 1.71 0.282400 0.282821 
1308 43 0.28236104 5.193E-05 0.0018446 0.0647801 595.7 0.282340 -2.15 1.8 1.29 1.67 0.282401 0.282822 
1308 37 0.282377253 3.585E-05 0.0016431 0.0571868 554.3 0.282360 -2.37 1.3 1.26 1.65 0.282427 0.282852 
1308 36 0.282357873 3.039E-05 0.0011529 0.0374078 558.3 0.282346 -2.79 1.1 1.27 1.68 0.282425 0.282849 
1314 58 0.282120134 2.763E-05 0.0009629 0.0386815 607.9 0.282109 -10.07 1.0 1.59 2.17 0.282393 0.282813 
1314 55 0.282160909 1.867E-05 0.0002756 0.0090326 533.9 0.282158 -9.97 0.7 1.51 2.11 0.282440 0.282867 
1314 29 0.282186269 3.664E-05 0.0022468 0.0815325 567.8 0.282162 -9.07 1.3 1.55 2.08 0.282419 0.282842 
1314 24 0.282123559 3.797E-05 0.0011517 0.0374317 653 0.282109 -9.06 1.3 1.60 2.14 0.282365 0.282780 
1314 60 0.282217696 4.687E-05 0.0019223 0.0672846 569.3 0.282197 -7.81 1.6 1.50 2.00 0.282418 0.282841 
1314 49 0.282290313 2.273E-05 0.0012006 0.0472429 519.3 0.282279 -6.03 0.8 1.37 1.85 0.282449 0.282877 
1314 4 0.282295426 3.699E-05 0.0013374 0.0429894 529.7 0.282282 -5.67 1.3 1.36 1.84 0.282442 0.282870 
1314 20 0.282295885 2.135E-05 0.0005814 0.0143075 559 0.282290 -5.1 0.8 1.34 1.80 0.282433 0.282849 
1314 11 0.282298754 3.328E-05 0.001328 0.0434231 571.2 0.282285 -4.67 1.2 1.36 1.81 0.282416 0.282840 
1314 18 0.282336904 2.313E-05 0.0012603 0.0327931 554 0.282324 -4.0 0.8 1.30 1.73 0.282436 0.282852 
1314 7 0.282317285 2.691E-05 0.0007152 0.0201765 562.6 0.282310 -3.97 0.9 1.31 1.76 0.282422 0.282846 
1314 37 0.282363732 2.463E-05 0.0026055 0.068192 546.9 0.282337 -3.7 0.9 1.31 1.71 0.282441 0.282857 
1314 17 0.282362217 2.101E-05 0.0012436 0.0325924 559.2 0.282349 -3.0 0.7 1.27 1.67 0.282433 0.282848 
1314 13 0.282357031 2.789E-05 0.0006733 0.0270883 557.3 0.282350 -2.66 1.0 1.25 1.67 0.282425 0.282850 
1314 12 0.28242204 5.976E-05 0.0034844 0.1231457 537.7 0.282387 -1.79 2.1 1.26 1.60 0.282437 0.282864 
1314 41 0.282430379 1.73E-05 0.0019694 0.0521563 573.2 0.282409 -0.5 0.6 1.19 1.53 0.282424 0.282838 
1314 16 0.282448833 3.918E-05 0.0010453 0.0341382 544.3 0.282438 0.17 1.4 1.14 1.48 0.282433 0.282859 
1314 25 0.282480069 2.877E-05 0.0013443 0.0545336 542.6 0.282466 1.14 1.0 1.10 1.42 0.282434 0.282860 
1314 22 0.282439973 3.548E-05 0.0025473 0.0723275 690.7 0.282407 2.32 1.2 1.20 1.46 0.282342 0.282753 
1314 9 0.282532063 3.17E-05 0.0008707 0.0322234 538 0.282523 3.05 1.1 1.02 1.30 0.282437 0.282864 
1314 6 0.282493883 5.451E-05 0.0012758 0.0379882 693 0.282477 4.86 1.9 1.08 1.30 0.282340 0.282751 
1314 8 0.282300189 3.697E-05 0.0006892 0.0253705 883.3 0.282289 2.42 1.3 1.33 1.60 0.282221 0.282613 
1314 45 0.281597426 1.545E-05 0.0004144 0.015495 948.3 0.281590 -20.89 0.5 2.28 3.08 0.282180 0.282566 
1314 5 0.2815227 2.191E-05 0.000507 0.0208059 1734.7 0.281506 -6.19 0.8 2.39 2.77 0.281680 0.281988 
1314 56 0.281368687 1.899E-05 0.0004406 0.0175358 1769 0.281354 -10.81 0.7 2.59 3.08 0.281658 0.281963 
1314 88 0.281645178 1.95E-05 0.0008982 0.0246726 1802.3 0.281614 -0.8 0.7 2.25 2.50 0.281636 0.281938 
1314 38 0.281539479 3.495E-05 0.0009638 0.0328067 1903.5 0.281505 -2.40 1.2 2.40 2.67 0.281572 0.281863 
1314 82 0.281434522 2.057E-05 0.0005722 0.0149875 1957.4 0.281413 -4.4 0.7 2.51 2.83 0.281536 0.281823 
1314 23 0.281279644 2.869E-05 0.0007144 0.0251733 1980.8 0.281253 -9.58 1.0 2.73 3.16 0.281523 0.281806 
1314 54 0.281433128 2.836E-05 0.0008755 0.031501 2002.2 0.281400 -3.87 1.0 2.54 2.84 0.281509 0.281790 
1314 87 0.281690644 2E-05 0.0017801 0.0508137 2070.7 0.281621 5.6 0.7 2.24 2.32 0.281462 0.281739 
1314 19 0.281424575 2.537E-05 0.0004116 0.0139753 2087.7 0.281408 -1.62 0.9 2.52 2.77 0.281454 0.281726 
1314 47 0.281437849 3.461E-05 0.0014385 0.0467232 2124.3 0.281380 -1.80 1.2 2.57 2.81 0.281430 0.281699 
1314 92 0.28165013 1.696E-05 0.0009114 0.0253168 2152.7 0.281613 7.3 0.6 2.24 2.29 0.281409 0.281678 
1314 31 0.28112429 3.984E-05 0.0007955 0.0267217 2694.5 0.281083 0.79 1.4 2.95 3.09 0.281061 0.281272 
1314 30 0.281004619 3.062E-05 0.0007822 0.0297717 2744.1 0.280964 -2.32 1.1 3.11 3.31 0.281029 0.281235 
1314 84 0.280769506 1.605E-05 0.0004827 0.0129527 3005.4 0.280742 -3.8 0.6 3.40 3.68 0.280848 0.281037 
13-13 6 0.282839622 4.877E-05 0.0037218 0.1312635 448 0.282808 11.15 1.7 0.63 0.72 0.282493 0.282929 
13-13 16 0.282386168 3.543E-05 0.0021501 0.076248 448.2 0.282368 -4.43 1.2 1.26 1.70 0.282493 0.282929 
13-13 31 0.282790602 6.311E-05 0.0018435 0.0614156 452.5 0.282775 10.07 2.2 0.67 0.79 0.282491 0.282926 
13-13 32 0.282800056 3.855E-05 0.0019592 0.065166 454.1 0.282783 10.40 1.3 0.66 0.77 0.282490 0.282924 
13-13 53 0.282836732 5.907E-05 0.0042591 0.1287655 458.2 0.282800 11.08 2.1 0.65 0.73 0.282487 0.282921 
13-13 49 0.282851047 7.816E-05 0.0028863 0.0841585 459 0.282826 12.02 2.7 0.60 0.67 0.282487 0.282921 
13-13 28 0.282783873 4.843E-05 0.0018204 0.0638989 459.1 0.282768 9.97 1.7 0.68 0.80 0.282487 0.282921 
13-13 58 0.282754006 6.053E-05 0.0030399 0.0827781 461.3 0.282728 8.59 2.1 0.75 0.89 0.282485 0.282919 
13-13 5 0.282839087 3.698E-05 0.0057063 0.1428436 463.5 0.282790 10.5 1.3 0.67 0.75 0.282493 0.282918 
13-13 18 0.282790752 1.788E-05 0.0017671 0.0437655 463.9 0.282775 10.0 0.6 0.67 0.78 0.282493 0.282917 
13-13 34 0.282796419 4.651E-05 0.0021889 0.0729885 464.1 0.282777 10.41 1.6 0.67 0.78 0.282483 0.282917 
13-13 57 0.282792584 2.871E-05 0.0025422 0.0632393 464.5 0.282770 9.8 1.0 0.68 0.79 0.282493 0.282917 
13-13 4 0.282802537 2.122E-05 0.0012804 0.0255632 466.6 0.282791 10.6 0.8 0.64 0.75 0.282491 0.282915 
13-13 52 0.282886988 4.86E-05 0.0039114 0.1193169 466.7 0.282853 13.13 1.7 0.56 0.61 0.282482 0.282915 
13-13 3 0.28285828 6.021E-05 0.0029096 0.0991373 466.9 0.282833 12.43 2.1 0.59 0.65 0.282482 0.282915 
13-13 14 0.282599694 0.0001158 0.0037881 0.1023575 467 0.282567 3.01 4.1 1.00 1.25 0.282482 0.282915 
13-13 56 0.282789595 3.404E-05 0.0023891 0.0747698 469.4 0.282769 10.21 1.2 0.68 0.80 0.282480 0.282913 
13-13 50 0.28281668 2.733E-05 0.001767 0.0517538 471.4 0.282801 11.41 1.0 0.63 0.72 0.282479 0.282912 
13-13 48 0.282849248 8.927E-05 0.0019876 0.0624166 471.7 0.282832 12.50 3.1 0.59 0.65 0.282479 0.282912 
13-13 11 0.28289973 0.0001757 0.0053461 0.156524 473.9 0.282852 13.28 6.2 0.57 0.60 0.282477 0.282910 
13-13 20 0.282806763 1.966E-05 0.0016246 0.0447796 474.2 0.282792 10.8 0.7 0.64 0.74 0.282487 0.282910 
13-13 19 0.282883061 0.0001043 0.0111728 0.4487361 475.7 0.282783 10.88 3.6 0.72 0.76 0.282476 0.282909 
13-13 15 0.282788316 1.821E-05 0.0017662 0.0437622 476 0.282773 10.2 0.6 0.67 0.78 0.282485 0.282909 
13-13 1 0.282802822 3.557E-05 0.0010008 0.0391316 476.4 0.282794 11.26 1.2 0.64 0.73 0.282476 0.282908 
13-13 30 0.282818821 7.553E-05 0.0055494 0.1662889 479.8 0.282769 10.46 2.6 0.70 0.79 0.282474 0.282906 
13-13 40 0.282823171 1.88E-05 0.0013941 0.0452136 480.8 0.282811 11.95 0.7 0.61 0.69 0.282473 0.282905 
13-13 36 0.282855629 6.487E-05 0.0056758 0.1633093 481.3 0.282804 11.75 2.3 0.64 0.71 0.282473 0.282905 

Hafnium isotopic zircon data
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13-13 25 0.282814785 2.225E-05 0.0029167 0.0710929 482.7 0.282788 10.9 0.8 0.65 0.74 0.282481 0.282904 
13-13 46 0.282636865 0.0002723 0.0042803 0.1153127 483.7 0.282598 4.49 9.5 0.95 1.17 0.282471 0.282903 
13-13 21 0.282839132 3.527E-05 0.0021803 0.0772602 484.4 0.282819 12.34 1.2 0.60 0.67 0.282471 0.282903 
13-13 23 0.282810272 2.878E-05 0.0045594 0.1121077 486.9 0.282769 10.3 1.0 0.69 0.78 0.282478 0.282901 
13-13 26 0.282706381 0.0001169 0.0061795 0.1740181 488.3 0.282650 6.43 4.1 0.90 1.05 0.282468 0.282900 
13-13 12 0.282824541 2.058E-05 0.0020974 0.0528658 488.5 0.282805 11.6 0.7 0.62 0.70 0.282477 0.282900 
13-13 41 0.282823355 4.276E-05 0.0043632 0.1468683 489.5 0.282783 11.18 1.5 0.67 0.75 0.282468 0.282899 
13-13 22 0.282805003 4.798E-05 0.0043336 0.1026908 491.3 0.282765 10.2 1.7 0.70 0.79 0.282476 0.282898 
13-13 42 0.28282409 3.925E-05 0.0017647 0.0505385 491.4 0.282808 12.09 1.4 0.62 0.69 0.282466 0.282897 
13-13 43 0.282835233 2.65E-05 0.0034994 0.0826587 493 0.282803 11.6 0.9 0.63 0.70 0.282475 0.282896 
13-13 45 0.282837107 3.176E-05 0.0021825 0.0751194 494.8 0.282817 12.49 1.1 0.61 0.67 0.282464 0.282895 
13-13 39 0.282764416 6.749E-05 0.0016158 0.0470716 499.3 0.282749 10.19 2.4 0.70 0.82 0.282461 0.282892 
13-13 37 0.282844482 6.004E-05 0.0055255 0.204958 499.4 0.282793 11.73 2.1 0.66 0.72 0.282461 0.282892 
13-13 44 0.282849378 4.461E-05 0.0017636 0.0598992 525.3 0.282832 13.70 1.6 0.58 0.62 0.282445 0.282873 
13-13 35 0.282828897 6.831E-05 0.003347 0.1064116 543.5 0.282795 12.78 2.4 0.64 0.69 0.282434 0.282860 
13-13 27 0.282016416 0.0001987 0.0026198 0.0870573 1196.4 0.281957 -2.33 7.0 1.82 2.13 0.282023 0.282385 
13-13 2 0.281714546 5.488E-05 0.0015928 0.0469946 1770.7 0.281661 0.13 1.9 2.19 2.42 0.281657 0.281962 

ACO-12-
15B 33 0.282546562 2.229E-05 0.001211 0.0332588 422.4 0.282537 0.6 0.8 1.00 1.34 0.282519 0.282947 

ACO-12-
15B 58 0.282457756 2.152E-05 0.0013166 0.0327984 433.4 0.282447 -2.3 0.8 1.13 1.54 0.282512 0.282939 

ACO-12-
15B 4 0.282257055 2.112E-05 0.0017947 0.0494396 433.5 0.282242 -9.5 0.7 1.44 1.99 0.282512 0.282939 

ACO-12-
15B 55 0.282158176 2.029E-05 0.0015734 0.0388836 433.5 0.282145 -13.0 0.7 1.57 2.20 0.282512 0.282939 

ACO-12-
15B 20 0.282374214 1.88E-05 0.00178 0.0426764 435.1 0.282360 -5.4 0.7 1.27 1.73 0.282511 0.282938 

ACO-12-
15B 35 0.282528952 2.178E-05 0.0012208 0.0346212 436.4 0.282519 0.3 0.8 1.03 1.37 0.282510 0.282937 

ACO-12-
15B 43 0.282396501 2.3E-05 0.00163 0.043598 438.3 0.282383 -4.5 0.8 1.23 1.67 0.282509 0.282936 

ACO-12-
15B 41 0.282186916 2.195E-05 0.001723 0.0449153 440.1 0.282173 -11.9 0.8 1.53 2.14 0.282508 0.282935 

ACO-12-
15B 19 0.282296083 1.895E-05 0.0010381 0.0253317 442.6 0.282287 -7.8 0.7 1.35 1.88 0.282507 0.282933 

ACO-12-
15B 44 0.281898058 1.611E-05 0.0011602 0.0317131 445.1 0.281888 -21.8 0.6 1.91 2.75 0.282505 0.282931 

ACO-12-
15B 54 0.282319494 1.764E-05 0.0006782 0.0179897 446.1 0.282314 -6.7 0.6 1.31 1.82 0.282504 0.282930 

ACO-12-
15B 37 0.282292532 1.561E-05 0.0014789 0.0376893 446.3 0.282280 -7.9 0.6 1.37 1.90 0.282504 0.282930 

ACO-12-
15B 53 0.282427461 1.923E-05 0.001495 0.0373151 446.9 0.282415 -3.1 0.7 1.18 1.60 0.282504 0.282930 

ACO-12-
15B 2 0.282242054 1.668E-05 0.0012134 0.0298665 447.4 0.282232 -9.6 0.6 1.43 2.00 0.282503 0.282929 

ACO-12-
15B 26 0.282393766 1.938E-05 0.001618 0.0410029 447.9 0.282380 -4.4 0.7 1.23 1.67 0.282503 0.282929 

ACO-12-
15B 17 0.282469728 3.01E-05 0.0030567 0.0742139 448.6 0.282444 -2.1 1.1 1.17 1.53 0.282503 0.282928 

ACO-12-
15B 47 0.282283846 1.776E-05 0.0011967 0.0298892 448.7 0.282274 -8.1 0.6 1.37 1.91 0.282503 0.282928 

ACO-12-
15B 21 0.282487785 2.809E-05 0.0012931 0.0355543 449 0.282477 -0.9 1.0 1.09 1.46 0.282502 0.282928 

ACO-12-
15B 34 0.282248605 1.725E-05 0.0014941 0.0401086 449 0.282236 -9.4 0.6 1.44 1.99 0.282502 0.282928 

ACO-12-
15B 60 0.282342016 2.456E-05 0.0014121 0.0332093 450.2 0.282330 -6.1 0.9 1.30 1.78 0.282502 0.282927 

ACO-12-
15B 50 0.282209688 1.857E-05 0.0010994 0.02953 452.2 0.282200 -10.6 0.7 1.47 2.07 0.282500 0.282926 

ACO-12-
15B 10 0.282422602 1.983E-05 0.0006703 0.0173535 452.3 0.282417 -3.0 0.7 1.16 1.59 0.282500 0.282926 

ACO-12-
15B 40 0.282435092 1.827E-05 0.000904 0.0228415 453.9 0.282427 -2.5 0.6 1.15 1.57 0.282499 0.282925 

ACO-12-
15B 25 0.281937199 1.779E-05 0.000547 0.0140358 454 0.281933 -20.1 0.6 1.83 2.65 0.282499 0.282924 

ACO-12-
15B 30 0.282071077 1.723E-05 0.0011547 0.0268725 455 0.282061 -15.5 0.6 1.67 2.37 0.282499 0.282924 

ACO-12-
15B 22 0.282398288 2.241E-05 0.0020017 0.0490164 455.3 0.282381 -4.2 0.8 1.24 1.67 0.282498 0.282924 

ACO-12-
15B 45 0.28227281 1.649E-05 0.000692 0.0172436 455.6 0.282267 -8.2 0.6 1.37 1.92 0.282498 0.282923 

ACO-12-
15B 24 0.282325523 2.155E-05 0.0005606 0.0151688 456.6 0.282321 -6.3 0.8 1.29 1.80 0.282498 0.282923 

ACO-12-
15B 8 0.282593057 4.374E-05 0.0032178 0.0779281 457.1 0.282566 2.4 1.5 0.99 1.26 0.282497 0.282922 

ACO-12-
15B 1 0.282417979 2.153E-05 0.0013694 0.0331295 460.5 0.282406 -3.2 0.8 1.19 1.61 0.282495 0.282920 

ACO-12-
15B 38 0.282346573 1.878E-05 0.000819 0.0233472 460.6 0.282340 -5.5 0.7 1.27 1.75 0.282495 0.282920 

ACO-12-
15B 49 0.28231964 2.646E-05 0.0023733 0.0640325 474 0.282299 -6.7 0.9 1.37 1.82 0.282487 0.282910 

ACO-12-
15B 18 0.282196778 2.407E-05 0.001916 0.0502143 497.2 0.282179 -10.4 0.9 1.53 2.07 0.282472 0.282893 

ACO-12-
15B 7 0.282201965 1.868E-05 0.00151 0.040529 858.6 0.282178 -2.3 0.7 1.50 1.86 0.282243 0.282631 

ACO-12-
15B 11 0.282167519 2.419E-05 0.000633 0.0170599 859.5 0.282157 -3.0 0.9 1.52 1.90 0.282242 0.282631 

ACO-12-
15B 31 0.282037909 1.721E-05 0.0006816 0.0194904 942.6 0.282026 -5.8 0.6 1.70 2.18 0.282189 0.282570 

ACO-12-
15B 39 0.282178346 1.551E-05 0.0006265 0.0186851 989.8 0.282167 0.3 0.5 1.50 1.83 0.282159 0.282536 

aco-12-16 31 0.282498614 4.002E-05 0.0010294 0.0342517 368.9 0.282492 -1.82 1.4 1.07 1.48 0.282543 0.282986 
aco-12-16 45 0.28252442 7.109E-05 0.0018851 0.0610335 390.9 0.282511 -0.65 2.5 1.06 1.42 0.282529 0.282970 
aco-12-16 13 0.282458122 4.974E-05 0.0015402 0.0552428 391.4 0.282447 -2.90 1.7 1.14 1.56 0.282529 0.282970 
aco-12-16 23 0.282479004 4.019E-05 0.0014334 0.0536467 393.2 0.282468 -2.10 1.4 1.11 1.51 0.282528 0.282968 
aco-12-16 42 0.2825011 6.109E-05 0.001419 0.0546671 393.5 0.282491 -1.30 2.1 1.07 1.46 0.282527 0.282968 
aco-12-16 10 0.282524048 4.732E-05 0.0016281 0.0614607 401.4 0.282512 -0.38 1.7 1.05 1.41 0.282523 0.282962 
aco-12-16 46 0.282313281 4.765E-05 0.0011974 0.0462642 402.5 0.282304 -7.70 1.7 1.33 1.87 0.282522 0.282962 
aco-12-16 17 0.28241912 5.317E-05 0.0014828 0.0531363 404.9 0.282408 -3.98 1.9 1.19 1.64 0.282520 0.282960 
aco-12-16 5 0.282409616 6.625E-05 0.0021246 0.0659279 405.2 0.282393 -4.48 2.3 1.23 1.67 0.282520 0.282960 
aco-12-16 3 0.28248976 8.949E-05 0.0019256 0.0677222 414 0.282475 -1.41 3.1 1.11 1.49 0.282515 0.282953 
aco-12-16 41 0.282453349 6.928E-05 0.0018099 0.0630354 429.3 0.282439 -2.35 2.4 1.15 1.56 0.282505 0.282942 
aco-12-16 21 0.282398835 8.689E-05 0.0028794 0.0948706 431.3 0.282376 -4.54 3.0 1.27 1.69 0.282504 0.282941 
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aco-12-16 18 0.282073663 6.621E-05 0.0017412 0.072767 457.3 0.282059 -15.18 2.3 1.69 2.37 0.282488 0.282922 
aco-12-16 49 0.282290109 9.557E-05 0.0024615 0.0821642 470.3 0.282268 -7.47 3.3 1.41 1.91 0.282480 0.282913 
aco-12-16 12 0.282477006 4.224E-05 0.0015399 0.0542675 478 0.282463 -0.41 1.5 1.11 1.47 0.282475 0.282907 
aco-12-16 16 0.282598679 4.633E-05 0.0015933 0.0503829 482.3 0.282584 3.97 1.6 0.94 1.20 0.282472 0.282904 
aco-12-16 25 0.282198005 4.388E-05 0.0011548 0.0411182 880.3 0.282179 -1.54 1.5 1.49 1.85 0.282222 0.282615 
aco-12-16 15 0.282201625 4.4E-05 0.0009379 0.0294689 976.6 0.282184 0.80 1.5 1.48 1.77 0.282162 0.282545 
aco-12-16 1 0.282256339 7.94E-05 0.0010833 0.0351293 1075.3 0.282234 4.78 2.8 1.41 1.60 0.282099 0.282473 
aco-12-16 51 0.282367149 8.536E-05 0.0043254 0.1616867 1087 0.282279 6.61 3.0 1.37 1.50 0.282092 0.282465 
aco-12-16 8 0.282101461 0.0001155 0.0018263 0.0514346 1087.4 0.282064 -0.98 4.0 1.66 1.97 0.282092 0.282464 
aco-12-16 2 0.281915125 3.279E-05 0.0009438 0.0303805 1486.3 0.281889 1.77 1.1 1.88 2.10 0.281839 0.282172 
aco-12-16 11 0.281715639 6.155E-05 0.0017827 0.0618906 1641.5 0.281660 -2.83 2.2 2.20 2.50 0.281740 0.282057 
aco-12-16 19 0.281839638 7.813E-05 0.0017818 0.0621386 1684.7 0.281783 2.50 2.7 2.03 2.21 0.281712 0.282025 
ACO-12-

14B 14_2 0.2821 0.000013 0.001303 0.0513749 453 0.28208895 -14.548 0.461 1.637 2.309 0.2824835 0.28290642 
ACO-12-

14B 14_48 0.281947 0.000012 0.000668 0.0249622 460 0.28194125 -19.62 0.426 1.82 2.592 0.28247401 0.28289558 
ACO-12-

14B 14_36 0.281809 0.000013 0.0012339 0.0539792 476 0.281798 -24.334 0.461 2.04 2.838 0.28174983 0.28206795 
ACO-12-

14B 14_11 0.281919 0.000011 0.0009139 0.0399875 479 0.2819108 -20.274 0.39 1.871 2.608 0.28249993 0.28292521 
ACO-12-

14B 14_39 0.282066 0.0000093 0.0008134 0.0342012 484 0.28205863 -14.929 0.33 1.663 2.358 0.28247844 0.28290064 
ACO-12-

14B 14_30 0.281782 0.000008 0.0014141 0.0611358 487 0.2817691 -25.111 0.284 2.087 2.983 0.28248539 0.28290859 
ACO-12-

14B 14_17 0.281823 0.000015 0.001099 0.0506622 494 0.28181283 -23.407 0.532 2.013 2.887 0.28248033 0.28290281 
ACO-12-

14B 14_75 0.282061 0.0000074 0.0009605 0.037022 496 0.28205207 -14.892 0.262 1.676 2.362 0.28168453 0.28199332 
ACO-12-

14B 14_67 0.28202 0.0000094 0.0006996 0.0275039 502 0.28201342 -16.127 0.333 1.721 2.404 0.28249551 0.28292015 
ACO-12-

14B 14_70 0.282009 0.000012 0.0011733 0.0324487 502 0.28199796 -16.674 0.426 1.758 2.476 0.28197068 0.28232035 
ACO-12-

14B 14_73 0.281979 0.00001 0.0009049 0.0373057 525 0.2819701 -17.146 0.355 1.787 2.522 0.28214354 0.2825179 
ACO-12-

14B 14_9 0.282075 0.0000076 0.0014466 0.0578695 525 0.28206077 -13.936 0.269 1.678 2.258 0.28207258 0.28243681 
ACO-12-

14B 14_8 0.28203 0.00001 0.0016252 0.0654118 547 0.28201334 -15.123 0.355 1.75 2.386 0.28212885 0.28250111 
ACO-12-

14B 14_60 0.282004 0.0000088 0.0009933 0.0413381 587 0.28199307 -14.945 0.312 1.757 2.439 0.28241514 0.28282831 
ACO-12-

14B 14_53 0.282122 0.00001 0.0006706 0.0216766 1014 0.2821092 -1.217 0.354 1.58 1.914 0.28187363 0.28220944 
ACO-12-

14B 14_6 0.282212 0.000035 0.0014277 0.0610112 1037 0.28218412 1.959 1.24 1.485 1.728 0.28246895 0.2828898 
ACO-12-

14B 14_57 0.282189 0.0000076 0.0006377 0.0272898 1125 0.28217548 3.648 0.269 1.486 1.71 0.28246895 0.2828898 
ACO-12-

14B 14_72 0.282149 0.000008 0.0007664 0.0342794 1207 0.28213155 3.953 0.284 1.546 1.758 0.28202007 0.28237679 
ACO-12-

14B 14_49 0.281713 0.0000097 0.0005937 0.0205276 1284 0.28169861 -9.649 0.344 2.137 2.643 0.2824544 0.28287317 
ACO-12-

14B 14_64 0.281954 0.00001 0.000396 0.016409 1435 0.28194326 2.47 0.355 1.798 2.032 0.28247275 0.28289414 
ACO-12-

14B 14_18 0.281953 0.000011 0.0016106 0.0653163 1627 0.28190338 5.45 0.39 1.858 1.997 0.28244047 0.28285726 
ACO-12-

14B 14_44 0.281819 0.000012 0.0005773 0.0230789 1728 0.28180009 4.103 0.426 1.991 2.152 0.2824544 0.28287317 
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The P-T-t evolution of Ganderia in the Paleozoic: the 
metamorphic record of back-arc basin tectonics and continental 

ribbon transfer 
ABSTRACT
Ganderia is a microcontinental terrane that was transferred from the Gondwanan margin to 
eastern Laurentia at the expense of the Iapetus Ocean during the Ordovician. Episodes of low-
medium grade metamorphism are broadly attributed to events associated with the transfer 
and accretion of Ganderia and Avalonia to Laurentia; however, the timing and nature of the 
metamorphism is poorly characterised. In this chapter U-Pb monazite geochronology and 
mineral phase equilibria modelling are presented from a series of amphibolite facies rocks 
within the Dover Fault Shear Zone of Newfoundland, Canada in order to provide insight into 
the timing and conditions of metamorphism in Ganderia. 
The metamorphic rocks along the Dover Fault Zone record two major stages of the Ganderian 
evolution. The fi rst is a low pressure, high temperature (3-4 kbar, 600°C) event recorded by 
460 ± 7 Ma monazite within andalusite bearing metamorphic assemblages. This is attributed 
to an extensional environment, most likely within the Tetagouche-Exploits back-arc basin 
that separated the active Popelogan-Victoria arc from the passive trailing Gander margin. The 
second is both a higher pressure event (5-6 kbar, ~600-650°C) and a lower pressure event (3-4 
kbar) characterised by migmatisation at 409 ± 6 Ma; interpreted to refl ect a short interval of 
compression along the Dover Fault Shear Zone followed by the emplacement of the Hare Bay 
Gneiss and other granite suites. Ganderia forms a locus of intermittent extension and contraction 
events between the early Ordovician-middle Devonian, most likely relating to the opening and 
closing of back-arc basins, during the consumption of the Iapetus and the Rheic Oceans.

1. INTRODUCTION

 The transfer of continental terranes 
as microcontinents or ribbon terranes is 
an important part of plate tectonics and 
continental growth (Moresi et al., 2014), but 
the process of rifting a continental ribbon from 
one margin to another are loosely understood. 
The north-eastern section of the Appalachian-
Caledonian Orogen is composed of deformed 
Laurentian crust and a collage of exotic 
microcontinental ribbons, collectively termed 
the ‘peri-Gondwanan’ terranes (Pollock et al., 
2011).  Ganderia and Avalonia are two peri-
Gondwanan terranes interpreted to originate 
along the northern margin of Amazonia and 
North Africa in the Neoproterozoic (Nance 
and Murphy, 1994; O’Brien et al., 1996; 
Keppie et al., 2003; Murphy et al., 2004). 
During the orthogonal opening and closing 
of the Iapetus and Rheic Oceans, the peri-
Gondwana terranes are purported to have been 
transferred from the Gondwanan margin to the 
Baltican/Laurussian margin (Van Staal et al., 

1998b; Murphy and Keppie, 2005; Pollock 
et al., 2011). Closure of the Rheic Ocean 
was accompanied by continental collision 
between Gondwana and Laurussia forming 
the Appalachian-Variscan Orogen of North 
America and western Europe (Scotese, 2004; 
Hibbard et al., 2010; Stampfl i et al., 2013). 

 Ganderia comprises several distinct, 
but tectonically related terranes, which form 
the most inboard of the peri-Gondwanan 
terranes along the Laurentian margin (van 
Staal et al., 2009), and are located in New 
Brunswick, Cape Breton and Newfoundland 
in Maritime Canada, and New England in the 
USA (Pollock et al., 2011); and across the 
Atlantic Ocean, is also recognised in southern 
Ireland and central Britain, and are interpreted 
to form parts of the southern Carpathians 
(Balintoni et al., 2014). Ganderia comprises 
(broadly) Neoproterozoic arc magmatic and 
volcanic rocks, Cambrian-Ordovician rifted 
margin and passive margin sedimentary 
sequences and Ordovician oceanic-arc rocks 
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and associated ophiolitic fragments (see Nance 
et al., 2008 and references therein; Pollock et 
al., 2011).

  The boundary between Ganderia 
and Avalonia (the next terrane outboard) is 
marked by the Dover Fault Shear Zone, a 
major brittle-ductile structure that cuts down 
to the moho separating two crustal blocks 
of differing seismic character (Marillier 
et al., 1989; Stockmal et al., 1990)(Fig. 
1a).  Its surface expression is a ~25km high 
strain zone characterised by an eastwards 
trending increase in metamorphic grade and 
granite emplacement (Holdsworth, 1994). It 
forms a region of focused deformation and 
metamorphism attributed to the mid-Silurian 
sinistral-oblique collision between Avalonia 
and Ganderia (Blackwood and Kennedy, 
1975; Dallmeyer et al., 1983).  The record of 
structural deformation and metamorphism has 
been described in some detail by King (1997), 
where three episodes of metamorphism are 
proposed, but there are few temporal or 
calculated pressure-temperature constraints 
for the metamorphic episodes. In this chapter 
U-Pb monazite geochronology and mineral 
phase equilibria modelling are presented from a 
series of low-medium grade amphibolite facies 
Gander Group rocks within the Dover Fault 
Shear Zone. The data are used to characterise 
the timing and pressure-temperature evolution 
of metamorphism in Ganderia and to discuss 
the implications for the tectonic evolution of 
Ganderia within the Canadian Appalachians.

2. GEOLOGICAL BACKGROUND: 
GANDERIA

 The basement is not exposed 
anywhere in the Ganderian terrane. The oldest 
Ganderian rocks are found in New Brunswick 
and include a 978 ± 7 Ma alkalic anorthosite 
(Tesfai, 2011), the stromatolite-bearing 
carbonates and quartzites of the Green Head 
Group in New Brunswick (Barr et al., 2003a; 
Barr et al., 2014) and the Seven Hundred Acre 
Island Formation in coastal Maine (Stewart et 
al., 2001). The earliest evidence of Ediacaran 

magmatic arc activity is only found in the 
Brookville and New River terranes of southern 
New Brunswick (~652 Ma, Lingley Suite, 
Currie and McNicoll, 1999; ~622 Ma, Blacks 
Harbour Granite, Barr et al., 2003b), whereas 
the younger phase (~580-540 Ma) is more 
abundant and widespread across Ganderia. In 
Newfoundland this is represented by the Roti 
Suite (~578-564 Ma, Kerr et al., 1995) and 
Cripple Back Intrusive suite (~565 Ma, Rogers 
et al., 2006), in Cape Breton the plutonic suites 
of the Bras d’Or terrane (Barr et al., 1990)
(~565-555 Ma) and in New Brunswick the 
Simpsons Island Formation (539 ± 4 Ma, Barr 
et al., 2003b)  and the Golden Grove Plutonic 
Suite (553-527 Ma, White et al., 2002; Barr 
et al., 2014). The latter phase of magmatism 
is also associated with metamorphism and 
deformation variably dated between ~570-
540 Ma (see Nance et al., 2008 and references 
therein). 

 The structure of the Ganderian 
terrane during transfer across the Iapetus 
Ocean comprises a leading volcanic arc (the 
Popelogan/Victoria arc) and an associated 
back arc basin with a trailing passive margin 
(the “Gander Zone” of Williams, 1979). 
The evolution of Ganderia during the late 
Neoproterozoic-early Silurian interval is 
complex and involves the generation of 
two magmatic arcs and associated back arc 
systems, separated by a brief hiatus, and 
multiple deformation events associated with 
the docking of Ganderia with Laurentia (see 
Zagorevski and Van Staal, 2011 and references 
therein).  

 The Middle Cambrian to early 
Ordovician in Ganderia is marked by renewed 
arc magmatism and the concurrent deposition 
of clastic sedimentary rocks in a passive 
margin-type environment (van Staal et al., 
1998a; Hibbard et al., 2010; van Staal and 
Barr, 2011). The juxtaposition of the magmatic 
activity and clastic sedimentation is explained 
by the development of an active arc on the 
outboard edge of Ganderia, with an associated 
back-arc (Penobscot arc-backarc system), and 
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1a) Detailed geology map of Newfoundland, Canada showing the division into the major tectonic 
terranes of the Appalachian Orogen. Included within “Laurentia” are the Humber Zone and Notre 
Dame Subzone, and in “Ganderia” the Exploits Subzone and Gander Margin. The Notre Dame Subzone 
and Exploits Subzones are considered to be the Iapetan Oceanic realms developed on either side of 
the Iapetus Ocean. The fi gure is modifi ed after  van Staal et al. (2007),  van Staal and Barr (2011) and 
Piercey et al. (2014). 
1b) The inset shows the geology of the Gander Zone in northeasetern Newfoundland modifi ed after 
Schofi eld and D’Lemos (2000). Sample locations are shown by the yellow stars. The magmatic belt and 
Wing Pond Shear Zone are based broadly on those defi ned by King (1997) and Schofi eld and D’Lemos 
(2000).
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a trailing passive edge known as the ‘Gander 
margin’ (van Staal, 1994). The Penobscot arc 
is interpreted to have formed at ~515 Ma in an 
intra-oceanic setting outboard of the Gander 
margin above a west-dipping subduction zone 
(MacLachlan and Dunning, 1998; van Staal 
et al., 1998a; Zagorevski et al., 2007a). The 
ongoing subduction resulted in the collision 
of the arc system and the obduction of supra-
subduction zone ophiolites (Colman-Sadd et 
al., 1992; Jenner and Swinden, 1993) on to 
the Gander margin. The apparent collision of 
the Penobscot arc with the Gander margin is 
assigned to the Penobscot Orogeny at ~485 
Ma (van Staal et al., 1998a). Subduction 
reversal resulted in subduction beneath 
the Gander margin heralding the onset of 
magmatism within the Popelogan-Victoria 
arc system at ~478 Ma (van Staal et al., 
1998a; van Staal et al., 2009) that was active 
until ~455 Ma, when it was shut down upon 
arrival to the peri-Laurentian Red Indian Lake 
arc closing the main Iapetan tract (van Staal 
and Barr, 2011). Collision of the Gander arc 
system and trailing edge with the Laurentian 
margin occurred between ~450-430 Ma, and 
was followed by the soft collision of Avalonia 
along the Dover Fault Shear Zone between 
~422-408 Ma (Zagorevski et al., 2007b). 

 Newfoundland is an exceptional 
natural laboratory for investigating the 
tectonics of Appalachian geology as a 
NW-SE transect covers all Laurentian and 
Gondwanan components involved in the 
orogenic event (Fig. 1a). From west to 
east: the Neoproterozoic-early Ordovician 
Laurentian passive margin (Humber Zone), 
which includes inliers of the Mesoproterozoic 
Grenville Province; the Dunnage Zone 
(Williams, 1979), which preserves rocks of 
the Iapetan oceanic realm including the peri-
Laurentian Notre Dame Subzone and the peri-
Ganderian Exploits Subzone; and the Gander 
margin that is composed of predominantly 
Cambrian-Silurian metasedimentary rocks of 
increasing grade, from greenschist to upper 
amphibolite, towards the eastern boundary, 
marked by the Dover Fault Shear Zone 

(DFSZ). The DFSZ is up to 25 km in width 
and forms a north-northeast to northeast-
southwest oriented high strain zone, which 
marks the surface expression of boundary 
between Avalonia and Ganderia (D’Lemos et 
al., 1997).  It is defi ned by seismic-refl ection 
studies as a crustal-scale structure that offsets 
the moho (Keen et al., 1986; Marillier et al., 
1989; Stockmal et al., 1990). The DFSZ is 
comprised of paragneisses and migmatites 
of the Square Pond and Hare Bay Gneiss 
(Schofi eld and D’Lemos, 2000). The DFSZ is 
truncated by the Ackley granite suite, which 
has a U-Pb zircon crystallisation age of 377 ± 
3 Ma (O’Brien et al., 1986; Kerr et al., 1993; 
Kellett et al., 2014). 

3. SAMPLE SELECTION

 Four samples of different metamorphic 
grade were selected from the Gander Group 
within the Dover-Fault Shear Zone (Fig 1b). 
An eastwards increase in metamorphic grade 
and deformation occurs towards the DFSZ 
from lower greenschist facies rocks, through 
to upper amphibolite bearing assemblages and 
migmatites associated with the magmatism 
along the Avalon-Gander boundary (King, 
1997). The rocks were sampled on the basis 
of mineralogical assemblages that indicated 
an appropriate level of metamorphism to 
crystallise monazite grains (i.e. amphibolite 
facies). The samples host aluminous mineral 
assemblages (i.e. garnet, sillimanite, kyanite, 
andalusite, staurolite and cordierite) capable 
of producing meaningful thermodynamic 
metamorphic models. All four samples 
were analysed insitu for U-Pb monazite 
geochronology and three (NL31, NL78, 
NL145b) were used for metamorphic mineral 
equilibria modelling. 

4. PETROGRAPHY

4.1 Sample NL31

 Sample NL31 is from the Wing Pond 
Shear Zone (Fig. 1b), which is a prominent 
high strain belt trending NE, and containing 
a steeply dipping transpressional foliation 
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(King, 1997). The sample contains andalusite, 
magnetite, ilmenite, quartz, biotite, muscovite, 
plagioclase, kyanite and staurolite. Andalusite 
comprises coarse poikiloblasts that contain 
inclusions of magnetite and ilmenite, which 
form a fabric sub-parallel to the external 

foliation (Fig. 2a). Minor inclusions of 
muscovite and quartz also appear in andalusite. 
The matrix fabric consists of staurolite, 
biotite, muscovite, ilmenite and magnetite 
and wraps around andalusite poikiloblasts. 
Staurolite forms fi ne needles restricted to the 

Figure 2
Representative thin section photomicrographs of the Gander Group from the Gander Zone. (a) Sample  
NL31: coarse poikiloblasts of andalusite contain inclusions of magnetite and ilmenite, which align 
to a subparallel fabric. Coarse laths of biotite and muscovite wrap around the andalusite grains. 
(B) Grains of kyanite grains appear as coarse, subhedral laths within and at the edges of andalusite 
grains. The kyanite is interpreted to be replacing the andalusite. (C) Sample NL78: coarse, equant 
garnet grains occur sub-parallel to the dominant schistose fabric, which is defi ned by sillimanite, bi-
otite and ilmenite. Coarse layers of quartz and plagioclase form parallel to the schistose foliation. (D) 
Garnet grains are zoned with a poikiloblastic core that contains inclusions of quartz, biotite, muscov-
ite and ilmenite, and a rim that is inclusion free. (E) Sample NL1475b: coarse domains of unfoliated 
crystalline anhedral quartz and plagioclase with minor Perthite and aggregates of biotite and mus-
covite. Coarse grains of cordierite are rimmed by biotite and muscovite grains and fi lled with dense 
sillimanite mats. (F) Cordierite is interpreted to have replaced sillimanite within restricted domains. 
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domains around andalusite grains. The later 
fabric is divided into more quartzofeldspathic 
domains composed of predominantly quartz 
and plagioclase. Randomly aligned, coarse 
grains of muscovite and biotite also form 
within the quartzofeldspathic domains. 
Kyanite grains partially replace andalusite 
and occur as coarse, subhedral laths within 
and at the edges of andalusite grains (Fig. 
2b). Kyanite is restricted to locations adjacent 
to or within andalusite. The volumetrically 
dominant assemblage is interpreted to 
be andalusite, plagioclase, muscovite, 
quartz, biotite, magnetite and ilmenite. The 
secondary assemblage, which, although 
widely distributed in the sample, forms a 
comparatively minor percentage (~ 10%) of 
the mineralogy. The secondary assemblage is 
kyanite, staurolite, plagioclase, quartz, biotite, 
muscovite, ilmenite and magnetite. 

4.2 Sample NL78

 Sample NL78 is from a zone defi ned 
by King (1997) as the Central Gander 
Metasedimentary Belt, a sparsely migmatitic 
section of metapelite and metapsammites 
invaded by abundant pegmatites. The sample 
contains garnet, biotite, sillimanite, muscovite, 
quartz, plagioclase, and ilmenite (Fig. 2c). 
Garnet appears predominantly as coarse (~1-2 
mm) equant grains, and more rarely as elongate 
grains sub-parallel to the dominant foliation in 
the rock. Garnet grains are typically zoned with 
a poikiloblastic core (Fig. 2d) that contains 
inclusions of quartz, biotite, muscovite and 
ilmenite, and a rim that is inclusion free. The 
main fabric in the rock consists of alternating 
schistose domains of biotite, sillimanite and 
muscovite and quartzofeldspathic domains 
composed of predominantly quartz and 
plagioclase with minor coarse, elongate 
ilmenite grains that broadly align with the 
fabric.  The peak assemblage is interpreted 
to be garnet, sillimanite, biotite, muscovite, 
quartz, plagioclase and ilmenite. 

4.3 Sample NL145b

 Sample 145b is from the Eastern 
Gander Migmatite Belt (King, 1997), a 
high-grade belt dominated by the highly 
migmatised Gander Group metasedimentary 
rocks and the intrusion of the Hare Bay Gneiss 
(Schofi eld and D’Lemos, 2000) (Fig. 1b). 
King (1997) described andalusite-cordierite 
bearing migmatites from within the Eastern 
Gander Migmatite Belt.  The sample contains 
plagioclase, quartz, muscovite, biotite, 
magnetite, ilmenite, sillimanite, perthite and 
cordierite (Fig. 2e). The rock is predominantly 
composed of unfoliated crystalline anhedral 
quartz and plagioclase with minor perthite. 
Aggregates of biotite and muscovite occur 
throughout the quartz-plagioclase domains. 
Fine grained magnetite and ilmenite grains 
are usually in contact with biotite. Coarse 
grains of cordierite are rimmed by biotite 
and muscovite grains (Fig. 2f), isolated from 
the crystalline quartz-plagioclase domains. 
Dense mats of sillimanite appear throughout 
the cordierite grains (Fig. 2f). Cordierite is 
interpreted to have replaced sillimanite within 
these restricted domains. The early assemblage 
in this rock is sillimanite, quartz, muscovite, 
biotite, plagioclase, magnetite and ilmenite. 
The later peak assemblage is interpreted to be 
cordierite, plagioclase, K-feldspar (perthite), 
magnetite, ilmenite, biotite and quartz (+ 
melt). 

5. ANALYTICAL METHODS

5.1 U-Pb monazite geochronology

 In-situ U–Pb analysis of monazite was 
undertaken at Adelaide Microscopy using 
an Agilent 7500cs ICPMS coupled with the 
New Wave 213 nm Nd-YAG laser. Analytical 
techniques for U–Pb isotopic dating of 
monazite grains follow those of Payne et al.,  
(2008). In-situ monazite grains were identifi ed 
and imaged on thin, using a Phillips XL30 SEM 
with a Backscattered Electron detector (BSE). 
U-Pb isotopic data is shown in supplementary 
data. 

 U–Pb fractionation was corrected 
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using the documented standard Madel (TIMS 
age 206Pb/238U = 514.8 Ma, Payne et al., 
2008), in conjunction with the in-house 
standard 94-222 (~450 Ma, Payne et al., 2008), 
which was used to monitor ongoing accuracy 
of the laser. Data reduction was completed 
using GLITTER software (Van Achterbergh 
E., 2001). A ± 5% discordancy threshold was 
applied to was 516.2 ± 1.5 (n = 53), and the 
weighted average 206Pb/238U age for 222 
was 455.6 ± 5.6 Ma (n = 24).

5.2 Major element chemistry

 Mineral compositions of minerals 
were obtained using a Cameca SXFive 
electron microrobe at Adelaide Microscopy, 
University of Adelaide. A beam current of 
20 nA, accelerating voltage of 15 kV and a 
defocussed beam size of 2 μm were used for 
all point analyses. Representative mineral 
compositions are shown in supplementary 
data.

5.3 Bulk composition of rocks 

 The bulk composition for samples 
NL31, NL78 and NL145 were measured via 
whole-rock X-ray fl uorescence at Franklin and 
Marshall College, Philadelphia, USA. Major 
element concentrations were determined 
using a Panalytical 2404 XRF unit. Samples 
were prepared for analysis by fusion of the 
milled sample with lithium tetraborate. Wet 
chemistry methods were used to determine 
the amount of FeO and Fe2O3. The bulk 
compositions used for P-T pseudosections 
(wt% oxide) and whole rock geochemistry are 
presented in supplementary data. 

5.4 Mineral equilibria modelling

 Metamorphic phase diagram 
calculations were performed using Theriak-
Domino software (de Capitani and 
Petrakakis, 2010) in the geologically realistic 
NCKFMASHTO (Na2O–CaO–K2O–FeO–
MgO–Al2O3–SiO2–H2O–TiO2–Fe2O3) 
chemical system for samples NL31 and 
NL78, and MnNCKFMASHTO (MnO-

Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–
H2O–TiO2–Fe2O3) for sample NL145.  
The phase diagrams were calculated using 
the internally consistent thermodynamic 
dataset of Holland and Powell (1998 ;dataset 
tcds55 November 2003 update), compiled as 
tcdb55c2d for use in Theriak-Domino, and the 
most recently available a–x models: garnet, 
biotite and silicate melt (White et al., 2007), 
orthopyroxene, spinel and magnetite (White 
and Powell, 2002), cordierite (Holland and 
Powell, 1998), K-feldspar and plagioclase  
(Holland and Powell, 2003) and ilmenite 
(White et al., 2000). 

6. RESULTS 

6.1 U-Pb Monazite geochronology

 The results of monazite U-Pb 
geochronology are shown in Figure 3. Full 
data tables are included in the supplementary 
data fi les. Data was fi ltered for concordance 
whereby analyses within 100 ± 10% are 
considered to be concordant. 

6.1.1 Sample NL31 

 Forty analyses were collected from 
40 monazite grains distributed throughout 
the matrix. Monazite grains are subhedral to 
subrounded, up to 50 μm long and display 
no discernable zoning patterns in BSE. Of 
the forty analyses, six were discounted for 
discordance.  The 238U/206Pb ages of the 
concordant monazites range from 433 ± 6 Ma 
to 469 ± 6 Ma, with a weighted mean of all 
the concordant grains yielding a 238U/206Pb 
age of 458 ± 2.5 Ma (MSWD=1.4) (Fig. 3a). 
If the two younger outliers (433 ± 6 Ma, 441 
± 5 Ma) are excluded from the calculation the 
weighted mean is 459 ± 2 Ma, with an MSWD 
of 0.64. 

6.1.2 Sample NL-78 

 Thirty analyses were collected 
from 30 monazite grains in sample NL-78. 
Monazite grains are subhedral to rounded, up 
to 100 μm long and are either homogenous in 
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BSE, or rarely display irregular patterns. Of 
the forty analyses, fi ve were discounted for 
discordance. The monazites fall into one of 
three population ranges; ~405-415 Ma, 430 Ma 
and 460 Ma (Fig. 3b). The dominant monazite 
population is the ~405-415 Ma (n=21) where 
the weighted mean 238U/206Pb age is 409 ± 
2.4 Ma (MSWD= 0.38). Two analyses yield 
mid-Ordovician ages (458 ± 6 Ma and 460 ± 6 
Ma) and two analyses are mid-Silurian (428 ± 
6 Ma and 430 ± 6 Ma). 

6.1.3 Sample NL-145b 

 Forty-eight analyses were collected 
from 48 monazite grains in sample NL-145b. 

Monazite grains are subhedral to rounded, up to 
50 μm long and do not display any discernable 
zoning patterns in BSE. Six grains were 
excluded for discordance. The monazite grains 
fall into two age populations; a dominant 400-
415 Ma population and a much smaller 430 
Ma population (Fig. 3c). A weighted mean for 
the Devonian population yields a 238U/206Pb 
age is 408 ± 1.8 Ma (MSWD=0.33), and for 
the Silurian population 429 ± 7 Ma (MSWD= 
0.056). 

6.1.4 Sample NL-154

 Sample NL-154 is petrologically 
identical to sample NL-145b. Twenty-seven 

Figure 3 
In situ LA–ICP–MS monazite U–Pb geochronology. Data are presented on U–Pb concordia diagrams: 
(A) Sample NL31 monazite geochronology showing weighted average 206Pb/238U age of the dominant 
Ordovician population. (B) Sample NL78 monazite geochronology showing weighted average 
206Pb/238U age of the dominant Devonian population. (C) Sample NL145b monazite geochronology 
showing weighted average 206Pb/238U of the dominant Devonian population. (D) Sample NL154 
monazite geochronology showing weighted average 206Pb/238U of the dominant Devonian population.
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analyses were collected from 27 monazite 
grains in sample NL-154, of which 19 are 
concordant. Monazite grains are subhedral 
and up to 75 μm long and do not display any 
discernable zoning patterns in BSE (Fig. 3d). 
There are two dominant monazite populations 
at 409 ± 4 Ma (n=11, MSWD= 0.29) and 463 
± 9 Ma (n=3). Two monazites are 422 ± 6 and 
424 ± 6 Ma and single monazites at 523 ± 9, 
580 ± 10 and 770 ± 12 Ma.  

6.2 P-T PSUEDOSECTIONS 

6.2.1 Sample NL31

 Figure 4 shows the calculated P-T 
diagram for sample NL31. The presence of 
secondary kyanite indicates that the abundant 
andalusite in the sample is metastable. However, 
the metastability of andalusite provides insight 
into the early metamorphic evolution of the 
sample. The early formed andalusite bearing 
assemblage (andalusite-biotite-muscovite-
quartz-plagioclase-ilmenite-magnetite) is 
assumed to have included a fl uid phase, and is 
modelled to have formed at ~3.5 kbar and 560 
°C (Fig. 4). 

 The secondary assemblage of 
s tauro l i te -kyani te -muscovi te -quar tz-
plagioclase-ilmenite-magnetite is also 
interpreted to have contained a fl uid phase. 
Although the secondary assemblage is modally 
subordinate to the earlier andalusite-bearing 
assemblage, it is nonetheless distributed 
consistently throughout the rock, particularly 
in the foliation that envelopes the andalusite 
porphyroblasts (Fig. 2b).  At the comparatively 
low P-T conditions recorded by sample NL31, 
the presence of large relic porphyroblasts that 
clearly formed at different P-T conditions to 
the surrounding matrix assemblage means 
that valid mineral equilibria modelling of 
the matrix assemblage should “remove” 
the porphyroblasts from the modelled bulk 
composition. However, andalusite is the 
direct compositional equivalent of the later 
kyanite, which means that the average rock 

bulk composition used in the modelling 
should be a realistic estimate of the effective 
chemical composition of the system. The 
secondary assemblage of staurolite-kyanite-
muscovite-quartz-plagioclase-ilmenite-
magnetite is modelled to occupy a narrow 
temperature range of 580-625 C° at pressures 
of > 5kbar.  The low modal proportion of 
staurolite in the sample is consistent with the 
secondary assemblage forming just down-T 
of the staurolite-out boundary.  The maximum 
pressure of the kyanite-staurolite bearing 
assemblage is unconstrained in the current 
model.  However it is evident that the formation 
of this assemblage at the expense of the earlier 
andalusite bearing assemblage required burial 
with respect to the early formed assemblage.

6.2.2 Sample NL78

 Figure 5 shows the calculated P-T 
diagram for sample NL78.  The sample 
contains a well foliated assemblage consisting 
of biotite-muscovite-sillimanite and minor 
ilmenite within a matrix of quartz and 
plagioclase, which contains porphyroblasts of 
garnet.  The sampled sequence also contains 
leucosomes and pegmatite, and is therefore 
interpreted to have experienced anatectic 
conditions.  In Figure 5, the peak assemblage 
of garnet-sillimanite-biotite-muscovite-
plagioclase-quartz-ilmenite-melt is calculated 
to occur at approximately 700°C and 6.5 
kbar. However, petrologically the assemblage 
garnet-s i l l imani te-biot i te-muscovi te-
plagioclase-quartz-ilmenite-melt-H2O would 
be indistinguishable from the equivalent H2O-
absent assemblage, and therefore the peak 
assemblage could equally fall into the H2O-
bearing fi eld at approximately 670°C and 6.5 
kbar.  Based on Figure 5, the minimum pressure 
for the assemblage in NL78 is approximately 6 
kbar, constrained by the absence of magnetite 
in the assemblage.  However, the stability of 
magnetite will be infl uenced by the bulk rock 
oxidation state, with decreasing Fe3+/Fe2+ 
decreasing the pressure of the magnetite-out 
boundary.  The Fe3+/Fe2+ ratio was used for 
modelling was determined by titration.  In 
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all likelihood Fe3+/Fe2+ ratio’s determined 
from surface-derived samples will be greater 
than those that existed when the rocks were 
undergoing metamorphism.  Therefore the 
minimum pressure of the assemblage may 
actually be lower than modelling in Figure 5.

 Figure 6 shows XFe contours for 
garnet overlain on the mineral stability fi elds. 
Analysed garnets are all greater than 1000 
micron in diameter, and aside from an overall 
core to rim decrease in Mn and a corresponding 
increase in Fe, garnet compositions are 
homogeneous, and show no evidence for a 
near rim decrease in Mg (Fig. 7), typically 
associated with retrograde compositional 
change.  The general rimward decrease in 
Mn suggests that the garnets to at least some 
extent preserve their growth composition, 
and therefore their interior compositions 
may still hold some information about the 
conditions associated with garnet nucleation.  
XMn in the garnet cores is around 0.24 and 
the corresponding XFe is around 0.62 (Fig. 
7).  Although the contours are not overly P-T 
sensitive, the area of P-T space corresponding 
to the garnet core compositions lies at around 
550°C and 3.5 kbar, suggesting that the garnet 
nucleated in the andalusite fi eld (Fig. 6).  This 
logically accounts for the lack of sillimanite 
inclusions in garnet, in contrast to the presence 
of biotite-quartz-muscovite-ilmenite-
magnetite inclusions, since andalusite typically 
forms porhyroblasts that are rarely included 
in other minerals.  The inference that garnet 
nucleated at low pressures is consistent with 
the comparatively Mn-rich bulk composition 
of the sample, which would have promoted 
garnet growth at low pressures (e.g. Mendard 
and Spear, 1993).  The rimward decrease in 
XMn at a constant, or slightly increasing, 
XFe is consistent with a pressure increase, 
an interpretation supported by the predicated 
P-T stability of the assemblage in the sample.   
However the modelling does not reproduce 
the observed XFe values near the garnet rims.  
This may be because the effective modelled 
bulk composition does not take into account 
the Fe compositional reservoirs represented 

by the garnet interiors.

6.2.3 Sample NL145b

 Figure 8 shows the P-T model for 
sample NL145, which comes from highly 
migmatitic rocks from the Hare Bay Gneiss 
and migmatite belt.  The peak assemblage in 
NL145b consists of cordierite-biotite-quartz-
plagioclase-ilmenite-magnetite-melt, placing 
it within a large and poorly constrained P-T 
fi eld with a minimum-T of 660°C at 3.2 
kbar, but extending to temperatures as high 
as approximately 760°C, which bound the 
appearance of orthopyroxene.  Pressures are 
poorly constrained to less than approximately 
5.7 kbar.  King (1997), reported the presence 
of relic andalusite in migmatised cordierite-
bearing Hare Bay Gneiss.  If this is considered 
as a constraint, then the prograde P-T evolution 
for NL145b must have passed through the 
andalusite fi eld at pressures high enough to 
result in the formation of sillimanite, prior 
to the growth of cordierite, accounting for 
the presence of dense sillimanite mats within 
cordierite porphyroblasts.  The sillimanite 
mats may well signify the former presence of 
andalusite grains. Therefore, the prograde path 
of NL145b probably passed through the lower 
pressure section of the biotite-muscovite-
sillimanite-ilmenite-magnetite-quartz-H2O 
fi eld, indicating that peak pressures were 
probably no more than 4kbar.  The presence 
of coarse-grained muscovite-biotite rimming 
cordierite is consistent with retrogression 
associated with melt crystallisation, although 
the retrograde P-T path is unconstrained.

7. DISCUSSION

7.1 Interpretations of the monazite 
geochronology

 The U-Pb monazite geochronology 
preserves two main age peaks; an Ordovician 
population at ~460 Ma and a Devonian 
population at ~410 Ma, with a small number 
of monazites that fall in between these 
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populations at ~430 Ma (Fig. 3). Sample 
NL31 preserves only the older population at 
~460 Ma, sample NL78 and NL154 preserves 
a minor population at ~460 Ma and a dominant 
population at ~410 Ma, and sample NL145 
preserves only a single population at ~410 Ma. 
The preservation of the Ordovician monazite 
population is apparently related to the distance 
from the Dover Fault zone; whereby the 
samples furthest from the Dover Fault Zone 
(sample NL31) preserve the older monazite 
population and those closest tend to contain 
predominantly Devonian monazites (sample 
NL78, NL145b, NL154).

 The dominant Ordovician population 
(~460 Ma) in sample NL31 is texturally most 

obviously associated with the main mineral 
assemblage. The assemblage indicates low 
pressure and moderate temperature conditions 
of around 3.5 kbars and 550°C.  The 
development of a subsequent higher pressure 
assemblage is also evident in sample NL31. 
As monazite is most commonly reset under 
granulite facies conditions (Bingen and van 
Breemen, 1998; Rubatto et al., 2001; Forbes 
et al., 2007) or during the infl ux of fl uids or 
melts (Kelly et al., 2006; Bosse et al., 2009; 
Williams et al., 2011), it seems unlikely that 
the monazite ages are associated with the 
development of the later mineral assemblage. 
Therefore, while the ~460 Ma monazite 
grains cannot be unambiguously related the 
volumetrically dominant mineral assemblage, 

Figure 4
P–T pseudosections constructed for the bulk composition of Sample NL31 in the NCKFMASHTO system. 
The stability fi eld corresponding to the inferred peak mineral assemblage is outlined in pink. 
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it is less likely that they were crystallised during 
the later higher pressure metamorphism, that is 
recorded by no more than ~10% of the sample.

 The Devonian (~410 Ma) monazite 
populations are found in samples NL78, 
NL145b and NL154. All three samples 
preserve peak mineral assemblages that 
indicate high temperature and medium and low 
pressure conditions. The inferred evolution for 
NL78, NL145b and NL154 is similar to that of 
NL31. NL78 and NL154 contain a dominant 

monazite population at ~410 Ma and a minor 
population at 460 Ma, which overlaps with the 
dominant monazite population (459 ± 2 Ma) 
in sample NL31. Field based and petrographic 
observations (Fig. 2) also indicate that NL78, 
NL145b and NL154 have undergone melting 
with the formation of leucosomes, whereas 
NL31 has not. A tentative interpretation of the 
dual monazite populations is that all the samples 
in the Gander Zone underwent low P, high T 
metamorphism at ~460 and then subsequently 
again at 410 Ma. However, the difference in 

Figure 5
P–T pseudosections constructed for the bulk composition of Sample NL78 in the NCKFMASHTO system. 
The stability fi eld corresponding to the inferred peak mineral assemblage is outlined in pink and the 
secondary assemblage in brown.
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the monazite populations preserved between 
the samples is that NL31 did not experience 
the high temperatures and melting processes 
that NL78/NL145/NL154 did, therefore 
the monazite grains in the rocks were not 
either reset or recrystallised. In contrast, the 
proximity of samples NL78/NL145/NL154 to 
the Dover Fault Shear Zone and the associated 
Devonian magmatism allowed these rocks 
to reach temperatures high enough to induce 
melting and recrystallization of the original 
~460 Ma population and possibly the growth 
of new Devonian (~410 Ma) monazites.

 The small number of 429 ± 6 Ma 
monazites are interpreted to either record 
partial resetting of ~460 Ma monazites along 
concordia (see Halpin et al., 2007) as a result 
of the high temperature event at ~410 Ma, or 
could possible refl ect the fi nal closure of the 
Tetagouche-Exploits back arc basin (430-423 
Ma, Williams et al., 1993; Pollock et al., 2007) 
during the latter stages of the Salinic Orogeny. 
As there are only a small number of ~430 
Ma monazite grains and few distinct textural 
constraints, it is not possible to determine 
which scenario is more plausible.  

7.2 Tectonic implications of the P-T-t history 
of the Gander Zone

 The tectonic evolution of Ganderia 
between ~450-380 Ma is complex as the 
interval covers the arrival of Ganderia arc to 
Laurentia (~455-450 Ma), the closure of the 
Tetagouche-Exploits back-arc basin (~435-
422 Ma) and the arrival of Avalonia to Ganderia 
(~422-408 Ma) (Keppie et al., 2003; Murphy 
and Keppie, 2005; Zagorevski et al., 2007b; 
van Staal et al., 2009). However, deformation 
and metamorphism associated with the ~450-
380 Ma interval are normally ascribed to 
either the ~435-422 Ma Salinic Orogeny (van 
Staal et al., 2004) or the ~422-408 Ma Acadian 
Orogeny (Murphy and Keppie, 2005).  

 Gander Zone rocks preserve peak 
metamorphic mineral assemblages that 
indicate an early metamorphic event 
characterised by low pressures (3-4 kbars) and 

high temperatures (~550-600°C Ma) and a 
subsequent mineral assemblage associated with 
higher pressures (6-6.5 kbar) and temperatures 
(~650°C). Monazite geochronology and 
calculated mineral equilibria phase diagrams 
for metamorphic rocks in the Gander Zone 
indicate the high temperature, low pressure 
metamorphism occurred at ~460 Ma and 
a later  comparatively mid-P, high-T event 
at ~410 Ma. The timing and nature of the 
metamorphic events have implications for 
the tectonic evolution of Ganderia during the 
Paleozoic and will be discussed herein. 

 Metamorphism at 460 Ma is recorded 
by andalusite bearing assemblages in NL31 
and is recorded by relic andalusite in NL145 
and equivalent rocks in the migmatite belt 
(see King, 1997). The regional low pressure, 
high temperature event coincides with an 
interval of oceanic-arc, supra-subduction zone 
magmatism in the ~475-455 Ma Popelogan-
Victoria arc (Evans et al., 1990; Zagorevski et 
al., 2007a) that is recorded by juvenile hafnium 
isotopes in zircons (Chapter 3). Ganderia 
formed a retreating oceanic-arc-back-arc 
system, similar to the modern day SW pacifi c 
(Chapter 3). Coeval with the Popelogan-
Victoria arc system is the development of the 
Tetagouche-Exploits back-arc basin, which 
separated the passive Gander margin from the 
leading volcanic arc (van Staal and Barr, 2011; 
van Staal et al., 2012). Therefore, the ~460 
Ma low P, high T metamorphism is interpreted 
to be associated with an extensional tectonic 
environment in Ganderia, plausibly the 
development of the Tetagouche-Exploits 
back-arc basin (Zagorevski et al., 2007a). 
Early (pre ~470 Ma) fl at lying fabrics and 
stretching mineral lineation’s are documented 
pervasively across the Gander Zone (Colman-
Sadd, 1980; Hanmer, 1981; Colman-Sadd et 
al., 1992; King, 1997), and have previously 
been attributed to the obduction of the 
Dunnage Zone over the Gander Zone (King, 
1997). However, given the low P- high T 
environment and early horizontal fabric, it 
seems more plausible that these conditions 
were generated in an extensional environment, 
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Garnet isopleths for Xfe in sample NL78 with the composition of the garnet cores shown in yellow. The 
range of the garnet rims overlaps with the fi eld defi ned for the peak mineral assemblage (shown in pink).

such as a back-arc basin. 

 All samples from the Gander Zone 
petrologically preserve evidence for a later 
mid-pressure, high-temperature metamorphic 
event that is interpreted to have occurred 
at ~410 Ma. NL31 records secondary 
high pressure assemblages requiring near 
isothermal burial (Fig. 4). Similarly, although 
not recorded petrographically, the garnet 
zoning in NL78 also suggests an early 
low P assemblage was overprinted by a 
higher temperature assemblage. In NL145, 

constraints on the maximum pressures are 
poor. Based on the modelled composition, 
the presence of cordierite and the absence 
of garnet suggest that the pressures must be 
below ~6 kbar. Conceivably, NL145 also 
experienced pressures as high as ~6kbar, with 
early andalusite reported by King (1997) as a 
relic from ~460 Ma metamorphism. However, 
the preserved assemblage in NL145 doesn’t 
constrain the maximum pressure beyond 
the general constraints offered by the PT 
boundaries of the modelled peak fi eld (Fig. 8). 
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 The preferred interpretation 
that accommodates the geochronology, 
metamorphism and geological constraints is 
that a short, compressional event associated 
with comparatively  higher pressure 
metamorphism occurred at ~410 Ma and 
was related to transpressional accretion of 
Avalonia to peri-Laurentia (Ganderia) along 
the Dover Fault Shear Zone (Holdsworth, 
1994; D’Lemos et al., 1997). Upright folds 
with steep dipping axial planar fabrics are 
recorded across the Gander Zone, deforming 
the earlier fl at-lying fabrics (Colman-Sadd, 
1980; Colman-Sadd et al., 1992; King, 1997), 
and supporting the compressional nature of 
the Devonian event. Immediately following, 
the composite Laurentian margin transitioned 
towards a largely extensional environment 
that experienced widespread post-collisional 
magmatism and exhumation along the Dover 
Fault Shear Zone. Thus, the ~410 Ma monazites 
record the up-pressure prograde metamorphic 
path associated with the accretion of Avalonia 
and the abundant magmatic products between 
~400-380 Ma indicate increased heat-fl ow in 
the Ganderian realm.

 The 410 Ma monazites record a 
short compressional metamorphic event that 
coincides with the latest stages of the ~422-
408 Ma Acadian Orogeny (Zagorevski et al., 
2007b), whereas the main phase of Devonian 
magmatism commences ~10 million years 
later across the Appalachians  (Kellett et 
al., 2014). Devonian magmatism occurs in 
a broadly linear belt parallel to the orogens 
strike (Fig. 1a) and is considered to have been 
emplaced syn to post deformation (D’Lemos 
et al., 1997) at shallow depths (Whalen, 1980; 
Tuach, 1987). Schofi eld and D’Lemos (2000) 
interpret the granites to have been emplaced 
during widespread exhumation and uplift, 
signifying the nature of the magmatism was 
largely post-collisional.

 The transition towards a heat-
dominated setting within the Gander Zone 
is recorded by the emplacement of abundant 
pegmatites, migmatites and syntectonic 

granites, particularly in the rocks closest to 
the Dover Fault Shear Zone (Holdsworth, 
1994). The magmatism is dated from ~430 
Ma, but the most prominent ages across the 
Canadian Appalachians occur between ~400-
380 Ma (see Kellett et al., 2014 and references 
therein). Hafnium isotopes from ~430-380 
Ma zircons in Gander Zone rocks (Chapter 3) 
indicates recycling of the Paleoproterozoic-
Mesoproterozoic basement with juvenile 
arc magmas was dominant during the late 
Silurian-Devonian magmatism. The bimodal 
magmatism has been interpreted to have been 
generated during delamination of a thickened 
orogenic keel (Schofi eld and D’Lemos, 2000), 
or slab failure of a subducting plate (Whalen et 
al., 2006). Given the overlap between the end 
of the ~435-422 Ma Salinic Orogeny and the 
onset of the Acadian Orogeny, and the apparent 
lack of suitable magmatic arc and suture-zone 
rocks, it seems unlikely that a wide ocean 
basin existed between Ganderia and Avalonia.  
An exception to this is the ‘Coastal Volcanic 
belt’ (Gates, 1969; Bradley, 1983), a series of 
predominantly Silurian bimodal, siliciclastic 
volcanics, granites and minor mafi c dyke 
swarms preserved throughout New Brunswick, 
Maine and Newfoundland (see van Staal and 
Barr, 2011 and references therein). However, 
the successions are contemporaneous with 
Silurian basin development across Ganderia 
(Fyffe et al., 2009) and the Coastal Volcanic 
belt, and its equivalents, are commonly 
attributed to a back-arc or intra-arc setting 
(see van Staal and Barr, 2011 and references 
therein).

 Although suffi cient heat could be 
generated in a delamination event (Whalen 
et al., 2006; van Staal et al., 2014) there 
is little evidence for signifi cant crustal 
thickening (hard collision, Zagorevski and 
Van Staal, 2011) during the late Silurian-
early Devonian (~420-400 Ma) and the 
development of a keel beneath Ganderia. An 
alternative scenario could be that Ganderia 
occupied a largely extensional accretionary 
orogen setting during much of the Silurian, 
whereby subduction was accommodated 
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outboard of the peri-Laurentian margin, and 
Ganderia occupied an upper plate location. In 
this scenario the Coastal Volcanic arc back-
arc system and associated extensional basins 
generated during the Silurian across Ganderia 
would have been accommodated within an 
extensional, back-arc setting. Consequently, 
the arrival of Avalonia represented a short 
contractional phase whereby the narrow basin 

between Ganderia and Avalonia was closed, 
prior to another phase of extension during the 
mid-Devonian. Ganderian geology satisfi es a 
number of the criteria defi ned by Collins et al. 
(2002) for an extensional accretionary setting 
including 1) sequential rift basins developed 
throughout the orogenic history dominated by 
volcanics, volcanoclastics and turbiditic rocks 
(i.e. the Silurian Mascarene basin, Kingston 

Figure 8
P–T pseudosections constructed for the bulk composition of Sample NL145b in the NCKFMASHTO 
system. The stability fi eld corresponding to the inferred peak mineral assemblage is outlined in pink. 
The early low P, low T, and subsequent, later high P and T evolution of sample NL45b is indicated by 
the red arrow.

v 1 (11)

v 2 (10) 

v 3 (9)

v 4 (8)

v 5 (7)

v 5 (7)

400 500 600 700 800
Temperature [C]

2000

3000

4000

5000

6000

7000

8000

P
re

ss
ur

e 
[B

ar
]

Bulk(1)= SI(543.292)TI(5.469)AL(173.081)FE(30.829)F3(13.517)MG(29.199)CA(13.013)NA(41.956)K(41.245)H

Pl Bi Mus 
(2)Ilm Mt H2O 
Q 

Pl Bi 
Chl 
Mus 
(2)Ilm 
Mt H2O 
Q 

Pl Bi 
Chl 

Mus 
Ilm 

Mt 
Ep Q 

Ab 
Ru  

Pl Bi 
Chl 

Mus 
Mt 

Ep Q 
Ab 

Ru 
6

Pl Bi 
Chl 
Mus Mt 
H2O Q 
Ru 

7
Pl Bi 

Chl Mus 
Ilm Mt 

H2O Q

Pl Bi Mus 
Ilm Mt 
H2O Q 

Pl Bi 
Mus 
(2)Ilm 
Mt Crd 
H2O Q 

Pl Bi 
Mus 

Ilm Mt 
Crd 

H2O Q 

Pl Bi 
Mus 

(2)Ilm 
Mt 

H2O 
Q 

And 

Pl Bi Mus 
Ilm Mt 
H2O Q 
And 

32

Pl Bi Mus 
Ilm Mt 
H2O Q 
Sill

Pl Bi Mus Ilm Mt 
H2O Q  

Pl Gt Bi Mus 
Ilm Mt H2O Q  

46
47

45

 
44

31 29

Per Pl Bi 
Ilm Mt Crd 
H2O Q 

30
43

Per Pl Bi Ilm Mt Crd LiQ Q 

 
49

48

37
39

Per Pl Bi Ilm 
Mt LiQ Q Sill

38

Per Pl 
Ilm Mt 
Opx 
Crd 
LiQ Q 

Pl Per 
Gt Bi 
Ilm Mt 
Crd LiQ 
Q 

42

40

Per Pl Gt 
Bi Ilm Mt 
LiQ Q Sill 

Mus 
H2O 
Bi 
Ilm 
Mt 
st
Pl  
Q 

34

Pl Gt 
Bi Mus 

Ilm Mt 
H2O Q 

Ky 

Pl Bi Mus 
Ilm Mt 
H2O Q 
Ky 

33

Pl Gt Bi Mus 
Ilm Mt LiQ Q 
Ky 

35
Pl Ilm 

Bi Mus  
Mt LiQ 

Q Ky 
36

Pl Bi Mus 
Ilm Mt 
LiQ Q Sill 

41

Pl Bi (2)Mus 
Ilm Mt Ep Q 
Ab  

Bi 
(2)Mus 
Ilm Mt 
Ep Q Ky 
Ab  

3

4

5

 
10

12

11
8

9 

Gt Bi 
(2)Mus Ilm 
Mt Ep Q 
Ky Ab 

Gt Bi 
(2)Mus Ilm 
Mt Ep Q Ab 

1

2

15  

20

Pl Bi 
(2)Mus 

(2)Ilm 
Ep Q 

Pl Bi 
Ep 

H2O Q 
(2)Mus 

(2)Ilm 

24

23

22

  

21

  

19

 
17

Pl Bi 
Chl 

Mus 

14

16

18

13

25

28

26
27

Primary assemblage: Pl Per Bi Ilm Mt Crd LiQ Q

Early assemblage: Pl Bi Mus Ilm Mt Q Sill 8

(2)Ilm 
Mt Ep 

Q

NL145

Pl Bi 
Mus Pl Bi Mus 47

45 49



183

Chapter 4 The P-T-t evolution of Ganderia in the Paleozoic

Basin and Fredericton Trough; Fyffe et al., 
2009 and references therein), 2) the absence 
of a well-defi ned magmatic arc chain, and 3) 
an abundance of granites and silicic volcanics, 
but an absence of blueschist facies rocks and 
paired metamorphic belts. The existence of a 
long term, extensional accretionary orogen on 
the peri-Laurentian margin will be discussed 
further in Chapter 5. 

8. CONCLUSIONS

• The Dover Fault Zone records 
metamorphic events that are recorded by the 
growth of metamorphic mineral assemblages 
and coeval monazites. 

• The fi rst event is a low pressure, high 
temperature (3-4 kbar, 600°C) event recorded 
by 460 ± 7 Ma monazite within andalusite 
bearing metamorphic assemblages. This event 
is attributed to an extensional environment, 
most likely within the Tetagouche-Exploits 
back-arc basin that separated the active 
Popelogan-Victoria arc from the passive 
trailing Gander margin.

• The second event is both a higher 
pressure event (5-6 kbar, ~600-650°C) and a 
lower pressure event (3-4 kbar) characterised 
by migmatisation and the formation of garnet-
sillimanite bearing metamorphic assemblages 
at 409 ± 6 Ma; interpreted to refl ect a short 
interval of compression along the Dover Fault 
Shear Zone followed by the emplacement of 
the Hare Bay Gneiss and other granite suites.
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ID number 31 31 31 31 31 31 31 31 31 
Mineral Bi Qz Pl Mus And Ilm  Mt ky St 
  
SiO2 35.56 99.84 60.14 46.00 35.96 0.05 0.06 35.92 34.88 
TiO2 1.93 0.00 0.00 0.80 0.04 45.06 0.18 0.03 0.11 
Al2O3 18.69 0.00 24.68 34.52 61.12 0.04 0.42 61.14 59.84 
Cr2O3 0.02 0.01 0.01 0.03 0.01 0.00 0.15 0.00 0.01 
FeO 16.52 0.06 0.28 2.74 1.19 47.86 89.90 1.16 2.38 
MnO 0.25 0.00 0.00 0.01 0.00 0.25 0.07 0.03 0.05 
MgO 11.63 0.00 0.00 0.68 0.04 0.01 0.01 0.07 0.59 
ZnO 0.01 0.01 0.00 0.00 0.02 0.00 0.02 0.00 0.02 
CaO 0.00 0.01 6.74 0.01 0.00 0.02 0.03 0.01 0.02 
Na2O 0.34 0.02 8.05 1.03 0.01 0.00 0.00 0.00 0.01 
K2O 9.05 0.00 0.07 9.64 0.00 0.01 0.00 0.01 0.00 
V2O3 0.05 0.00 0.00 0.10 0.00 0.04 0.34 0.03 0.05 
ZrO2 0.00 0.00 0.00 0.02 0.06 0.05 0.00 0.02 0.03 
SrO 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
  
Total 94.09 100.00 100.01 95.62 98.50 93.45 91.22 98.46 98.04 
  
No. Oxygens 11.00 2.00 8.00 11.00 5.00 3.00 4.00 5.00 5.00 
  
Si 2.39 1.00 2.68 3.07 0.99 0.00 0.00 0.99 0.96 
Ti 0.10 0.00 0.00 0.04 0.00 0.91 0.01 0.00 0.00 
Al 1.48 0.00 1.29 2.71 1.98 0.00 0.02 1.98 1.95 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2+ 2.56 0.00 0.05 0.02 0.04 0.17 1.95 0.04 0.12 
Mn2+ -1.64 0.00 -0.04 0.13 -0.01 0.91 1.00 -0.02 -0.06 
Mg 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
Zn 1.16 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.02 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.00 0.00 0.32 0.00 0.00 0.00 0.00 0.00 0.00 
K 0.04 0.00 0.69 0.13 0.00 0.00 0.00 0.00 0.00 
V3+ 0.78 0.00 0.00 0.82 0.00 0.00 0.00 0.00 0.00 
Zr 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total Cations (S) 6.90 1.00 5.00 7.00 3.00 2.00 3.00 3.00 3.00 

 

Table 2: mineral chemistry tables for samples 31, 78 and 145
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ID number 78 78 78 78 78 78 78 78 
Mineral Bi Qz Sill Pl Mus Ilm  Gt Gt 
  cores rims 
SiO2 35.37 99.81 34.88 59.92 47.83 0.03 36.32 35.84 
TiO2 1.56 0.01 0.11 0.01 0.92 52.18 0.15 0.03 
Al2O3 19.70 0.01 59.84 23.62 37.30 0.02 20.43 20.57 
Cr2O3 0.03 0.00 0.01 0.00 0.01 0.00 0.02 0.02 
FeO 17.46 0.00 2.38 0.01 0.91 42.32 28.24 29.34 
MnO 0.21 0.00 0.05 0.00 0.02 3.69 10.39 8.53 
MgO 10.53 0.00 0.59 0.00 0.62 0.05 2.51 2.98 
ZnO 0.12 0.00 0.02 0.08 0.00 0.01 0.03 0.03 
CaO 0.00 0.00 0.02 5.91 0.02 0.00 1.22 1.17 
Na2O 0.20 0.01 0.01 8.48 1.02 0.00 0.02 0.04 
K2O 9.24 0.00 0.00 0.11 9.03 0.03 0.00 0.01 
V2O3 0.08 0.01 0.05 0.01 0.05 0.00 0.01 0.01 
ZrO2 0.03 0.00 0.03 0.00 0.01 0.00 0.01 0.01 
SrO 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
  
Total 94.59 99.91 98.04 98.20 97.80 98.38 99.41 98.63 
  
No. Oxygens 11.00 2.00 5.00 8.00 11.00 3.00 
  
Si 2.38 1.00 0.96 2.70 3.11 0.00 1.21 1.19 
Ti 0.08 0.00 0.00 0.00 0.04 1.01 0.00 0.00 
Al 1.56 0.00 1.95 1.26 2.85 0.00 0.60 0.61 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2+ 2.54 0.00 0.12 0.08 0.00 0.00 0.39 0.41 
Mn2+ -1.56 0.00 -0.06 -0.08 0.05 0.91 0.15 0.12 
Mg 0.01 0.00 0.00 0.00 0.00 0.08 0.06 0.07 
Zn 1.06 0.00 0.02 0.00 0.06 0.00 0.00 0.00 
Ca 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.02 
Na 0.00 0.00 0.00 0.29 0.00 0.00 0.00 0.00 
K 0.03 0.00 0.00 0.74 0.13 0.00 0.00 0.00 
V3+ 0.79 0.00 0.00 0.01 0.75 0.00 0.00 0.00 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total Cations (S) 6.90 1.00 3.00 5.00 7.00 2.00 2.44 2.42 
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 ID number 145 145 145 145 145 145 145 145 145 
Analysis No. 
Mineral Bi Cd Qz Sill Per Pl Mus Ilm  Mt 
  
SiO2 35.66 48.11 99.72 34.09 63.52 61.69 45.26 0.05 0.05 
TiO2 2.49 0.00 0.00 0.01 0.08 0.01 0.95 46.11 0.01 
Al2O3 20.51 32.00 0.03 57.49 0.01 23.62 33.74 0.02 0.16 
Cr2O3 0.01 0.00 0.00 0.03 17.80 0.02 0.04 0.03 0.41 
FeO 15.98 8.00 0.02 1.01 0.01 0.01 3.21 45.53 90.55 
MnO 0.26 0.73 0.00 0.00 0.05 0.00 0.03 0.42 0.09 
MgO 9.99 7.87 0.00 0.02 0.01 0.00 0.72 0.05 0.00 
ZnO 0.08 0.03 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
CaO 0.01 0.01 0.01 0.01 0.03 5.11 0.21 0.02 0.01 
Na2O 0.21 0.45 0.00 0.00 0.30 8.94 0.71 0.00 0.00 
K2O 8.83 0.00 0.02 0.00 2.59 0.28 10.06 0.02 0.00 
V2O3 0.13 0.01 0.00 0.01 12.73 0.00 0.00 0.06 0.29 
ZrO2 0.00 0.00 0.00 0.00 0.50 0.03 0.00 0.00 0.00 
SrO 0.05 0.05 0.05 0.05 0.00 0.05 0.05 0.05 0.05 
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  
Total 94.20 97.27 99.86 92.73 97.63 99.76 94.99 92.37 91.62 

  
No. Oxygens 11.00 18.00 2.00 5.00 8.00 11.00 3.00 4.00 
  
Si 2.69 5.02 1.00 1.00 3.45 2.75 3.06 0.00 0.00 
Ti 0.14 0.00 0.00 0.00 0.00 0.00 0.05 0.96 0.00 
Al 1.82 3.94 0.00 1.98 0.00 1.24 2.69 0.00 0.01 
Cr 0.00 0.00 0.00 0.00 0.76 0.00 0.00 0.00 0.02 
Fe2+ 1.01 0.70 0.00 0.02 0.00 0.00 0.18 1.06 3.93 
Mn2+ 0.02 0.06 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Mg 1.12 1.23 0.00 0.00 0.00 0.00 0.07 0.00 0.00 
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 0.00 0.00 0.00 0.00 0.00 0.24 0.01 0.00 0.00 
Na 0.03 0.09 0.00 0.00 0.00 0.77 0.09 0.00 0.00 
K 0.85 0.00 0.00 0.00 0.03 0.02 0.87 0.00 0.00 
V3+ 0.01 0.00 0.00 0.00 0.18 0.00 0.00 0.00 0.01 
Zr 0.00 0.00 0.00 0.00 0.56 0.00 0.00 0.00 0.00 
Sr 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
  

Total Cations (S) 7.69 11.05 1.00 3.01 5.00 5.02 7.03 2.04 3.98 
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 Sample No. NL31 145 78

SiO2 53.20 63.52 52.56
TiO2 1.33 0.85 1.18

Al2O3 26.01 17.17 23.37
Fe2O3 5.57 2.10 3.47
FeO 3.87 4.31 7.81
MnO 0.17 0.15 1.40
MgO 1.68 2.29 2.66
CaO 2.29 1.42 0.67
Na2O 2.23 2.53 0.78
K2O 1.77 3.78 3.09
P2O5 0.29 0.14 0.13
LOI 1.51 1.90 3.21
Total 99.92 100.16 100.33

Fe2O3T 9.87 6.89 12.15

Rb 102.9 263.5 203.4
Sr 267 105 67
Y 44.6 31.2 40.9
Zr 306 193 73
V 162 101 139
Ni 28 40 25
Cr 195 132 92
Nb 22.0 18.2 20.9
Ga 28.7 22.1 30.4
Cu 16 19 30
Zn 106 81 124
Co 65 56 89
Ba 349 438 373
La 41 30 40
Ce 80 67 100
U 3.0 1.7 4.8

Th 21.2 8.2 22.1
Sc 20 14 18
Pb 30 4 1

Table 3
Bulk rock chemistry for mineral phase equilibria 
and whole rock geochemistry for samples NL31, 
NL78 and NL145.
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The Neoproterozoic to late Paleozoic evolution of Avalonia, 
Ganderia and Meguma in the northern Appalachians: a hafnium 

isotopic perspective

ABSTRACT
Since Wilson’s 1966 proposal for a proto-Atlantic (Iapetus) Ocean along the eastern margin 

of Laurentia, geologists have variably constrained the timing of ocean opening to the Late 
Neoproterozoic, most recently to ~615 Ma. However, based on a compilation of hafnium isotopic 
arrays of detrital and magmatic zircons from Avalonia, Ganderia and Meguma in the northern 
Appalachians, and comparisons with Hf data compilations from cratonic Amazonia, Baltica and 
Laurentia, it is proposed that the opening of proto-Iapetus Ocean began much earlier, at ~750 Ma,. 
Geological similarities between Ganderia and Avalonia are confi rmed by Hf arrays and show 
that both initiated near the former Grenville suture, likely the Laurentian margin, and not from 
Gondwana as commonly thought. Moreover, the presence of in situ 750 Ma calc-alkaline 
granites in Avalonia requires subduction had begun by at least 750 Ma. Indeed, detrital zircons 
from Avalonia suggest magmatism/subduction began at ~800 Ma, which coincides with the fi nal 
stages of suprasubduction zone magmatism (~870-740 Ma) in the Valhalla Orogen, to the north.

We suggest that southward propagation of Valhalla subduction initiated a continental-
type arc between ~800-750 in the former Grenville Orogen, along the Laurentian margin. 
Penecontemporaneously, the Asgard Sea progressively opened behind, as Baltica drifted away from 
Laurentia. A uniform shift in the Hf isotope array toward juvenile values between ~750-650 Ma 
suggests the Avalonian/Ganderian arc retreated from Laurentia to form a microcontinental ribbon at 
least by 700 Ma. Extension-related 760-680 Ma alkaline granites in the central Appalachians attests 
to ongoing subduction retreat. The intervening back-arc basin became the proto-Iapetus Ocean.

Between ~750-650 Ma the ribbon transferred by subduction retreat across the Asgard Sea, 
closing it and colliding with the Gondwanan margin at ~650 Ma, consistent with paleomagnetic 
and geological evidence. Accretion of the ribbon is also refl ected in the reversal of εHf data 
to progressively negative values between 650-600 Ma, which is also recorded across other 
northern peri-Gondwanan terranes, such as Iberia and Cadomia. Avalonia, Ganderia and 
Meguma separated diachronously from Gondwana as ‘composite Avalonia’ between 550-500 
Ma, forming the Rheic Ocean. Meguma is interpreted to form the trailing passive margin to 
the retreating continental ribbon during the late Cambrian-Ordovician.   All terranes show an 
εHf isotopic trend toward juvenile values, consistent with the transition from continental to a 
retreating oceanic-arc. Avalonia and Ganderia migrated northward, initially closing the Tornquist 
Sea as it collided with Baltica, then closing Iapetus at ~450-440 Ma as it fi nally re-amalgamated 
with Laurentia. Thus, proto-Iapetus and Iapetus has a 300 Ma-long history recorded by zircons 
in the adjacent, retreating arc systems, and did not form by Atlantic-style ocean-opening. 

Following the fi nal accretion of composite Avalonia by ~430 Ma, subduction stepped outboard 
into the trailing Rheic Ocean. Subduction was initiated within the Rheic Ocean, placing the 
peri-Gondwanan terranes in an upper plate, back-arc setting. The hafnium isotopic array 
indicates that tectonic switching between retreating (e.g. Salinic and Neoacadian orogenies) 
and advancing (e.g. Acadian Orogeny) subduction episodes progressively homogenised the 
crust, exclusively reworking the juvenile (Late Neoproterozoic) and Grenvillian-type basement.  

The geological evidence for overall predominantly extensional environment 
is preserved in the protracted development of pull-apart basins and abundant 
bimodal and granitic magmatism across composite Avalonia between ~430-350 
Ma, which was punctuated by brief intervals of contraction and transpression.
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1. INTRODUCTION

 A fundamental aspect of plate tectonics 
is the concept of the Wilson cycle, coined for 
Tuzo Wilson who fi rst proposed the existence 
of a proto-Atlantic Ocean (Iapetus Ocean) 
along the eastern margin of Laurentia during 
the early Paleozoic (Wilson, 1966). Crucial 
for recognising the opening and closing of 
a late Neoproterozoic-Paleozoic ocean was 
the recognition of a suture zone that ran 
through Atlantic Canada and into Western 
Europe, separating rocks of Laurentian 
affi nity from those of Gondwanan affi nity 
(Fig. 1).  Over the last four decades, targeted 
fi eld work, complimented by technological 
advancements, have further refi ned the 
fundamental principles of the Wilson cycle, 
with much of the work taking place in the 
type section of Atlantic Canada (Fig. 1). 
Building on Wilsons (1966) concept, Williams 
(1979) recognised important contrasts in the 
lithology, fauna, metamorphic and igneous 
record of the Neoproterozoic-Paleozoic rocks 
of Newfoundland (and Nova Scotia), and them 
into fi ve distinct tectonostratigraphic zones. 
Williams et al., (1988) further recognised that 
the centre of Newfoundland (the Dunnage 
Zone) comprised of two distinct “oceanic” 
domains that have linkages to Laurentia (Notre 
Dame Subzone) and Ganderia (Exploits 
Subzone) and represent vestiges of the Iapetus 
Ocean.  The timing of the opening of Iapetus 
has been constrained by paleomagnetic, 
geological and geochronological data since 
1966 (Harland and Gayer, 1972; Rankin, 
1976; Dalziel, 1992, 1997; Cawood et al., 
2001; Waldron and van Staal, 2001) and is 
now frequently considered to have opened via 
a triple-junction between Baltica, Amazonia 
and Laurentia between ~620 Ma and 570 Ma 
(Harland and Gayer, 1972; Rankin, 1976; 
Dalziel, 1992, 1997; Cawood et al., 2001; 
Waldron and van Staal, 2001; Cawood and 
Pisarevsky, 2006; Pisarevsky et al., 2008). 

 The transfer of outboard terranes from 

the northern Gondwanan margin during the 
early Paleozoic to the Laurentian margin in 
the late Ordovician-early Silurian, played a 
fundamental role in the closure of the Iapetus 
Ocean as well as the birth of the successor 
Rheic Ocean (Murphy et al., 2010; Pollock 
et al., 2011; Nance et al., 2012; Willner 
et al., 2014). These outboard terranes of 
Atlantic Canada include Ganderia, Avalonia 
and Meguma, and are generally accepted as 
having evolved along the Amazonian and/or 
West African margins of northern Gondwana 
in the late Neoproterozoic as part of an 
extensive continental-arc system (Murphy et 
al., 2013; Linnemann et al., 2014). During 
the late Cambrian-early Ordovician the peri-
Gondwanan terranes are proposed to have 
rifted from the Gondwanan margin and were 
transferred across the Iapetus Ocean to the 
Laurentian margin, opening the Rheic Ocean 
in their wake (Murphy et al., 2006; Nance et 
al., 2012). The closure of the Rheic Ocean 
in the late Devonian-early Carboniferous 
culminated in the oblique collision of West 
Africa with Laurentia during fi nal assembly 
of Pangea (Stampfl i and Borel, 2002; Stampfl i 
et al., 2013). Therefore, the geodynamic 
driving forces behind the transfer of the peri-
Gondwanan terranes are tied intrinsically to 
the timing and evolution of the Iapetus and 
Rheic Oceans. 

 New geochronological and isotopic 
data from Avalonia and Ganderia (Henderson 
et al., 2016; Henderson, in prep) raise 
several unresolved issues regarding the early 
Neoproterozoic history of the peri-Gondwanan 
terranes and the evolution of Iapetus, which 
have implications for Neoproterozoic and 
Paleozoic paleogeography of the northern 
Appalachian orogen.  Isotopic similarities 
between Ganderia and Avalonia including 
the nature of the basement, the timing of 
Neoproterozoic (~650-550 Ma) continental-
arc magmatism and the close timing of 
accretion to the Laurentian margin, suggest 
the terranes share a common history 
throughout the late Neoproterozoic-early 
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Atlantic Canada United Kingdom

LAURENTIA

Meguma

Avalonia 

Ganderia

Ganderian arcs

APPALACHIAN OROGEN

Iapetan realm 
(Dunnage zone)

Cratonic Laurentia

PERI-GONDWANAN 
TERRANES

NL
NS

NB

Figure 1
Tectonic map showing the distribution of the Appalachian orogen and the extension into the United 
Kingdom. Shown are the tectonic-stratigraphic subdivisions within the Appalachian orogen including 
Laurentia, the Iapetan “Dunnage Zone”, Ganderian arcs, Ganderia, Avalonia and Meguma.  NL: 
Newfoundland, NS: Nova Scotia, NB: New Brunswick. The fi gure is modifi ed from Hibbard et al., 
(2007), Barreiro et al., (2007), Keppie et al., (2008) and Pollock et al., (2011).

Paleozoic (Henderson et al., 2016). Isotopic 
data from detrital zircons in Avalonia and 
Ganderia indicate a comparable magmatic-
arc history that commences at ~800-750 Ma 
(Henderson et al., 2016; Henderson, in prep) 
outboard of Gondwana, prior to arc accretion 
and ensuing continental arc-magmatism along 
the Gondwanan margin between ~650-550 
Ma (Murphy et al., 2013; Henderson et al., 
2016). Although the basement of Avalonia 
and Ganderia are not defi nitively exposed, it 
has been characterised by geochronological 
and isotopic methods and is composed of 
Mesoproterozoic-Paleoproterozoic (~1.0-
2.2 Ga) “Grenvillian-type” crust (Henderson 
et al., 2016; Henderson, in prep). Crust of 
this age is abundant in areas assigned to the 
Grenvillian orogeny, such as the Grenville 
Province in Laurentia (Dickin et al., 1990; 
Daly and McLelland, 1991; Dickin, 2000), the 
Sveconorwegian Orogen in Sweden (Andersen 
et al., 2007 and references therein) and the 
SW Amazon craton (Sunsas Belt, Tohver et 
al., 2006 and references therein). However, 
the Grenville regions are generally interpreted 
to be ‘locked’ up within the interior of the 
Rodinian supercontinent until fi nal break-up 
during the opening of Iapetus at ~620-570 Ma 
(Cawood et al., 2001; Cawood and Pisarevsky, 
2006). 

 The present constraints on the timing 

of Iapetus opening make it impossible to 
reconcile a Grenville origin for the basement 
to the Neoproterozoic Avalonia and Ganderia 
arcs, as suggested by the geochronological 
and isotopic data. Ganderian and Avalonian 
arc magmatism occurs virtually continuously 
between ~650-450 Ma suggesting they 
developed along a single active plate margin 
(Henderson et al., Submitted); with the 
subducted plate generally considered to be 
Iapetus in most reconstructions (Pollock et 
al., 2011; van Staal et al., 2012). However, 
the timing of the continental arc-magmatism 
is inconsistent with Iapetus opening between 
~620-570 Ma and cannot be reconciled with 
the destruction of Iapetus. Therefore, either 
the peri-Gondwanan terranes occupied a 
location away from the Iapetan margins during 
the mid-late Neoproterozoic (e.g. Keppie et 
al., 2003; Linnemann et al., 2008; Murphy 
et al., 2013) or Iapetus opened earlier in the 
Neoproterozoic (see Chew et al., 2008). 
 
 Consistent with existing geological 
constraints, Avalonia and Ganderia (± 
Meguma) formed part of series of continental 
arcs along the northern Gondwana margin by 
~650 Ma (Von Raumer et al., 2002; Pollock et 
al., 2011). The rifting of the peri-Gondwana 
terranes from the Gondwanan margin occurred 
variably between ~510-480 Ma (Murphy et 
al., 2006; Pollock et al., 2009; van Staal et 
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Figure 2
A) Simplifi ed geology map of the Meguma terrane in Nova Scotia showing the location of the major 
geologic units and structural zones. The yellow stars show the location of the new samples taken for 
U-Pb-Hf analysis. The fi gure is modifi ed from Pothier et al. (2015) and reference. B) Time-space plot 
showing the major episodes of sedimentation, deformation and magmatism throughout the Meguma 
terrane. The plot is divided into NE and SW zone by a major structural feature, the Chebogue Point 
Shear Zone. The plot is modifi ed after White et al. (2012) and references therein.
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al., 2012), either as a more or less contiguous 
ribbon (e.g. Avalonia sensu lato, O’Brien et 
al., 1996; Nance et al., 2002; Nance et al., 
2010) or as separate entities requiring several 
ocean basins to open (Barr and White, 1996; 
van Staal et al., 1996; van Staal et al., 1998; 
Barr et al., 2003). Between the late Ordovician 
to early Devonian the terranes progressively 
accreted to the Laurentian margin. If the 
terranes are considered to have been individual 
fragments then subduction is required to step 
outboard following the collision of each 
terrane, establishing a continental arc on 
the upper plate during each ocean closure 
event (van Staal et al., 2009; Zagorevski and 
Van Staal, 2011).  A common issue in the 
Appalachians is the paucity of Silurian-early 
Carboniferous calc-alkaline rocks indicative 
of continental arc magmatism, making the 
reconstruction of wide ocean basins between 
the peri-Gondwanan terranes less feasible. 

 In this chapter we present a 
comprehensive compilation of new and 
existing U-Pb-Hf isotopic data from magmatic 
and detrital zircons from Neoproterozoic-
Silurian rocks of Avalonia, Ganderia and 
Meguma. We use hafnium isotopes to reassess 
the evolution of the peri-Gondwana Avalonia, 
Ganderia and Meguma terranes. Hafnium 
isotopic arrays are sensitive to long and short 
term changes within a tectonic framework, 
such as the establishment or destruction of an 
oceanic basin (Henderson et al., Submitted), 
and thus can be used to test the existing tectonic 
reconstruction models for the Appalachians. 
Based on this data, we propose an alternative 
model for the evolution for the Iapetus Ocean 
and the Paleozoic assembly of the composite 
Laurentian margin prior to the amalgamation 
of Pangea. 

2. Sample selection and geological 
framework

 The present study follows on from 
Henderson et al., (2016) and Henderson et 
al., (submitted) that focused on the hafnium 
isotopic signatures of the basement rocks in 

Avalonia and Ganderia (respectively) in the 
northern Canadian Appalachians. In order 
to obtain a full hafnium isotopic array for 
the peri-Gondwanan terranes of the northern 
Appalachians it is essential to characterise 
Meguma, and the clastic sedimentary rocks 
deposited on Avalonia and Meguma during the 
complex Ordovician-Carboniferous interval.  
In order to ‘tie’ the detrital zircons to the 
magmatic record in Avalonia, Ganderia and 
Meguma we also sampled six igneous rocks 
(fi ve granites and one rhyolite) from across 
Nova Scotia and Newfoundland (Fig. 2, 3). 

2.1 Meguma terrane

 The late Neoproterozoic-Paleozoic 
evolution of Meguma is under ongoing debate 
(Murphy et al., 2004b; Waldron et al., 2009; 
Waldron et al., 2011; White and Barr, 2012) as 
there is no exposed arc-related basement like 
Avalonia and Ganderia and preserves unique 
Paleozoic stratigraphy. Meguma comprises 
a thick sequence of early Cambrian-early 
Ordovician turbiditic sandstones and shales 
that are collectively referred to as the Meguma 
Group (Stevenson, 1959), and subdivided into 
the metasandstones-dominated Goldenville 
and slate-dominated Halifax groups (White 
and Barr, 2012). Systematic mapping, 
geochronology and faunal age constraints 
conducted in the last decade or so have resulted 
in further subdivision of the Goldenville 
and Halifax groups and the establishment 
of regional stratigraphy (White, 2010 and 
references therein). A signifi cant advancement 
was the recognition of a major high-strain zone, 
the Chebogue Point shear zone, which divides 
Meguma into northwestern and southeastern 
parts (Fig. 2a). Silurian metasedimentary 
sequences and two series of mafi c dykes only 
occur northwest of the shear zone (White, 
2010; White and Barr, 2012).  

 Early limited detrital zircon data 
provided an initial maximum deposition age 
of 566 ± 8 Ma for the Goldenville Group 
(Krogh and Keppie, 1990). Analysis of the 
stratigraphically lowest and highest members 
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of the Goldenville Group northwest of the 
Chebogue Point shear zone yielded maximum 
deposition ages from detrital zircon of 544 ± 
18 Ma and 529 ± 19 Ma, respectively (Waldron 
et al., 2009). The detrital zircon spectra of 
the lowest points in the Goldenville Group 
stratigraphy (High Head and Church Point 
members) comprise solely of Neoproterozoic 
zircons (~750-540 Ma), whereas higher 
in the stratigraphy the detrital zircon 
spectra becomes more complex yielding 
Neoproterozoic populations (~550-620 Ma), 
scattered Mesoproterozoic (~1000-1200 Ma, 
~1500 Ma), Paleoproterozoic (1900-2200 Ma) 
and Archean populations (~2500-3000 Ma) 
(Waldron et al., 2009). Further age constraints 
were established by the documentation of 
Cambrian ichnofossils in the Church Point 
Formation that constrain the group to the 
Lower Cambrian (Gingras et al., 2011); and are 
also similar to trace fossils found in northwest 
Argentina and south-eastern Newfoundland. 
The deposition of the Goldenville Formation 
post-dates the ~650-550 Ma magmatic arc 
activity that dominated along the northern 
Gondwanan margin (Murphy et al., 2013), and 
coincides with the onset of rifting and bimodal 
volcanism in the Avalonia terrane (Keppie et 
al., 2003).  

 To expand on the previous 
geochronology undertaken in the Goldenville 
Group, four samples were selected for U-Pb-
Hf detrital zircon analysis; two from the 
northwest of the Chebogue Point shear zone 
(ACO-12-26b, Church Point Fm.; ACO-12-
27, High Head) and two from southeast of 
the shear zone (ACO-12-20b, Government 
Point Fm.; ACO-12-22, Government Point 
Fm.). Hafnium isotopes from Meguma detrital 
zircons have not been assessed before and will 
allow the source terrane to be constrained with 
much more confi dence. 

 The Silurian Rockville Notch Group 
occurs only in the northwest of the shear zone, 
where it disconformably overlies the Halifax 
Group. The Rockville Notch Group consists 
of quartzites, metasiltstones and slates and 
interlayered mafi c and felsic metavolcanic 
rocks (White et al., 2011, 2012a), divided 
into the White Rock Formation, Kentville 
and New Canaan/Torbrook Groups (Fig. 2b).  
The interpreted depositional environment 
for the protolith rocks is a shallow marine 
environment (MacDonald et al., 2002 and 
references therein). The geochemistry of the 
mafi c volcanic rocks is predominantly alkaline 

Sample No. Stratigraphic 
name Tectonic affiliation Depositional age Youngest 

population 
No. of U-Pb 
analyses Coordinates  

ACO-12-44A 
Stellarton 
Formation Avalonia/Meguma Carboniferous 410 ± 5 Ma 71/139  45°34'50.83"N  62°40'8.12"W 

ACO-12-56B Cribbons Pt 
Formation Avalonia/Meguma late Carboniferous 623 ± 6 Ma 28/70  45°45'24.41"N  61°53'43.47"W 

ACO-12-51 Graham Hill 
Formation Avalonia/Meguma Carboniferous 380 ± 5 Ma 65/80  45°21'10.27"N  63°16'19.99"W 

ACO-12-32C Lismore 
Formation Avalonia/Meguma Carboniferous 413 ± 4 Ma 78/96  45°43'30.02"N  62°13'27.25"W 

ACO-12-42B Cross River Fm. Avalonia/Meguma 
late Devonian-
early 
Carboniferous 

362 ± 5 Ma 53/80  45°16'54.85"N  62°23'35.61"W 

ACO-12-43 Barrans Fm. Avalonia/Meguma 
late Devonian-
early 
Carboniferous 

362 ± 3 Ma 74/80  45°20'32.36"N  62°25'17.64"W 

ACO-12-30A McArras Brook 
Fm.  Avalonia  late Devonian 403 ± 4 Ma 60/60  45°51'47.77"N  61°59'1.32"W 

ACO-12-33 Knoydart Fm. Avalonia  lower Devonian 413 ± 6 Ma 35/47  45°43'56.69"N  62°12'35.29"W 
ACO-12-37 MacAdam Fm. Avalonia  Wenlock-Ludlow 440 ± 7 Ma 73/80  45°44'51.90"N  62°10'4.09"W 
ACO-12-45 Beechill Cove Fm. Avalonia  Llandovery 543 ± 8 Ma 45/60  45°35'45.67"N  62°15'47.56"W 
ACO-12-28a White Rock Fm. Meguma early Silurian 514 ± 6 Ma 56/85  45° 3'34.19"N  64°27'1.10"W 
ACO-12-25 White Rock Fm. Meguma early Silurian 539 ± 7 Ma 41/80  44° 5'26.65"N  66°12'3.02"W 

ACO-12-22A Government Point 
Fm. Meguma mid-Cambrian 535 ± 5 Ma 70/80  43°34'32.15"N  65°34'28.67"W 

ACO-12-20B Green Harbour 
Fm. Meguma 

early-mid 
Cambrian 591 ± 6 Ma 51/80  44°12'46.98"N  64°26'12.28"W 

ACO-12-27 High Head 
Member Meguma early Cambrian 551 ± 8 Ma 65/71  43°57'26.49"N  66° 9'42.91"W 

ACO-12-26B Church Point Fm.  Meguma early Cambrian 579 ± 7 Ma 76/80  44° 0'50.00"N  66° 9'28.53"W 

Table 1
Full list of sedimentary rocks sampled in this study with relevant sample details and key analytical 
results. 
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Figure 4
Detrital zircon age probability density distribution plots for sedimentary rocks from Meguma. Lighter 
grey fi elds represent zircon grains that are > 10% discordant. n =xxx/xxx equals number of > 90–110% 
concordant analyses/number of < 90% or > 110% concordant analyses.
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and indicates a within-plate setting that has 
been previously associated with rifting from 
the Gondwanan margin (MacDonald et al., 
2002; White and Barr, 2003; White et al., 
2012b).  

 Two samples were taken from the 
metasedimentary layers of the Silurian White 
Rock Formation; the fi rst from the cliffs 
at Cape Saint Marys (ACO-12-25) and the 
second from Kentville (ACO-12-28A). U-Pb 
zircon age constraints for the felsic volcanics 
in the White Rock Formation are constrained 
to 438 ± 3 Ma (MacDonald et al., 2002), which 
is coeval to the Brenton Pluton that yielded 
an age of 439 ± 3 Ma (Krogh and Keppie, 
1990) and thus these bodies are interpreted 
to be co-magmatic (MacDonald et al., 2002). 
Previous detrital zircon provenance studies 
have been conducted on the White Rock and 
Torbrook Formations (Murphy et al., 2004b), 
where the detrital zircon spectra comprised 
late Neoproterozoic-early Paleozoic (~520-
640 Ma, 390-440 Ma), minor Tonian (~830, 
980 Ma), Mesoproterozoic (~1000-1200 Ma, 
~1400 Ma) and Paleoproterozoic (~1950-
2200 Ma) populations. The presence of early 
Neoproterozoic and Mesoproterozoic zircons 
are comparable to the Silurian-early Devonian 
Arisaig Group in Avalonia, and Murphy et al., 
(2004b) suggest a shared Paleozoic history 
for Meguma and Avalonia to account for the 
similarities. 

2.2 Silurian-Carboniferous sedimentary 
rocks

 During the Silurian-Carboniferous 
Avalonia and Meguma underwent a complex 
evolution during in which they were 
progressively accreted to the Laurentian 
margin and subsequently underwent a 
number of compressional and extensional 
events associated with internal interactions 
with one another and the composite 
Laurentian margin (e.g. the Salinic, Acadian, 
Neoacadian, Alleghenian orogenies, 
Murphy et al., 1999; van Staal et al., 2004; 

Murphy and Keppie, 2005; Zagorevski et 
al., 2007b; van Staal et al., 2009). Obtaining 
geochronological and isotopic data from the 
sedimentary sequences deposited during late 
Ordovician-Carboniferous are fundamental to 
understanding the geodynamic framework of 
the Appalachian orogen and the Iapetus and 
Rheic oceans. 

 Late Neoproterozoic arc rocks of 
Avalonia (~630-540 Ma) are overlain by a 
sequence of Cambrian-Lower Ordovician 
volcanic and terrestrial to shallow marine 
clastic rocks and limestones that preserve 
Acado-Baltic fauna commonly attributed to 
a northern Gondwanan affi nity (Landing and 
Murphy, 1991). A thick succession of late 
Ordovician-Early Devonian siliciclastic rocks 
(the Arisaig Group) unconformably overly the 
Cambrian-Ordovician platformal sequences 
(Waldron et al., 1996). The Arisaig Group 
consists of a ~80-200 m base of bimodal 
volcanic rocks, known variably as the Dunn 
Point or Bears Brook Formations,  which 
are disconformably overlain by a ~1800-
1900 m continuous sequence of shallow-
marine, fossiliferous siliciclastic rocks 
(Waldron et al., 1996; Murphy et al., 2004a; 
Braid and Murphy, 2006). Fossils constrain 
the deposition of the formations within the 
Arisaig Group to the Lower Llandoverian to 
Lochkovian (see Boucot, 1974; Waldron et 
al., 1996). On the basis of contrasting Sm-Nd 
whole rock isotopic and the detrital zircon 
record Murphy et al. (2004a) determined 
that the Arisaig Group was unlikely to have 
been derived from the underlying Avalonian 
arc rocks and instead are likely to have been 
derived from Baltica in the latest Ordovician, 
and subsequently Laurentia by the Middle 
Silurian. Three samples were collected from 
the Arisaig Group (Fig. 3); from the 439 Ma 
Beechill Cove Formation (ACO-12-45), the 
424 Ma MacAdam Formation (ACO-12-37) 
and the 405 Ma Knoydart Formation (ACO-
12-33). 

 Unconformably overlying the Arisaig 
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Figure 5
Detrital zircon age probability density distribution plots for Silurian to lower Devonian sedimentary 
rocks from Avalonia. Lighter grey fi elds represent zircon grains that are > 10% discordant. n =xxx/xxx 
equals number of > 90–110% concordant analyses/number of < 90% or > 110% concord-ant analyses.
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Detrital zircon age probability density distribution plots for lower Devonian to Permian sedimentary 
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Group is the Middle to Late Devonian 
McArras Brook Formation, which comprises 
interbedded mafi c volcanics and continental 
redbeds interpreted to have been deposited 
during an episode of regional intracrustal 
extension, associated with the dextral 
transpression between Avalonia and Meguma 
(Murphy et al., 2011) during the latest 
stages of the Acadian orogeny (Murphy and 
Keppie, 2005). A sample of the McArras 
Brook Formation was collected for hafnium 
isotope analysis (ACO-12-30A). During the 
late Devonian- Carboniferous a series of rift 
basins developed on the composite Laurentian 
margin, overstepping the Avalonia-Meguma 
boundary (Murphy and Keppie, 1998; 
Murphy and Hamilton, 2000; Piper and Pe-
Piper, 2001).  Clastic sequences sourced 
locally from uplifted Neoproterozoic arc 
rocks and the Meguma terrane (Murphy 
and Hamilton, 2000) were deposited and 
deformed during progressive dextral shear 
during the convergence between Laurentia and 
Gondwana and the fi nal assembly of Pangea. 

 We collected six late Devonian-late 
Carboniferous samples from the Barrens 
Formation (ACO-12-43), Cross River 
Formation (ACO-12-42B) and the Graham 
Hill Formation (ACO-12-51), a sample from 
the Namurian Lismore Formation (AOC-12-
32c), a sample from the Stellarton Formation 
(ACO-12-44a) and a sample from the Cribbons 
Point Formation (ACO-12-56b). Previous 
detrital zircon data has been collected from 
the Graham Hill, Barrens and Cross River 
Formations (Murphy and Hamilton 2000). 

2.3 Igneous rocks 
 
 Unequivocal basement of Avalonia is 
not exposed anywhere in the terrane (Murphy 
et al., 2000), which means there are no 
ways to directly test the composition of the 
basement rocks. However, isotopic analysis 
of Neoproterozoic igneous rocks enables the 
characterisation of the nature of the lower 
crust (Murphy et al., 2000). Previous studies 
have used Sm-Nd whole rock isotopes to 
estimate the age of the basement (Nance and 
Murphy, 1994; Kerr et al., 1995; Nance and 
Murphy, 1996; Samson et al., 2000; Murphy 
and Nance, 2002) and generally found 
whole rock models ages of ~1.0-1.2 Ga for 
western Avalonia, with the exception of the 
Simmons Brook Intrusive Suite and the Seal 
Cove granite in Newfoundland (Tucker and 
Corfu, 1993; Kerr et al., 1995) that record Nd 
TDM model ages of ~1.6 Ga; indicating the 
presence of an older basement in Avalonia. 
Pollock et al. (Pollock et al., 2015) recently 
presented hafnium isotopes from zircons in 
a suite of late Neoproterozoic igneous rocks 
from the Avalon terrane in Nova Scotia and 
Newfoundland and found the majority of 
Neoproterozoic zircons (~570-650 Ma) record 
TDM of 0.84-1.30 Ga, with minor populations 
preserving signifi cantly older TDM of ~1.4-
3.10 Ga. Henderson et al. (2016) also analysed 
detrital zircons from Neoproterozoic arc-
related sequences in Avalonian Nova Scotia 
and concluded the early Avalonia arc was likely 
built on Mesoproterozoic-Paleoproterozoic 
“Grenvillian-type” (2.0-1.0 Ga) crust.   

 To strengthen the ties between the 

Sample No. Name Tectonic affiliation Crystallisation age 
Youngest inherited 
population Coordinates  

ACO-ERG-14 
Economy River 
Gneiss Avalonia 735 ± 3 Ma    45°26'38.19"N  63°54'54.69"W 

ACO-13-17 Clarenville granite Avalonia 607 ± 3 Ma    48° 7'42.62"N  53°55'59.55"W 
ACO-13-21 Dunn Pt rhyolite Avalonia 466 ± 6 Ma   45°45'43.83"N  62°10'19.13"W 

ACO-13-16 
Deadmans Bay 
granite Ganderia 393 ± 2 Ma   49°21'1.47"N  53°41'27.19"W 

BH-002/003 
South Mountain 
Batholith Meguma  401 ± 6 Ma   45°15'30.92"N  62°34'37.36"W 

BH-005 
South Mountain 
Batholith Meguma  457 ± 7 Ma  45°15'52.23"N  62°32'2.93"W 

Table 2
Full list of igneous rocks sampled in this study with relevant sample details and key analytical results. 
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hafnium isotope array defi ned by detrital 
zircons with the Neoproterozoic magmatic 
record of Avalonia, two granites from 
western Avalonia were sampled for hafnium 
isotopic analysis. The fi rst from the 734 Ma 
Economy River Gneiss (Doig et al., 1993), 
which is one of the oldest magmatic rocks 
exposed in Nova Scotia. The Economy River 
Gneiss (sample ACO-14-ERG) intrudes the 
oldest metasedimentary rock (Gamble Brook 
Formation) that was recently analysed for 
detrital zircon hafnium isotopic analysis 
(Henderson et al., 2016) and contained 

almost exclusively Mesoproterozoic-
Paleoproterozoic detritus (~2.0-1.0 Ga) 
isotopically compatible with Baltica. The 
second sample is the Clarenville Granite from 
the Avalon Zone in Newfoundland (ACO-
13-17). Based on undeformed nature of the 
granite it had previously been assumed to be 
Devonian in age (Kerr et al., 1993), but has been 
potentially considered to be Neoproterozoic 
based on other fi eld constraints (Normore, 
2012). No geochronological constraints 
currently exist for the Clarenville Granite. 
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 Igneous rocks are scarce in the early 
Paleozoic in Avalonia and Meguma, but 
become increasingly abundant throughout 
the mid-Silurian- late Devonian (Keppie 
and Krogh, 2000; MacDonald et al., 2002; 
Murphy and Dostal, 2007). The Dunn Point 
Formation in Avalonia (Fig. 3) records an 
important interval of mid-Ordovician bimodal 
volcanism interpreted to refl ect extension and 
basin development during the oblique collision 
between Avalonia and Laurentia (Hamilton 
and Murphy, 2004). A sample of fl ow-banded 
rhyolite was collected from the Dunn Point 
Formation for U-Pb zircon and Hf analysis 
(sample ACO-13-21, Fig. 3). Previously, a 
rhyolite from the Dunn Point Formation has 
been yielded a U-Pb zircon age of 460 ± 3 Ma 
(Hamilton and Murphy, 2004). Silurian-early 
Devonian magmatism throughout Ganderia is 
generally attributed to the closure of an ocean 
basin (van Staal et al., 2009; van Staal and 
Barr, 2011) between Ganderia and Avalonia 
and subsequent post-collisional orogenic 
collapse (Schofi eld and D’Lemos, 2000) 
and/or delamination (Whalen et al., 2006).  
Although magmatism occurs from ~430 Ma, 
it is most prevalent between ~400-380 Ma 
(Kellett et al., 2014). We present U-Pb-Hf 
isotopic data from the Deadmans Bay Granite 
in Ganderia (sample ACO-13-16), which has 
previously been dated at 390 ± 4 Ma (Kellett 
et al., 2014).  

 Peraluminous mid-to late Devonian 
granites are a defi nitive characteristic of 
the Meguma terrane (Clarke et al., 1997); 
of which the largest plutonic suite is the 
granodioritic to leucogranitic South Mountain 
Batholith (“SMB”) (Fig. 2, Shellnutt and 
Dostal, 2015). Plutons exposed towards the 
boundary of the SMB are often more ‘mafi c’ in 
character (e.g. Barrington Passage, Shelburne 
and Port Mouton, White et al., 2012a). The 
SMB is considered to have been generated 
by predominantly melting of the unexposed 
basement, with contamination from the 
Goldenville and Halifax Groups and mixing 
with mantle derived mafi c magmas (Tate et al., 

1997; Clarke et al., 2000). Given the S-type 
nature and abundance of inherited zircons 
within the SMB, it has been notoriously 
diffi cult to obtain a precise crystallisation 
age (Tate and Clarke, 1997; MacLean et al., 
2003; Moran et al., 2007). However, various 
monazite, zircon and titanite ages have yielded 
populations between ~380-370 Ma (Clarke 
and Halliday, 1980; Clarke et al., 2000; 
MacLean et al., 2003; Moran et al., 2007), 
indicating SMB magmatism occurred over a 
~10 million year period. Generally, the age of 
the granites young towards the southeast in 
the Meguma terrane (White and Barr, 2012 
and references therein). Two samples were 
collected from the SMB; one is a granite from 
the Long John Lake pluton (BH-002/003) 
and the second is a quartz diorite from the 
Ten Mile Lake pluton (BH005) (Fig. 2). 
40Ar/39Ar ages from hornblende, muscovite 
and biotite indicate that most of the Meguma 
terrane cooled through 300 °C by ~368-345 
Ma, which indicates rapid denudation of up to 
10 km following the emplacement of the SMB 
(Keppie and Dallmeyer 1995). 

3. RESULTS ZIRCON 
GEOCHRONOLOGY

 A total of 1268 detrital zircon and 
226 igneous zircon analyses were conducted 
on samples from across Avalonia, Ganderia 
and Meguma. A summary of the samples 
analysed for U-Pb and Hafnium analyses are 
presented in Tables 1 and 2. Detrital zircon age 
spectra for the Cambrian-Silurian Meguma 
metasedimentary rocks are presented in 
Figure 4, for early Silurian to early Devonian 
Avalonia sedimentary rocks in Figure 5 
and Devonian-Carboniferous sedimentary 
rocks deposited on the boundary of Avalonia 
and Meguma in Figure 6.  Concordia and 
weighted age diagrams are presented for the 
Neoproterozoic-Devonian igneous rocks in 
Figures 7 and 8. 

3.1 Meguma U-Pb zircon geochronology
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Figure 8
Concordia plots for zircon grains from the South Mountain Batholith and Deadmans Bay granite. Mean 
ages displayed are 206Pb/238U ages with mean errors quoted at the one standard deviation level.

3.1.1 ACO-12-26b (Church Point 
Formation)

 Sample ACO-12-26b is taken from 
a medium grained sandstone of the early 
Cambrian Church Point Formation (Fig. 4). 
ACO-12-26b had 80 analyses conducted on 
80 detrital zircon grains, of which 76 are 90-
110 % concordant (Fig. 4). All but one of the 

concordant grains are Neoproterozoic, with 
a single zircon recording a Paleoproterozoic 
age of 2063 ± 21 Ma. The Neoproterozoic 
zircons cover a broad population spanning 
577- 760 Ma, with 69% of zircons falling 
into the Cryogenian (760-635 Ma) and 29% 
being Ediacaran (635-577 Ma). The youngest 
detrital zircon population is 579 ± 7 Ma (n=4, 
MSWD=0.43).  
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3.1.2 ACO-12-27 (High Head Member)

 Sample ACO-12-27 is taken from 
a gritty, medium grained sandstone of the 
early Cambrian High Head Member (Fig. 
4). ACO-12-27 had 71 analyses conducted 
on 71 detrital zircon grains, of which 65 are 
90-110% concordant. All of the grains are 
restricted to Neoproterozoic ages covering a 
continuous population between 702-549 Ma.  
The dominant population are Ediacaran (81%) 
falling between 635-549 Ma. the remainder 
of the zircons are 635-702 Ma. The youngest 
detrital zircon population is 551 ± 8 Ma (n=3, 
MSWD=0.076). 

3.1.3 ACO-12-20b (Green Harbour 
Formation)

 Sample ACO-12-20b is taken from 
a feldspathic, fi ne grained greywacke of the 
Cambrian Green Harbour Formation (Fig. 
4). ACO-12-20b had 80 analyses conducted 
on 80 detrital zircon grains, of which 51 are 
90-110 % concordant (Fig. 4). The sample is 
dominated by Neoproterozoic zircons (54%), 
of which 31% span the Ediacaran (542-635 
Ma) and 24% are Cryogenian (635-780 Ma). 
Paleoproterozoic zircons are 24% of the 
total concordant grains and form two major 
populations; one at 1950-2180 Ma and the 
second at 2400-2800 Ma. There are minor 
Archean populations (11%) at 2620-2640 Ma, 
2970-3075 Ma and a single zircon at 3305 ± 
19 Ma. A single zircon records a Tonian age 
(870 ± 9 Ma). The youngest detrital zircon 
population is 591 ± 6 Ma (n=4, MSWD= 
0.44). 

3.1.4 ACO-12-22a (Government Point 
Formation)

 Sample ACO-12-22 is taken from 
medium grained quartz sandstone of the middle 
Cambrian Government Point Formation 
(Fig. 4). ACO-12-22a had had 80 analyses 
conducted on 80 detrital zircon grains, of 

which 70 are 90-110 % concordant (Fig. 4).  
The dominant population of detrital zircons 
are Ediacaran (44%) spanning a continuous 
spread between 548 and 632 Ma. Cryogenian 
zircon grains are 24% of the total concordant 
population and defi ne minor peaks at 640-670 
Ma and 720-745 Ma. Minor populations of 
Cambrian (11%) and Paleoproterozoic (11%) 
zircons defi ne peaks at 530-540 Ma and 2000-
2100 Ma. Individual Archean zircons records 
ages at 2505 ± 18 Ma, 2725 ± 17 and 2751 ± 19 
Ma.   Individual Tonian zircons are recorded 
at 887 ± 10 and 898 ± 9 Ma. The youngest 
detrital zircon population is 535 ± 5 Ma (n=6, 
MSWD=0.64). 

3.1.5 ACO-12-28a (White Rock Formation)

 ACO-12-28a is take from a pebbly 
conglomerate of the Silurian White Rock 
Formation. ACO-12-28a had 80 analyses 
conducted on 80 detrital grains, of which 41 
are 90-110% concordant (Fig. 4). The sample 
contains zircon populations that are Cambrian 
(12%), Ediacaran (34%) and Paleoproterozoic 
(12%). Within these populations the zircon 
distribution patterns defi ne major peaks at 550-
580 Ma, minor peaks at 525-540 Ma and 2000-
2100 Ma.  Single Mesoproterozoic zircons are 
recorded at 1043 ± 26 and 1288 ± 23 Ma as 
well as a single Archean zircon (2777 ± 17 
Ma). The youngest detrital zircon population 
is 539 ± 7 Ma (n=3, MSWD=0.068).

3.1.6 ACO-12-25 (White Rock Formation)
 
 ACO-12-25 is taken from a medium 
grained sandstone of the Silurian White Rock 
Formation. ACO-12-25 had 85 analyses 
conducted on 85 detrital grains, of which 56 
are 90-110% concordant (Fig. 4). The sample 
contains zircon populations that are Cambrian 
(14%), Ediacaran (24%), Cryogenian (12%), 
Mesoproterozoic (11%) and Paleoproterozoic 
(30%). Within these populations the zircon 
distribution patterns defi nes a major peak at 
550-620 Ma, and minor peaks at 510-540 Ma, 
640-680 Ma, 1760-1900 Ma and 2030-2200 
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Ma.  Single Tonian zircons are recorded at 
905 ± 10 and 950 ± 10 Ma, as well as single 
Archean zircons at 2507 ± 19 Ma and 2974 ± 
21 Ma and a single Silurian zircon at 430 ± 4 
Ma.  The youngest detrital zircon population 
is 514 ± 6 Ma (n=4, MSWD=0.37). 

3.2 U-Pb zircon geochronology for 
Silurian-early Devonian Avalonian rocks

3.2.1 ACO-12-45 (Beechill Cove Formation)

 Sample ACO-12-45 is fi ne-grained 
sandstone taken from the Silurian Beechill 
Cove Formation (Fig. 5). Sixty analyses 
were conducted on sixty detrital zircons; of 
these forty-fi ve are concordant. The sample 
is dominated by Neoproterozoic (71%) 
grains with minor Paleoproterozoic (20%) 
and Cambrian populations (11%). The zircon 
distribution patterns defi ne a broad peak at 
520-650 Ma and minor peaks at 800-850 Ma 
and 2100-2150 Ma. Singular zircons are dated 
at 2800 ± 27 Ma, 3439 ± 26 and 487 ± 8 Ma. 
The youngest detrital zircon population is 543 
± 8 Ma (n=4, MSWD=0.43). 

3.2.2 ACO-12-37 (MacAdam Formation)

 Sample ACO-12-37 is fi ne-grained 
sandstone taken from the Silurian MacAdam 
Formation (Fig. 5). Eighty analyses were 
conducted on eighty detrital zircons; of these 
seventy-three are concordant. The sample is 
dominated by Neoproterozoic (53%) grains 
with large Mesoproterozoic (23%) and 
Paleoproterozoic (12%).  Two Cambrian (513, 
525 Ma), two Silurian (444, 453 Ma) and three 
Devonian (387, 433, 440 Ma) zircon grains 
were also analysed. The zircon distribution 
patterns defi ne a broad peak at 520-670 Ma 
and narrow peaks at 430-450 Ma, 700-760 
Ma, 950-1080 Ma, 1150-1250 Ma and 1850-
1950 Ma. Single zircons are scattered in the 
Mesoproterozoic (1330 ± 27 Ma, 1362 ± 35, 
1396 ± 46 Ma), Paleoproterozoic (1755 ± 39 
Ma, 2034 ± 27, 2073 ± 31 and 2199 ± 26 Ma). 
The youngest detrital zircon population is 440 

± 7 Ma (n=3, MSWD=0.61). 

3.2.3 ACO-12-33 (Knoydart Formation)

 Sample ACO-12-33 is a medium-
grained, red sandstone taken from the 
Devonian Knoydart Formation (Fig. 5). Forty-
seven analyses were conducted on forty-
seven detrital zircons; of these thirty-fi ve are 
concordant. The detrital zircon spectra from 
the sample is complex covering the Devonian 
through to the Archean (Fig. 5). The largest 
population comes from Neoproterozoic zircons 
(28%) whereby zircons fall broadly into two 
peaks at 560-620 Ma and 930-950 Ma. Single 
zircons are also dated at 718 ± 11 Ma and 850 
± 14 Ma. Devonian and Ordovician zircons 
both form 15% of the detrital zircon spectra 
with peaks at 397-413 Ma and 447-477 Ma, 
respectively. Three Silurian zircons were also 
analysed (418 ± 6, 425 ±6, 425 ± 6 Ma) as 
well as one Cambrian zircon (511 ± 7 Ma). 
Mesoproterozoic zircons (11%) are scattered 
between 1012 and 1483 Ma. Paleoproterozoic 
zircons (9%) are scattered between 1688 and 
2093 Ma.  Archean zircons (11%) are dated at 
2536 ± 26, 2700-2740 and 2683 ± 29 Ma. The 
youngest detrital zircon population is 413 ± 6 
Ma (n=4, MSWD=0.44). 

3.2.4 ACO-12-30A (McArras Brook 
Formation)

 Sample ACO-12-30a is a gritty, 
sandstone taken from the early Devonian 
McArras Brook Formation (Fig. 5). Sixty 
analyses were conducted on sixty detrital 
zircon grains; of these all sixty are concordant. 
The detrital zircon spectrum is dominated 
by Ediacaran (28%), Cambrian (18%) and 
Devonian grains (27%). Minor populations of 
Silurian (10%) and Mesoproterozoic (7%) are 
also documented. There are two Ordovician 
zircons dated at 444 ± 5 and 480 ± 6 Ma. The 
zircon distribution patterns defi ne peaks at 
397-430 Ma, 520-560 Ma and 590-620 Ma. 
The youngest detrital zircon population is 403 
± 4 Ma (n=7, NSWD=0.84). 
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3.3 U-Pb zircon geochronology 
Devonian-Carboniferous sedimentary 
rocks

3.3.1 ACO-12-43 (Barrens Formation)

 Sample ACO-12-43 is a quartzite 
from the late Devonian-early Carboniferous 
Barrens Formation in the St Marys Basin. 
Eighty analyses were conducted on eighty 
detrital zircons, of which seventy-four are 
concordant (Fig. 6). The sample is dominated 
by Devonian (36%) and Ediacaran zircons 
(32%), with minor populations of Cambrian 
(5%), Cryogenian (6%) Mesoproterozoic 
(5%), Paleoproterozoic (9%). The zircon 
distribution patterns defi ne peaks at 360-395 
Ma, 520-540 Ma, 570-640 Ma, 1160-1210 
Ma and 2020-2100 Ma. Single zircons are 
also analysed at 772 ± 9 Ma, 915 ± 10 Ma, 
1029 ± 3 Ma, 1520 ± 31 ad 2426 ± 23 Ma. The 
youngest detrital zircon population is 362 ± 3 
Ma (n=14, MSWD=0.54).

3.3.2 ACO-12-42b (Cross River Formation)

 Sample ACO-12-42b is a conglomerate 
from the late Devonian-early Carboniferous 
Cross River Formation in the St Marys Basin. 
Eighty analyses were conducted on eighty 
detrital zircons, of which fi fty-three are 
concordant (Fig. 6).  The sample is dominated 
by Ediacaran zircons (49%) that form a broad 
peak between 530-620 Ma. Devonian (15%) 
and Cryogenian (13%) zircons form moderate 
populations between 360-400 Ma and 640-715 
Ma, respectively. Scattered Paleoproterozoic 
zircons are dated at 1785 ± 27 Ma, 1995 ± 
29 Ma, 2070-2110 Ma, and 2249 ± 23 Ma. 
Two Silurian (438 ± 5, 441 ± 7 Ma) and 
two Cambrian (514 ± 6, 525 ± 6 Ma) were 
also analysed. The youngest detrital zircon 
population is 362 ± 5 Ma (n=3, MSWD=0.6). 

3.3.3 ACO-12-32c (Lismore Formation)

 Sample ACO-12-32c is coarse-grained 

sandstone taken from the Carboniferous 
Lismore Formation. Ninety-Six analyses were 
conducted on ninety-six detrital zircon grains; 
of these seventy-eight zircons are concordant 
(Fig. 6). The detrital zircon spectra is complex, 
ranging from the Carboniferous (343 Ma) to 
the Paleoproterozoic (2040 Ma). The largest 
populations are Devonian (20%), Ediacaran 
(23%) and Mesoproterozoic (18%). Minor 
populations of Cambrian (13%), Cryogenian 
(9%) and Paleoproterozoic (13%) are also 
noted. Accessory Carboniferous (343 ± 5 Ma, 
351 ± 5 Ma), Silurian (420 Ma), Ordovician 
(450-475 Ma) and Tonian (850 Ma, 933 ± 10 
Ma) zircons complete the complex signature. 
Within the major detrital zircon distribution 
patterns are the following defi ned peaks; 400-
425 Ma, 470-540 Ma, 550 Ma and 600-650 
Ma. The youngest detrital zircon population is 
413 ± 4 Ma (n=9, MSWD= 0.14). 

3.3.4 ACO-12-51 (Graham Hill Formation) 

 Sample ACO-12-51 is a fi ne grained 
sandstone from the Carboniferous Horton 
Group. Eighty analyses were conducted 
on eighty detrital zircons; of these sixty-
fi ve are concordant (Fig. 6). The detrital 
zircon spectrum is complex and covers the 
Carboniferous to the Archean. The largest 
population is Ediacaran (35%), with smaller 
Carboniferous (13%), Cryogenian (13%), 
Mesoproterozoic (9%) and Paleoproterozoic 
(7%) populations. Accessory Silurian and 
Ordovician populations were also analysed 
(5%).  The detrital zircon patterns form  peaks 
at 370-410 Ma, 430-450 Ma, 540-650 Ma, 
660-700 Ma, 1420 Ma, 1620 Ma and 2060-
2080 Ma. Single zircons are also date at 780 
± 10 Ma, 858 ± 11 Ma, 1048 ± 24, 1131 ± 40 
Ma, 1306 ± 40 Ma, 1777 ± 55, 2533 ± 20 and 
2882 ± 26 Ma.  The youngest detrital zircon 
population is 380 ± 5 Ma (n=3, MSWD=0.95). 

3.3.5 ACO-12-44a (Stellarton Basin Group) 

 Sample ACO-12-44a is coal-bearing 
sandstone taken from the Carboniferous 
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Stellarton Basin Group. One hundred and 
thirty-nine analyses were conducted on 
one hundred and thirty-nine detrital zircon 
grains; of these only seventy-one zircons 
are concordant (Fig. 6). The detrital zircon 
spectra is complex but is limited to a wide 
interval covering the Carboniferous (308 
Ma) to mid-Mesoproterozoic (1377 Ma). 
One Paleoproterozoic zircon (2364 ± 30 Ma) 
was analysed. The largest detrital population 
is Cryogenian (23%), which forms a broad 
peak at 640-750 Ma. There are also minor 
Ordovician (17%), Silurian (14%), Devonian 
(14%), Carboniferous (12%), Ediacaran (12%) 
and Mesoproterozoic (10%) populations. The 
zircon distribution patterns defi ne a broad 
peak at 380-460 Ma, 520-570 Ma, 630-660 
Ma, 730-750 Ma, 1035 Ma and 1330-1380 
Ma. The youngest detrital zircon population is 
410 ± 5 Ma (n=4, MSWD=0.92). 

3.3.6 ACO-12-56b (Cribbons Point 
Formation)

 Sample ACO-12-56b is coal-bearing 
sandstone taken from the late Carboniferous 
Cribbons Point Formation. Seventy analyses 
were conducted on seventy detrital zircon 
grains; of these only twenty-eight zircons are 
concordant (Fig. 6). The small percentage 
of zircons that are concordant are scattered 
between the Carboniferous (338 Ma) 
and the late Paleoproterozoic (2492 Ma). 
Paleoproterozoic zircons form the largest 
percentage of concordant grains (28%) and 
form a peak at 1965-2100 Ma and single ages 
at 2328 ± 20 and 2492 ± 22 Ma. Ediacaran 
and Cryogenian zircons form a broad peak 
at 580-660 Ma. Devonian and Carboniferous 
zircons are scattered between 338-400 Ma. 
Two Mesoproterozoic zircons are dated at 
1104 ± 45 and 1457 ± 27 Ma. The youngest 
detrital population (n=>3) is 623 ± 6 Ma (n=4, 
MSWD=0.089). 

3.4 U-Pb zircon geochronology for 
igneous rocks

3.4.1 ERG-14 (Economy River Gneiss)

 Sample ERG-14 is a K-feldspar, 
biotite bearing granitic gneiss from the 
Cryogenian Economy River Gneiss. A total of 
fi fty analyses were obtained from prismatic, 
euhedral zircons (Fig. 7) extracted from the 
sample, with 48 in totally that are concordant. 
The 206Pb/238U weighted average age 
of the dominant population is 735 ± 3 Ma 
(MSWD=0.47). 

3.4.2 ACO-13-17 (Clarenville Granite)
 Sample ACO-13-17 is porphyryblastic 
K-feldspar bearing granite from the Clarenville 
suite. A total of 30 analyses were obtained 
from subhedral zircons extracted from the 
sample, with twenty-four that are concordant 
(Fig. 7). The 206Pb/238U weighted average 
age of the dominant population is 607 ± 3 Ma 
(MSWD=0.99). 

3.4.3 ACO-13-21 (Dunn Pt. Formation)
 
 Sample ACO-13-21 is a fi ne grained, 
pink rhyolite from the Dunn Point Formation 
(Fig.7). Only twenty zircons were extracted 
from the sample, and twenty analyses were 
obtained from these zircon grains.  Of the 
twenty grains nineteen are concordant. 
Previous age constraints indicate the Dunn 
Pt. rhyolite crystallised at 460Ma (Hamilton 
and Murphy, 2004), and the dominant zircon 
population (n=9) overlaps with this (466 
± 6 Ma, MSWD= 0.17). Three zircons are 
younger than 466 Ma (395 ± 5 Ma, 400 ± 5 
Ma, 443 ± 6 Ma). The remainder of the zircons 
are a single Cambrian (512 ± 6 Ma), three 
Ediacaran (563 ± 7, 572 ± 7 and 621 ± 7 Ma) 
and a single Mesoproterozoic grain (1592 ± 17 
Ma). As the youngest zircons do not form a 
statistically signifi cant population they cannot 
be considered the crystallisation age of the 
rhyolite. 

3.4.4 ACO-13-16 (Deadmans Bay)

 Sample ACO-13-16 is a megacrystic 
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granite from the Devonian Deadmans Bay 
suite. A total of forty analyses were conducted 
on the zircons extracted from the sample, with 
thirty-seven that are concordant (Fig. 8). The 
weighted average of the dominant population 
is 393 ± 2 Ma (MSWD=0.56), with a small 
population of outliers at ~375 Ma and ~405 
Ma. 

3.4.5 BH-002/003 and BH-005 (South 
Mountain Batholith)

 Sample BH-002/003 and Sample BH-
005 are from the Devonian South Mountain 
Batholith (Fig. 8). A total of twenty-
seven analyses were conducted on sample 
BH002/003 and of these twenty-one were 
concordant. The recorded age for the South 
Mountain Batholith is ~380-360 Ma (Clarke 
and Halliday, 1980; Tate and Clarke, 1997; 
Clarke et al., 2000; MacLean et al., 2003; 
Moran et al., 2007), but no zircons of this age 
were extracted from the sample. Therefore, 
it is likely that all the zircons in the granite 
(BH-002/003) are inherited. The youngest 
population is 401 ± 6 Ma (n=5, MSWD=0.99). 
There are scattered zircons that record 
Cambrian, (500 Ma), Ediacaran (590-635 
Ma) and Cryogenian (650 Ma, 730 Ma) ages. 
Paleoproterozoic zircons were dated at 1757 
± 23 Ma, 1997 ± 21 Ma and 2143 ± 22 Ma. A 
single Tonian (896 ± 13 Ma), Mesoproterozoic 
(1262 ± 24 Ma) and Archean (3150 ± 20 Ma) 
zircon were also analysed. 

 In sample BH-005 sixty analyses were 
conducted on sixty zircons; of which forty-
fi ve are concordant (Fig. 8). The youngest 
zircon grains analysed do not form a statistical 
population and are dated at 374 ± 6 Ma, 
385 ± 6 Ma, 390 ± 5 Ma and 396 ± 6 Ma. 
The remainder of the inherited zircon grains 
are dominated by Ediacaran zircons (38%) 
that form a broad population between 547-
630 Ma. Minor populations of Cambrian 
(498-520 Ma), Cryogenian (650-800 Ma) 
and Paleoproterozoic (1780 Ma, 2050-2150 
and 2380 Ma) zircons are noted. Single 

Mesoproterozoic (1132 ± 30 Ma) and Archean 
zircons (2853 ± 20 Ma) are also analysed. 

4. RESULTS HAFNIUM ISOTOPES

 A total of 531 Lu-Hf isotopic analyses 
were obtained from the early Cambrian-
Silurian clastic sequences from Meguma, 
Ordovician-Carboniferous clastic sequences 
from Avalonia and the Avalonia-Meguma 
boundary and the Neoproterozoic- Devonian 
igneous rocks. Full data tables are presented 
in the supplementary data.  Hafnium data 
for Meguma rocks and igneous rocks is 
presented in Figure 9, and for the Ordovician-
Carboniferous Avalonia/Meguma rocks in 
Figure 10. 

4.1 Meguma hafnium isotopic array

4.1.1 Church Point and High Head hafnium 
results

 Sample ACO-12-26b and ACO-12-
27 are from the Church Point and High Head 
members, respectively. The detrital zircon 
spectra range from ~750-550 Ma, with one 
Paleoproterozoic zircon analysed in the 
Church Point member (2063 Ma, εHf= -7).  
Of the ~750-550 Ma zircons 89% record a 
positive epsilon hafnium value (i.e. above 0), 
with only four zircons returning a negative 
epsilon hafnium value (Fig. 9a). The εHf value 
of the ~750-550 Ma zircons ranges between 
+9 and -5, with an average εHf value of +5. 
The crustal depleted mantle model ages for 
the ~750-550 Ma range from 1.9 to 0.95 Ga, 
with the majority of the ~750-550 Ma zircons 
recording a TDMc of 1.0-1.3 Ga. The hafnium 
isotopic data for the Church Point and High 
Head members indicate the magmatic source 
for the zircons was predominantly juvenile 
with contamination from a Mesoproterozoic-
early Neoproterozoic crustal source. 

4.1.2 Government Point and Green Harbour 
Formations hafnium results
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 Sample ACO-12-20b and ACO-12-22 
are from the Green Harbour Formation and 
Government Point Formation, respectively. 
The Neoproterozoic zircons fall broadly into 
three populations; a dominant peak at 550-680 
Ma and smaller peaks at 750-780 Ma and 860-
880 Ma. The Neoproterozoic zircons record 
wide range of εHf values between -32 and 
+12. Of these, 60% record negative εHf values 
(Fig. 9a). The hafnium isotopic array from the 
~870-550 Ma zircons records an interval of 
progressively increased crustal recycling. The 
early-mid Neoproterozoic zircons ~880-700 
Ma are predominantly juvenile (εHf= +10 to 
+5) with the exception of 2 grains at ~750 Ma 
(εHf= -10 to -15). Zircons crystallised in the 
interval between ~650-550 Ma record mixing 
between juvenile and ancient crust (εHf= +4 to 
-32), but the majority are evolved. Extremely 
negative zircons (εHf= -32) indicate the 
recycling of Archean crust (TDMc= 3.3 Ga). 
 
 The majority of the zircons in the 
~650-550 Ma population indicate recycling of 
Paleoproterozoic-Mesoproterozoic (TDMc= 
2.1- 1.0 Ga) crust with variable juvenile input. 
Government Point Formation records 
a population of Mesoproterozoic-early 
Paleoproterozoic zircons (~1150-1450 Ma) 
that are not recorded in the Green Harbour 
Formation. The ~1000-1450 Ma zircons are 
juvenile (εHf= 0 to +5) and indicate recycling 
of Paleoproterozoic crust (TDMc= 2.1- 1.8 Ga). 
Both the Government Point and Green Harbour 
Formations record a large Paleoproterozoic 
population (~1950-2150 Ma). The ~1950-
2150 Ma form a vertical mixing array that 
indicates recycling of Archean and juvenile 
Paleoproterozoic crust (εHf= +5 to -13). 
Scattered late Paleoproterozoic-Archean 
zircons (2350-3300 Ma) record highly variable 
εHf values that are predominantly evolved 
(εHf= +2 to -15) and all indicate the recycling 
of ancient Mesoarchean-Paleoarchean crust 
(TDMc= 3.1- 3.9 Ga). 

4.1.3 White Rock Formation hafnium 

results

 Sample ACO-12-25 and sample ACO-
12-28a are from the Silurian White Rock 
Formation. The detrital zircon spectra from 
both samples are complex; dominated by 
early Cambrian and Neoproterozoic (~500-
750 Ma) zircons with minor populations 
of Mesoproterozoic (~1000-1500 Ma), 
Paleoproterozoic (2000-2150 Ma) and 
Archean (~2500-2900 Ma) grains (Fig. 9a). 
The populations are similar to those recorded 
in the Government Point and Green Harbour 
Formations, although εHf values extend to 
much greater negative values (-25 to -35). The 
mid-late Neoproterozoic (~550-750 Ma) and 
Cambrian (~500-540 Ma) zircon populations 
are overwhelmingly evolved (90%) with a 
range of εHf values between -35 and +6. 
The majority of the ~500-750 Ma zircons 
record εHf values between -20 and 0, which 
correspond to TDMc of 2.7- 1.3 Ga. Two 
zircons at 905 and 950 Ma record contrasting 
εHf values of -27 and 0, respectively. Late 
Mesoproterozoic zircons (1000-1200 Ma) 
straddle CHUR (εHf= 0 to +5) and an early 
Mesoproterozoic zircon at 1536 Ma is evolved 
(εHf= -10).  Paleoproterozoic zircons (2000-
2150 Ma) form a vertical mixed array between 
juvenile and Archean crust (εHf= +5 to -23), 
which correspond to TDMc of 1.6- 3.9 Ga. 

4.3 Hafnium isotopic data for igneous rocks 

4.3.1 Neoproterozoic granite results

 Sample ACO-14-ERG is from the 735 
± 3 Ma Cryogenian Economy River Gneiss, 
located in Avalonia (Fig.3). All the zircon 
grains analysed yield a consistent measured 
176Hf/177Hf ratios of 0.282441 - 0.282498 
and initial 176Hf/177Hf ratios of 0.282434- 
0.282442, which correspond to εHf values of 
3.9 to 5.5. The TDMc for the zircon grains is 
1.25-1.38 Ga.  

 Sample ACO-13-17, the Clarenville 
Granite from the Avalon terrane, 
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Figure 10
A) εHf values plotted against the U-Pb ages for individual zircon grains from the Paleozoic sedimentary 
rocks from the northern Appalachians. The grey fi eld defi nes the cumulative detrital zircon spectra. B) 
εHf values plotted against the U-Pb ages for individual zircon grains showing only zircons 1000-250 Ma 
from the Paleozoic sedimentary rocks from the northern Appalachians.
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Figure 11
A) εHf values plotted against the U-Pb ages for all available ~900-450 Ma zircons from Avalonia, 
Ganderia and Meguma. Included are published zircon data Willner et al. (2013, 2014) and Pollock et 
al. (2015). The grey fi elds defi ne the crustal evolution projected to the depleted mantle curve using Lu/Hf 
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array during the Neoproterozoic-early Paleozoic evolution of Avalonia, Meguma and Ganderia. The red 
arrays indicate the evolving trend of the hafnium array during an evolving tectonic regime. 
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Newfoundland, has a crystallisation age of 607 
± 3 Ma.  Zircon grains yield a very consistent 
measured 176Hf/177Hf ratios of 0.282545- 
0.282650 and initial 176Hf/177Hf ratios of 
0.282531- 0.282603, which correspond to εHf 
values of 4.3 to 7.1 (Fig. 9b). The TDMc for 
the zircon grains is 1.08-1.25 Ga. 

4.3.2 Ordovician to Devonian igneous rocks

 A rhyolite from the Ordovician Dunn 
Point Formation (ACO-13-21), from Avalonia, 
has a crystallisation age of 466 ± 6 Ma. Zircons 
from the dominant ~465-460 Ma population 
yield εHf values between +6 and +3 (Fig. 9b), 
corresponding to the TDMc of 1.0 to 1.25 Ga. 
Cambrian-Ediacaran zircons (~515-620 Ma) 
yield variable εHf values between -2 and -8.
The Deadmans Bay granite (ACO-13-16), in 
the Gander Zone has a crystallisation age of 393 
± 2 Ma. All the zircon grains have a consistent 
measured 176Hf/177Hf ratios of 0.282427- 
0.282492 and initial 176Hf/177Hf ratios of 
0.282416- 0.282478, which correspond to εHf 
values of -2.2 to -4.3 (Fig. 9b). The T(DM)c 
for the ~395 Ma population is 1.51 to 1.63 Ga. 
It has no measured inherited cores.

 The Carboniferous South Mountain 
Batholith samples (BH-002/003 and BH-005) 
from Meguma did not yield a statistically 
suffi cient population that can be considered 
the crystallisation age of the rocks. The 
youngest zircons are ~385-400 Ma, similar to 
the Deadmans Bay granite, and record very 
consistent εHf values of -2.9 to +2.5 (Fig. 9b). 
The T(DM)c for the ~400-385 Ma population 
is 1.20-1.55 Ga .Ediacaran- Cryogenian 
(~590-730 Ma) inherited zircons in the SMB 
yield variable εHf values of -13 to +10, 
corresponding to T(DM)c of 0.95-2.3 Ga. 
Single Tonian and Mesoproterozoic zircons 
(896 Ma, 1262 Ma) yield  εHf values of +8 
and +1, respectively. Paleoproterozoic zircons 
(~1780-2380 Ma) are variable recording εHf 
values of -14 to +5, and a single Archean 
zircon (2853 ± 20 Ma) straddles CHUR at 
εHf= 0.

 
4.4 Paleozoic hafnium isotopic results

 The Silurian-Carboniferous rocks 
from Avalonia (and composite Avalonia/
Meguma) comprise similar detrital 
populations, so the hafnium isotopic array is 
considered as a single entity (Fig. 10). The 
dominant zircon populations (Figs. 5, 6) 
include broad Neoproterozoic (~800-550Ma), 
Ordovician ~470-450 Ma, Devonian 400-
360 Ma and Paleoproterozoic ~1950-2150 
Ma peaks. Minor Mesoproterozoic (~1000-
1150 Ma, ~1200-1350 Ma and ~1450-1550 
Ma), Paleoproterozoic (~1750-1900 Ma) and 
Archean (~2500-2750 Ma) peaks are also 
noted.  

 Paleoproterozoic zircons (~1950-2150 
Ma) form a vertical array with εHf values of 
+9 to -17 and corresponding model ages of 2.2 
to 3.6 Ga, similar to Paleoproterozoic zircons 
in the Neoproterozoic sedimentary rocks (Fig. 
10). The entire Mesoproterozoic is defi ned 
by reworking of Paleoproterozoic crust, as 
the hafnium data lie along a typical crustal 
reworking array (Lu/Hf=0.015), with model 
ages (TDMc) constrained between 1.7-2.2 
Ga. At the Neoproterozoic-Mesoproterozoic 
boundary, a few zircons are very evolved 
(εHf= -17 to -15) and have Archean model 
ages. There are also a small percentage of 
zircons between ~1000-900 Ma that form a 
continuation of the dominant Mesoproterozoic 
crustal reworking array. 

 Neoproterozoic zircons (~800-550 
Ma) yield a variable hafnium isotopic array.  
Zircons dated at ~850-775 Ma are a mix from 
Paleoproterozoic and juvenile crustal sources 
(εHf= -15 to +10), that corresponds to model 
ages of ~2.0 to 0.95 Ga. In the ~775-680 Ma 
interval, zircons are generally more juvenile 
recording εHf values of 0 to +14, with a small 
number of zircons recording negative εHf 
values of 0 to -10. Between ~650-525 Ma 
zircon grains record a mixing array between 
Archean crust (TDMc= 2.6-2.8 Ga) and 
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Figure 12

A schematic diagram that illustrates the 
possible evolution of the composite Avalonia 
terrane during the ~900-700 Ma interval. A) 
The spreading centre of the Asgard Sea is 
interpreted to have propagated westwards 
into the Grenvillian suture during the late 
Tonian. B) Subduction related magmatism 
in “proto peri-Gondwana” commences 
by ~800 Ma on Grenvillian crust. C) 
Magmatism becomes increasingly juvenile 
and is interpreted to refl ect subduction roll 
back in the Asgard Sea and the retreat of 
the magmatic arc away from the Grenvillian 
margin. 

Figure 13 (cont. next page)
A schematic diagram that illustrates the possible evolution of the composite Avalonia terrane during 
the ~650-450 Ma interval. A) By ~650 Ma the peri-Gondwanan ribbon had arrived at the northern 
Gondwanan margin closing the Asgard Sea. The hafnium isotopic array is interpreted to indicate the 
accretion of the continental ribbon to the Gondwanan margin and the stepping outboard of subduction 
into the ocean. 
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Figure 13 (cont.) 
B) Hafnium isotopes record a transition towards increasingly positive εHf values between ~550-500 
Ma, which is interpreted to indicate a retreating subduction zone. The composite Avalonian terrane is 
rifted away from the Gondwanan margin, opening the Rheic Ocean in its wake. C) During the transfer 
of composite Avalonia across the Iapetus Ocean magmatism was ongoing in the leading arc system, 
best represented by the exclusively juvenile Popelogan-Victoria arc in Ganderia. D) The arrival of 
the leading edge of the peri-Gondwanan ribbon (Ganderia) is recorded in late Ordovician (~450 Ma) 
overstep sequences in the Exploits Subzone of Newfoundland. Magmatism in the Notre Dame and 
Popelogan-Victoria arcs largely shuts down by ~450 Ma during the fi nal closure of Iapetus. 
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juvenile material (TDMc=0.9-1.0 Ga). 

 From the late Cambrian to late 
Carboniferous the hafnium isotopic array 
records a contraction towards CHUR. The 
hafnium isotopic data shifts from mixing 
between quite juvenile (εHf= +7) and 
Archean crust (εHf= -25 to -15) at ~525 Ma 
to simultaneously reducing the ancient crustal 
and juvenile input between ~525-300 Ma. 
The overall effect is a very restricted hafnium 
isotopic array in the late Paleozoic, which 
forms an “arrowhead” pattern . During the 
~425-300 Ma interval, all data falls in a band 
that yields εHf values between -5 and +5, 
corresponding to model ages of 1.7 to 1.0 Ga.

5. DISCUSSION
 
5.1 Interpretation of the hafnium 
isotopic arrays 

5.1.1 Meguma hafnium isotopic array

 The Meguma detrital zircon spectra is 
dominated by a broad Cryogenian-Ediacaran 
population (~500-800 Ma) and minor 
populations at ~850-950 Ma, 1150-1300 
Ma, 1750-1850 Ma, 2000-2200 Ma, 2400-
2550 Ma, 2750 Ma, 2950 Ma and 3000 Ma. 
The early Cambrian Church Point Formation 
and High Head Member are dominated 
almost exclusively by Cryogenian-Ediacaran 
zircons (750-550 Ma), whereas the early-mid 
Cambrian Green Harbour and Government 
Point Formations contain a much more 
complex detrital zircon spectra that includes 
the Mesoproterozoic, Paleoproterozoic and 
Archean populations (Fig. 9).  The Silurian 
White Rock Formation contains zircon 
populations similar to the Green Harbour and 
Government Point samples, suggesting it has 
been recycled directly from the Cambrian 
Meguma rocks, without any younger zircon 
input. Overall, the detrital zircon data are 
consistent with previous studies of the 
Meguma metasedimentary rocks (Krogh and 
Keppie, 1990; Murphy et al., 2004b; Waldron 
et al., 2009). 

 Neoproterozoic detrital zircons in 
Meguma are interpreted to have been derived 
from either peri-Gondwanan arc terranes, 
such as Avalonia or Cadomia, or internal 
pan-African orogens that formed during the 
assembly of Gondwana (Waldron et al., 2009). 
The hafnium isotopic array produced by these 
zircons enables a comparison to be made with 
the potential sources. Cryogenian (~775-
650 Ma) zircons predominantly record the 
recycling of Mesoproterozoic crust (TDMc = 
1.0-1.6 Ga) with the majority of the zircons 
recording εHf values between 0 and +10. 
A small percentage of Cryogenian zircons 
also record mixing with Paleoproterozoic 
crust (εHf = -18 to -5, TDMc =2.0 Ga). 
Ediacaran-Cambrian zircons are signifi cantly 
more evolved (εHf = -12 to -35) and indicate 
recycling of Archean crust (TDMc =2.5 to 3.2 
Ga). The shift in the hafnium isotopic array 
suggest a change in the tectonic environment 
at ~650 Ma, leading to the introduction of 
an Archean crustal source into the magmatic 
system. 
 
 The Neoproterozoic Meguma 
hafnium array is similar to that of Avalonia 
and Ganderia  (Willner et al., 2013; Willner 
et al., 2014; Pollock et al., 2015; Henderson 
et al., 2016; Henderson, in prep), indicating 
mixing between Archean and juvenile crust 
between ~650-525 Ma. The vertical mixing 
array in Avalonia and Ganderia is interpreted 
to indicate the onset of continental arc 
magmatism following the accretion of the 
terranes onto the northern Gondwanan margin 
(Murphy et al., 2013; Henderson et al., 2016). 
The similarities between the Neoproterozoic 
zircons from Meguma and those recorded in 
the Avalonian/Ganderian rocks indicate that 
they are all derived from the same continental-
arc system of Avalonia and Ganderia. 
 
 Although Mesoproterozoic zircons 
form a minor percentage of the Meguma 
detritus (~5%) they persist throughout the 
Cambrian and Silurian rocks (Fig. 9a). The 
Mesoproterozoic isotopic array indicates 
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The 393 ±2 Ma Deadmans Bay Granite of 
Ganderia records restricted εHf values of 
-4 to -2 that also require a Mesoproterozoic 
crustal source. - The isotopic data are 
consistent with the Deadmans Bay granite 
being derived from the same source as the 
565 Ma Cripple Back granite (Henderson et 
al., Submitted), confi rming that the basement 
to Ganderia is composed of Mesoproterozoic-
Paleoproterozoic crust.  

 The hafnium isotopic arrays for the 
inherited populations in the ~380-360 Ma 
South Mountain Batholith in the Meguma 
terrane are consistent with recycling from the 
late Neoproterozoic Avalonian basement. The 
youngest (~400-385 Ma) population of inherited 
zircons from the SMB  record homogenous 
εHf values of -2 to +2, which correspond to 
model ages of 1.5 to 1.3 Ga. Neoproterozoic 
(~750-500 Ma) and Mesoproterozoic (~1100-
1200 Ma) zircons. Neoproterozoic (~750-500 
Ma) inherited zircons in the SMB also yield 
Mesoproterozoic- model ages (Fig. 9b). The 
exception are three zircons (~600, 625, 650 
Ma) that all record Paleoproterozoic model 
ages (TDMc= 2.4-2.1 Ga). The model ages 
are all consistent with the isotopic record of 
~750-500 Ma arc magmatism in Avalonia and 
Ganderia, including the excursion at~650-
525 Ma during continental-arc magmatism 
(Henderson et al. 2016, Henderson et al. in 
prep). The SMB hafnium array supports the 
hypothesis that the SMB is generated from 
partial melting of Avalonian crust with minor 
assimilation from the Goldenville and Halifax 
Groups (Shellnutt and Dostal, 2015).

5.1.3 Paleozoic hafnium isotopic array

 Broadly, the Ordovician-Carboniferous 
rocks from Avalonia/Meguma/Ganderia all 
have similar detrital zircon populations to 
each other, so the hafnium isotopic array 
is considered as a single entity (Fig. 10). 
A broad zircon population dominates the 
Neoproterozoic-early Paleozoic, spanning 
~800-550 Ma. The hafnium isotopic record of 

~800-500 Ma arc-magmatism is similar to that 
seen in the late Neoproterozoic Georgeville 
Group and the Cambrian clastic sequences 
of the Antigonish Highlands (Henderson 
et al., 2016). The Paleoproterozoic and 
Mesoproterozoic populations in the mid-
late Paleozoic rocks are also similar to 
the hafnium isotopic array from the late 
Neoproterozoic-Cambrian Avalonian clastic 
sequences (Pollock et al., 2015; Henderson et 
al., 2016), suggesting recycling from the late 
Neoproterozoic zircons throughout much of 
the Paleozoic. 

 After ~550-525 Ma, a sharp excursion 
of negative εHf values towards CHUR is 
evident, coinciding with an excursion of 
positive εHf values towards CHUR yielding  
an “arrowhead” isotopic array at 430-300 Ma. 
It indicates that the~400-300 Ma magmas, 
and possibly the magma sources, were 
increasingly homogenised around CHUR 
values. The arrowhead array is intriguing 
as it coincides with the collision of the 
Gander margin, Avalonia and Meguma to the 
Laurentian margin (van Staal et al., 2009), yet 
none of these events create a disturbance in 
the hafnium isotopic record. The ‘arrowhead’ 
array does not fi t with the hypothesis that the 
peri-Gondwanan terranes arrived separately 
to the Laurentian margin and were isolated 
from one another by individual ocean basins 
(Hibbard et al., 2007b; van Staal et al., 2009; 
Pollock et al., 2011). If this were the case, 
the hafnium isotopic array would record the 
development of continental-type arc mixing 
arrays along the composite Laurentian margin 
during each ocean closure event.

5.2 Neoproterozoic- Paleozoic 
evolutionary model for the Appalachians

 The hafnium isotopic data presented 
here (Figs. 9, 10), as well as recently published 
compilations from Henderson et al. (2016, 
submitted), Pollock et al.(2015), Willner et al. 
(2013; 2014) allow the geological evolution of 
the Canadian Appalachians to be revaluated. 
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Previous studies have focused on the Sm-Nd 
whole rock isotopic data and U-Pb detrital 
zircon data to distinguish between the peri-
Gondwanan terranes. However, the hafnium 
isotopic data from zircons provides a much 
more detailed insight into the relationship 
between the terranes. It indicates that the 
differences between Avalonia and Ganderia 
are minimal and suggest they may have 
shared a common history from the early-mid 
Neoproterozoic (Henderson et al., submitted). 
The following two sections will discuss a 
possible alternative evolutionary model for 
the Canadian Appalachians that covers the 
Neoproterozoic to early Paleozoic (part one) 
and the mid-late Paleozoic (part two). The 
models attempt to reconcile the existing 
geological framework with the hafnium 
isotopic array. 

5.2.1 Part one: Neoproterozoic-early 
Paleozoic evolutionary model for the 
Canadian Appalachians

900-870 Ma- propagation of the Asgard Sea 

 The earliest paleogeography of the 
peri-Gondwanan terranes is inferred from 
the isotopic and geochronological record 
of the oldest sedimentary in Avalonia rocks 
(Gamble Brook Fm., Henderson et al. 2016), 
and from the crustal model ages of the mid-
Neoproterozoic magmatism recorded in 
the detrital and magmatic zircon record of 
Avalonia, Ganderia and Meguma (Fig. 11). 
The ~800-675 Ma detrital and magmatic 
zircons persistently record model ages 
that indicate recycling of ~1.0 to 2.0 Ga 
“Grenvillian” crust (Fig. 11). Previous studies 
have used Sm-Nd whole rock data to  suggest 
“proto” Avalonian crust was generated in 
a series of primitive island arcs in the peri-
Rodinian ocean at ~1.0-1.2 Ga (Murphy et 
al., 2000; Murphy and Nance, 2002), which is 
in contrast to the apparent continental nature 
of the Avalonian basement (Henderson et al., 
2016). The hafnium array requires that the 
early Avalonian/Ganderian Cryogenian arcs 

(~800-750 Ma) were nucleated on ~1.0-2.0 Ga 
“Grenvillian-type crust” (Fig. 11a), and not on 
peri-Rodinian oceanic crust. Regions that host 
crust of an appropriate age are the located near 
the Grenville suture, such as the Grenville 
Province in Laurentia, the Sveconorwegian 
orogen in Baltica and Sunsas orogen in 
Amazonia.  Traditionally, these areas are 
“locked up” within the interior of the Rodinia 
supercontinent until the late Neoproterozoic 
(Cawood et al., 2001; Cawood and Pisarevsky, 
2006) and are normally not considered as hosts 
for the peri-Gondwanan magmatic arcs. The 
hafnium isotopic array for the Gamble Brook 
Formation has recently been interpreted to 
share an affi nity with the Mesoproterozoic-
Paleoproterozoic rocks of Baltica, suggesting 
a location proximal to the Grenville suture in 
the early-mid Neoproterozoic (Thompson et 
al., 2012; Henderson et al., 2016).  The mixed 
provenance (ancient and juvenile crust) and the 
geochemistry of the Gamble Brook Formation 
(Murphy, 2002) are interpreted to indicate 
deposition in a rifted basin environment. 

 Given the geochemical, isotopic 
and geochronological constraints, the most 
plausible area for deposition of the Gamble 
Brook Formation is within the extensive basin 
system generated during a 95° rotation of 
Baltica from Greenland towards Amazonia, 
which opened the Asgard Sea in the late 
Mesoproterozoic (Fig. 12a) (Cawood et al., 
2007; Cawood et al., 2010). The basin also 
hosted the thick, siliciclastic successions now 
preserved in Scotland, Greenland, Svalbard 
and Norway (see Cawood et al., 2010), 
which record similar detrital zircon spectra 
to the Gamble Brook Formation and are also 
interpreted to have been sourced predominantly 
from the Grenville-Sveconorwegian orogenic 
belt (see Cawood et al., 2015 and references 
therein).
 Latest Mesoproterozoic-
mid Neoproterozoic (~1030-710 Ma) 
sedimentation and orogenic activity preserved 
in Scotland, Shetland, Svalbard and Norway  
is assigned to the Valhalla Orogen; an external 
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accretionary orogen on the northern margin 
of the Asgard Sea  (Cawood et al., 2010). 
The spreading centre of the Asgard Sea is 
interpreted to have propagated westwards into 
the Grenvillian suture during the late Tonian 
(Cawood et al., 2010)(Fig 12a), exposing 
Grenvillian crust along the eastern Laurentian 
margin to an open ocean. There is evidence 
for rifting preserved in a wide spread pulse of 
mafi c and felsic magmatism at ~870 Ma across 
the Scottish Highlands including the 880-840 
Glen Doe and 862 ± 11 Ma Sgurr Dhomhnuill 
granitic gneisses (Friend et al., 1997; Millar, 
1999; Rogers et al., 2001; Cawood et al., 
2015). Coeval granites and gabbros in the 
Seve Napper Complex yielded an age of 845 
± 14 Ma (Paulsson and Andreasson, 2002) 
and are used to suggest that rifting extended 
into the Scandinavian Caledonides during an 
early Rodinian break-up attempt (Paulsson 
and Andreasson, 2002). The bimodal nature 
and MORB geochemistry of the mafi c rocks in 
the Scottish Highlands have been interpreted 
to indicate mafi c underplating of the crust 
(Ryan and Soper, 2001; Fowler et al., 2013) 
and an overall extensional environment in 
eastern Laurentia (Millar, 1999) at ~870 Ma. 
 
 The propagation of the Asgard Sea 
ridge into eastern Laurentia and Baltica 
(and possibly part of Amazonia) during 
the early-mid Neoproterozoic is possibly 
driven by opposing geodynamic forces 
related to subduction zones to the north and 
the south of the Rodinian supercontinent 
(Fig. 12a). South-east of Amazonia and 
West Africa subduction-related magmatism 
and accretionary processes dominated the 
early-late Neoproterozoic evolution of the 
Arabian-Nubian Shield, Oaxaquia terrane, 
Tocantins province, Saharan Metacraton and 
the central and southern South American 
terranes during the protracted assembly of 
Gondwana (Ramos, 1988; Tohver et al., 2006; 
Cawood and Buchan, 2007; Johnson et al., 
2011) . A second major subduction zone also 
surrounded the northern continents of Rodinia 
(India, South China, and East Antarctica) (see 
Torsvik et al., 2001; Cawood and Buchan, 

2007). Essentially, opposing subduction zones 
along the periphery of Rodinia and could 
have contributed in “pulling” apart the core 
of Rodinia and allowing for the continuation 
of the Asgard Sea into the interior of the 
continent.

850-800 Ma- initiation of continental arc 
magmatism 

 Following the  propagation of the 
Asgard Sea occurred between ~880-840 Ma 
along the Grenvillian regions of  northeastern 
Laurentia and Baltica, subduction related 
magmatism commenced by ~800 Ma; as 
indicated by the presence of 800 Ma zircons 
in Avalonian, Ganderian and Meguma rocks. 
The hafnium isotopic record indicates mixing 
between juvenile and Paleoproterozoic crust 
(~2.0 -2.1 Ga), with minor zircons suggesting 
contamination from Archean crust (~2.5 Ga) 
(Fig. 11a). The magmatic arc is likely to have 
formed on the Laurentia side of the Asgard 
margin, but subduction may have also been 
active on the Baltican side (Cawood et al., 
2010; Cawood et al., 2015). The evidence 
for the active margin could presently be 
preserved thrust beneath Laurentia during the 
Caledonian (Gee et al., 2015). Recycling of 
Paleoproterozoic crust in a vertical isotopic 
array that is typical of continental arcs 
occurred at ~800-750 Ma along the Grenvillian 
margin, forming the earliest arc magmatism in 
‘composite Avalonia’ (Fig. 12b). 

750-700 Ma- subduction roll back and a 
retreating arc

 The hafnium isotopic array in the 
peri-Gondwanan terranes shows a contraction 
towards mantle-derived magmatism between 
~750-650 Ma (Fig. 11b). Magmatism 
becomes increasingly juvenile as the infl uence 
of the Paleoproterozoic (and minor Archean) 
crust diminishes. The shift in the isotopic 
array is interpreted to refl ect subduction roll 
back in the Asgard Sea and the retreat of 
the magmatic arc away from the Grenvillian 
margin (Fig. 12c), opening the proto-Iapetus 
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ocean between Baltica and the northeastern 
Laurentian margin. During subduction retreat 
a continental ribbon, which will later become 
the basement to Avalonia and Ganderia (and 
likely Meguma), is rifted away from the 
Grenvillian margin. The 734 Ma calc-alkaline 
Economy River Gneiss (among others, see 
Murphy et al., 2013) is testament to active 
subduction beneath Avalonia (Doig et al., 
1993). 

 The eastern Laurentian margin 
preserves geological evidence for a 
Cryogenian rifting event (known variably as 
the pre-Iapetus event), which is interpreted 
here to be associated with the retreat of the 
peri-Gondwanan continental ribbon. The Blue 
Ridge Province in the southern and central 
Appalachians is host to numerous A-type 
plutons and bimodal volcanics dated between 
~760-700 Ma (Tollo and Aleinikoff, 1996; 
Ernst and Bleeker, 2010; McClellan and Gazel, 
2014), which have been variably attributed to 
‘failed’ intracontinental rifting (Rankin, 1993; 
Aleinikoff et al., 1995) and mantle plume 
activity (McClellan and Gazel, 2014). The 
geochemistry of the bimodal igneous rocks 
within the Blue Ridge inlier is typically of a 
mixed origin between mantle derived melts 
and interaction with the lower crust (Tollo and 
Aleinikoff, 1996; Novak and Rankin, 2004; 
Tollo et al., 2004; Tollo et al., 2012; McClellan 
and Gazel, 2014), and can be attributed to 
distal extensional activity.  The ~750 Ma 
rifting event coincides with the culmination of 
the Valhalla orogenesis (Cawood et al., 2010) 
and is marked by an extensive unconformity 
in the Grampians, Shetlands, east Greenland 
and Svalbard (Cawood et al., 2015) that could 
be related to the departure of the composite 
Avalonia terrane. On the basis of Cryogenian-
Ediacaran zircon populations in proto-Andean 
sedimentary rocks Chew et al. (2008) also 
proposed that Amazonia and Laurentia were 
separated prior between ~770-680 Ma, to 
allow for the establishment of an magmatic 
arc only the pro-Andean margin prior to ~700 
Ma.

 Outboard of the West African Craton 
an oceanic arc is established that represents the 
earliest components of Cadomian magmatic 
activity (Fig. 12c). The hafnium isotopic 
signature of the ~750-700 Ma magmatism in 
Cadomia is juvenile (McClellan and Gazel, 
2014; Henderson et al., 2016) prior to a marked 
shift towards a vertical mixing array following 
accretion of the arc to the West African margin 
(Walsh et al., 2012). 

650 Ma: accretion to the Gondwanan margin

 By ~650 Ma the peri-Gondwanan 
ribbon had arrived at the northern Gondwanan 
margin closing the Asgard Sea (Fig. 13a). 
All the hafnium isotopic data from Avalonia, 
Meguma and Ganderia (Fig. 11a) records a 
shift towards more evolved epsilon hafnium 
values, forming a vertical mixing array at 
~650 Ma (Fig 11b) whereby arc magmas 
derived from the depleted mantle are mixed 
with predominantly Paleoproterozoic-early 
Archean crust (TDMc = 1.6-2.5 Ga). Some 
extremely evolved zircons also indicate 
contamination by Mesoarchean crust (~2.8-
3.2 Ga), possibly from the cratonic margin that 
the continental ribbon accreted to. The record 
of ~650 Ma arc accretion onto Gondwana 
is much clearer in Avalonia than Ganderia, 
where instances of high-intermediate grade 
metamorphism at ~650 Ma are preserved in 
east Avalonia  (Malverns Plutonic Complex, 
Strachan et al., 1996) and west Avalonia 
(southern Maine, Cape Breton Island, southern 
Newfoundland; O’Brien et al., 1996). 

 The hafnium isotopic shift is 
considered to represent the accretion of the 
continental ribbon to the Gondwanan margin 
and the stepping outboard of subduction into 
the ocean. The lack of appreciable magmatic 
gap in Ganderia and Avalonia between ~750-
500 Ma (Fig. 11a) supports the immediate 
establishment of a continental magmatic arc 
on the northern Gondwanan margin that was 
active between ~650-540 Ma (Nance et al., 
2002; Murphy et al., 2013). 
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540-520 Ma: opening of the Rheic Ocean

 The hafnium isotopic array for the 
peri-Gondwanan terranes records a second 
shift towards the depleted mantle between 
~540-500 Ma. Epsilon hafnium values 
record a progressively increased input 
from of juvenile crust and an inversely 
proportional decrease in the contribution of 
Paleoproterozoic-Archean crust (Fig. 11a). 
The transition towards increasingly positive 
(depleted mantle) εHf values between ~550-
500 Ma is indicative of a retreating subduction 
zone analogous to the Tasmanides of Australia 
(Kemp et al., 2009). The interval coincides 
with the emplacement of bimodal volcanics 
of the ~510 Ma, Ellsworth Schist and Castine 
Volcanics (Schulz et al., 2008) in Ganderia and 
the ~500-490 Ma McDonalds Brook Group in 
Avalonia (Murphy and Dostal, 2007), however 
minor volcanism is recorded throughout the 
Cambrian in Avalonia suggesting that rifting 
may have been protracted across the terrane 
(Nance et al., 2010). 

 Faunal data from Avalonia is somewhat 
contradictory as it suggests isolation from 
Gondwana in the early Cambrian (Landing, 
2005; Keppie and Keppie, 2014), but 
connection with Gondwana by the Middle 
Cambrian (Landing, 2004; Landing, 2005). 
The hafnium array suggests that by ~500 Ma 
the peri-Gondwanan terranes had migrated 
outboard of Gondwana and the Rheic Ocean 
had opened in its wake (Fig. 13b). The model 
is in agreement with Murphy et al. (2006) who 
suggested that the Rheic Ocean opened along 
a Neoproterozoic suture where the composite 
Avalonian arc terranes had previously accreted 
to the Gondwanan margin.  Given the likely 
weak and hot state of the lithosphere in the 
accreted continental ribbons by comparison 
to the thick, stable cratonic margin they were 
accreted to, the Neoproterozoic is a feasible 
location for the Rheic Ocean to have opened 
up (e.g. Hyndman et al., 2005).

490-470 Ma: closing Iapetus 

 There is no demonstrable gap in the 
detrital zircon record between ~550-450 Ma 
(Fig. 11a) suggesting that magmatism did 
not cease in the peri-Gondwanan realm, but 
rather stepped outboard during subduction 
retreat. During ongoing subduction-related 
magmatism (together with roll-back) the arc 
system on the peri-Gondwanan ribbon would 
progressively remove the lower crust and SCLM 
(Collins et al., 2011), leading to increasingly 
positive εHf values that refl ect the increasing 
but continual input of juvenile material from 
the underlying mantle wedge. This is best 
represented by the hafnium isotopic record 
of the mid-Ordovician Outfl ow Formation in 
Ganderia, where exclusively juvenile zircons 
are sourced from the proximal Popelogan-
Victoria arc (Henderson et al., submitted). In 
Avalonia a similar trend is recorded by the 
hafnium isotopic data from the Dunn Point 
rhyolite whereby juvenile (εHf = +7 to +2) 
~470-460 Ma zircons represent an excursion 
away from the typical crustal evolution of 
Avalonian rocks (Fig. 9b), indicating an 
important contribution from depleted mantle 
derived melts during this time.  

 The structure of the drifting composite 
Avalonian ribbon cannot be clarifi ed from 
this data alone. It is likely to have been 
an extensive continental ribbon that was 
led by an oceanic-arc back-arc complex, 
best represented by the rocks of Exploits 
Subzone in Ganderia (Fig. 13c). The Gander 
margin, Avalonia and Meguma comprised 
the remainder of the continental ribbon 
and are likely to have undergone degrees of 
crustal extension and thinning during ribbon 
transfer. The vast size of the composite terrane 
led to the development of a diverse range of 
sedimentary environments (e.g. Hibbard et 
al., 2007a; Hibbard et al., 2007b), which in 
the geological record have been interpreted 
as entirely separate continental entities (van 
Staal et al., 2009). In reality, all three terranes 
are likely to have been hosted on the same 
plate analogous to the continental ribbons of 
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northern New Zealand, New Caledonia and 
the Lord Howe Rise (Gaina et al., 2003). 
Given the confi guration of the terranes on the 
Laurentian margin, it is likely that Meguma 
formed the trailing edge of the ribbon. The 
stratigraphic record of Meguma preserves the 
transition from a shallow continental shelf to 
a deeper water environment coeval with the 
protracted development of the Rheic Ocean 
(Waldron et al., 2009), and thus could refl ect 
deposition during the  separation of the peri-
Gondwanan ribbon away from Gondwana.
      
460-450 Ma: closure of Iapetus Ocean

 The arrival of the leading edge of 
the peri-Gondwanan ribbon (Ganderia) 
is recorded in late Ordovician (~450 Ma) 
overstep sequences in the Exploits Subzone 
of Newfoundland. The peri-Laurentian Notre 
Dame Arc formed the upper plate during 
the soft collision (Zagorevski et al., 2007a; 
Zagorevski and Van Staal, 2011) leading to 
the drowning of the lower plate Popelogan-
Victoria arc, which is marked by the deposition 
of a transgressive sequence of black-shales and 
manganese-rich sediments (Colman-Sadd et 
al., 1992). Magmatism in the Notre Dame and 
Popelogan-Victoria arcs largely shuts down 
by ~450 Ma coinciding with the subduction 
of the main Iapetus Ocean tract along the Red 
Indian line (Fig. 13d, Zagorevski et al., 2006; 
van Staal et al., 2009). 

5.2.2 Part two: late Ordovician to 
Carboniferous evolution of the Canadian 
Appalachians

 The timing and geodynamic framework 
for the accretion of the peri-Gondwanan 
terranes remains an ongoing debate. Broadly, 
there are two competing hypotheses. The 
fi rst considers the peri-Gondwanan terranes 
to be separate entities (Ganderia + Carolinia, 
Avalonia, Meguma) that arrive at different 
times to the Laurentia margin (van Staal et 
al., 1998; Hibbard et al., 2007a; van Staal et 
al., 2009), each requiring a distinct accretion 

event  (the Salinic, Acadian and Neoacadian, 
van Staal et al., 2004) upon closure of the 
ocean basins that separate the terranes (Iapetus 
Ocean, Rheic Ocean, Acadian Seaway, Theic 
Ocean). The other school of thought considers 
Ganderia, Avalonia and Meguma to be part of 
a single composite terrane (Avalonia) whereby 
Ganderia forms the leading edge and Meguma 
the trailing  (Cocks and Torsvik, 2002; Murphy 
et al., 2004b; Murphy and Keppie, 2005). In 
the latter scenario, the closure of the Iapetus 
Ocean leads to the accretion of the composite 
peri-Gondwana terrane to Laurentia, and the 
subsequent subduction of the Rheic Ocean 
outboard of the composite Laurentian margin 
is the cause of the late Silurian-Devonian 
magmatic and deformational events assigned 
to the Acadian Orogeny; prior to terminal 
continent-continent collision during the 
Alleghenian orogeny (Murphy et al., 1999; 
Murphy and Keppie, 2005).  

 Either evolutionary model is able to be 
tested by investigating the hafnium isotopic 
array of the igneous zircons crystallised 
during the Paleozoic: If the terranes arrived 
as separate crustal blocks there should be 
a record of the individual Wilson cycles 
associated with the accretion of each terrane 
(Fig. 14a). Subduction-related magmatism is 
restricted to periods of ocean closure (Collins 
et al., 2011) and records an initial excursion 
towards the depleted mantle refl ecting juvenile 
arc magmas derived from the mantle wedge, 
followed by mixing with evolved magmas 
that mirror the composition of the crust of 
the upper plate. Following the arrival of each 
terrane, subduction should step outboard into 
the next ocean basin and the same process 
should start again with an arc developing on 
the margin of the newly accreted terrane. The 
result of a long-lived accretionary system is 
a ‘saw-tooth’ type pattern in the Hf isotopic 
array (Fig. 14a). 

 In the case of a single continental 
ribbon model, the hafnium isotopic array 
should record the development of a single 
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Figure 14
The fi gure represents the expected hafnium isotopic record of the two main competing theories for the 
evolution of the northern Appalachian orogen during the Paleozoic. A) The fi rst model considers the 
peri-Gondwanan terranes to be separate entities that arrived at the Laurentian margin via the closure 
of multiple oceanic basins (e.g. during consecutive Wilson cycles, see van Staal et al. 2009). The overall 
effect of this evolutionary model is a “saw-tooth” type pattern in the hafnium array. B) The second 
model considers the peri-Gondwanan terranes represented a single composite terrane that was accreted 
to Laurentia in during the Silurian (e.g. Murphy and Keppie 2005). An Andean style continental arc 
was then built upon the Laurentian margin during the closure of the Rheic Ocean, resulting in a fanning 
isotopic array that represents the ongoing recycling of juvenile arc magmas with the basement of the 
continental terrane. As subduction continues it strips the SCLM and replaces it with increasingly juvenile 
arc magmas, leading to an overall increasingly juvenile arc (see Collins et al., 2011).  
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continental arc that was active from ~450 to 
360 Ma (Fig. 14b), following the arrival of 
the leading Ganderian arc system (Penobscot/
Popelogan-Victoria arcs). The array should 
refl ect the ongoing recycling of the Avalonia/
Ganderia/Meguma basement (~1.0-2.0 Ga) 
mixed with juvenile arc magmas from the 
down-going Rheic slab. This should be 
represented by a long-lived magmatic arc 
in the hafnium isotopic record, refl ecting 
ongoing mantle contributions (Fig. 14b). 

 The Appalachian hafnium isotopic 
array for the Paleozoic (Fig. 15) does not fi t 
with either of the predicted hafnium isotopic 
models described in Figure 14. Rather than 
record the development of one, or a number of, 
magmatic arcs during the mid-late Paleozoic 
(Fig. 14a, b), the isotopic array instead records 
continuous recycling of Mesoproterozoic-
Paleoproterozoic crust between ~450-320 
Ma. During the ~130 million year interval, 
there is no recorded contamination from older 
crust, nor a signifi cant input from the juvenile 
depleted mantle. The hafnium data does not 
support the existence of a continental-arc 
on the composite Laurentian margin after 
~440-430 Ma, but rather indicates a tectonic 
environment dominated by recycling of 
the Avalonian basement crust leading to 
progressive homogenisation during ongoing 
magmatism.

  The following section discusses 
an evolutionary model (Fig. 16) that 
accommodates the Paleozoic hafnium isotopic 
array within the existing geological constraints 
for the Canadian Appalachians. 

440-415 Ma: retreating orogenic system

 The hafnium isotopic array (Fig. 15) 
indicates that the Popelogan-Victoria juvenile 
arc was active until ~445 Ma (Henderson 
et al., Submitted), shutting off just shortly 
after the proposed collision with the Notre 
Dame arc (Zagorevski and Van Staal, 2011). 
Immediately following the collision of the 
arcs, the peri-Gondwanan hafnium isotopic 

array begins to trend towards CHUR (Fig. 
15a). The most primitive zircons change from 
> +10 (εHf) at 445 Ma to 0 (CHUR) by 350 
Ma, and the most evolved zircons change 
from -7 (εHf) at 435 Ma to -2 ε(Hf) by 320 
Ma.  This “isotopic contraction” refl ects an 
extensive period of crustal homogenisation 
and recycling of the composite Avalonian 
terrane and its Mesoproterozoic basement 
(Fig. 15a). The shift in the hafnium isotopic 
record demands a change in the geodynamic 
environment at ~440 Ma in the Canadian 
Appalachians. 

 The geological record of the 
northern Appalachians indicates that the 
peri-Gondwanan realm was characterised 
by predominantly an extensional tectonic 
environment during the Silurian, consistent 
with an upper plate continental, back-arc 
setting (Fig. 16a). Testament to the extensional 
nature is the coeval development of the ~440-
430 Ma Mascarene and Kingston basins and 
the Coastal volcanic province in Maine, New 
Brunswick and Nova Scotia (Robinson et al., 
1998; Barr et al., 2002; Fyffe et al., 2012), 
and the La Poile basin in Newfoundland 
(O’Brien et al., 1991; Kerr et al., 1995).  The 
early Silurian basins are all associated with 
bimodal plutonic and coeval volcanics that 
are interbedded with clastic sedimentary rocks 
(see Hogan and Sinha, 1989; Lin et al., 2007; 
Fyffe et al., 2012; van Staal et al., 2014). In the 
~425 Ma Maine Coastal volcanic province, 
early granitic magmatism yields low-
temperature metaluminous (I-type) granites 
before progressively becoming increasingly 
high-temperature, anhydrous and peralkaline 
(A-type) in nature (see Hogan and Sinha, 
1989), consistent with an rift-setting whereby 
mantle-derived magmas provide suffi cient 
heat to progressively melt lower crustal rocks 
at increasingly higher temperatures. A similar 
transition from I- to A- type magmatism is 
recorded in the Lachlan orogen of Australia 
during the transition towards a retreating 
(slab-roll back) subduction system (Kemp 
et al., 2009).  The 429 Ma Topsails igneous 
suite in Newfoundland (Whalen et al., 1987) 
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also comprises bimodal volcanic and plutonic 
rocks that are predominantly A-type (Whalen 
et al., 1996), providing further evidence for the 
widespread extensional environment across 
the Appalachians during the early Silurian.  
The presence of A-type granites across the 
Appalachians at ~430-425 Ma is consistent 
with emplacement in the distal back-arc region, 
with the magmatic arc located outboard, to the 
southeast (present day coordinates). 

 In Avalonia, evidence for early Silurian 
extension is represented by the mafi c and 
felsic volcanics of the Dunn Point Formation  
(Keppie et al., 1979; Murphy, 1987) and in 
Meguma, by the bimodal volcanics of the 
White Rock Formation and the coeval Brenton 
pluton (Keppie and Krogh, 2000; MacDonald 
et al., 2002). Mafi c rocks from the Bears Brook 
Formation are tholeitic, having geochemical 
signatures consistent with emplacement in 
an extensional environment (Murphy et al., 
1991; Murphy and Dostal, 2007), similar to 
the modern day Taupo volcanic zone (Murphy 
et al., 2008). Early Silurian mafi c volcanic 
rocks and coeval mafi c intrusions in Meguma 
all record alkalic affi nities suggesting 
emplacement within an extensional, within-
plate setting (MacDonald et al., 2002).

415-390 Ma: advancing orogenic system

 The tectonic framework of the (~415-
390 Ma) Acadian orogeny is controversial. 
Two contrasting models persist, with the fi rst 
attributing the deformation and magmatism 
to the closure of the Acadian seaway and the 
accretion of Avalonia to composite Laurentia 
(van Staal et al., 1998; Zagorevski et al., 
2007b; van Staal et al., 2009), and the second 
envisaging an Andean-type margin and 
interaction with a mantle plume (Murphy and 
Keppie, 2005). The hafnium isotopic array for 
the Acadian orogenic interval continues the 
homogeneous recycling of Mesoproterozoic 
crust recorded during the Silurian.  

 The start of the Acadian orogeny is 

marked by the late Silurian inversion of the 
early Silurian volcanic basins across the 
composite Avalonian terrane realm. The La 
Poile and Mascarene basins were inverted at 
~420 Ma (O’Brien et al., 1991; van Staal et 
al., 2004) in Newfoundland and Maine/New 
Brunswick. 
 The fi nal closure of the Tetagouche-
Exploits basin in the late Silurian (van Staal 
et al., 2009) could also be considered to have 
resulted from the short term switch towards 
a compressional tectonic environment. 
An Acadian orogenic front, represented 
by migrating deformation and an Acadian 
foredeep, is preserved throughout Maine, 
New Brunswick and into Quebec (Robinson 
et al., 1998; Murphy and Keppie, 2005). The 
earliest evidence of the deformation front is 
in the central Maine Basin at ~415 Ma, prior 
to progressively moving northwest until ~385 
Ma in Quebec (Fig. 16b). 

 The earliest Acadian structural 
deformation in the Avalonia terrane is the 
development of upright folds in early Silurian 
rocks of the Fredericton Trough, which are 
intruded by 406 Ma granites (Murphy and 
Keppie, 2005). In Avalonian Nova Scotia, 
the start of the Acadian orogeny is locally 
marked by a pervasive unconformity between 
early and late Devonian strata (Braid and 
Murphy, 2006). Acadian deformation and 
metamorphism commences in the Meguma 
terrane at ~415 Ma with regional greenschist 
facies metamorphism and polyphase 
deformation (Keppie and Dallmeyer 1995) 
that continued until the late Devonian (see 
Murphy and Keppie 2005). In Newfoundland, 
Acadian deformation is evident along major 
tectonostratigraphic boundaries: along the 
Dog Bay Line, it commenced at ~415-410 Ma 
(Whalen et al., 2006), along the Red Indian 
Line at ~408 Ma (Elliot et al., 1991), and along 
the Dover Fault Zone dextral-transpression 
is recorded at ~410-400 Ma (Schofi eld 
and D’Lemos, 2000 ,Chapter 4 within), 
synchronous with granite emplacement and 
migmatisation (Kellett et al., 2014, Chapters 3 
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Figure 15
A) εHf values plotted against the U-Pb ages for all available ~700-300 Ma zircons from Avalonia, 
Ganderia and Meguma. Included are published zircon data Willner et al., (2013, 2014) and Pollock et 
al., (2015). B) The grey fi eld defi nes the shape of the evolutionary array during the late Neoproterozoic-
late Paleozoic evolution of Avalonia, Meguma and Ganderia. The red arrays indicate the evolving trend 
of the hafnium array during transition from a continental arc, to a retreating oceanic arc and the collision 
with the Laurentian margin. The fi nal stage is one of homogenous recycling of late Neoproterozoic arc 
crust. Also shown is the timing of the arrival of the Popelogan-Victoria arc to the Laurentian margin and 
the timing of the Alleghenian Orogeny.  
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and 4 within). The Central Maine Belt records 
the emplacement of syntectonic granites 
during dextral-transpressive deformation and 
peak metamorphism at ~408-404 Ma (Solar et 
al., 1998).

 The hafnium isotopic record during the 
~410-380 Ma Acadian orogeny is potentially 
compatible with the plume-modifi ed 
subduction model proposed by Murphy and 
Keppie (2005), whereby the arrival of an 
oceanic plateau above a mantle plume to the 
Appalachian trench led to fl attening of the 
subducting slab and the inboard migration of 
deformation and magmatism.  The hafnium 
array is similar to the Silurian, as it shows 
ongoing contraction toward CHUR (Fig. 15). 
This indicates that no new material was being 
processed in the arc-back-arc environment, 
and requires that the same subduction zone 
operated throughout the Silurian-Devonian. 
If the mantle-plume model is correct, no 
zircons from the plume-derived magmas have 
been recorded in the analysed Devonian-
Carboniferous rocks.

 The switch towards an advancing 
subduction system also could have been 
caused by the arrival of a seamount or oceanic 
plateau to the trench (see Collins, 2002; 
Collins and Richards, 2008). The arrival of a 
buoyant oceanic anomaly, such as a seamount 
or plateau, to the trench forces the slab hinge 
to migrate inboard, causing the upper-plate 
to undergo deformation and metamorphism 
typically associated with crustal thickening 
in a compressional regime (see Murphy et al., 
1999; Collins, 2002; Collins and Richards, 
2008).  The evolutionary model that is more 
consistent with the hafnium isotopic array 
and the Acadian geologic record is that 
the subduction zone outboard of Meguma/
Avalonia transitions from retreating to 
advancing in the late Silurian (Fig. 16b). 

380-300 Ma: retreating orogenic system
  
 The mid-late Devonian (~380-350 Ma) 

geological record of the composite Avalonian 
margin is compatible with the transition 
towards an overall extensional environment. 
The interval marks the development of suite of 
linear, fault bounded half-grabens across the 
onshore and offshore Maritime Canada and 
Maine. The basins are predominantly linked 
to extension-related master faults that are 
oriented E-W to NE-SW (see Bradley, 1982; 
Pe-Piper and Piper, 2003) and extend across 
terrane boundaries, including the Avalonia/
Meguma boundary in Nova Scotia (see 
Murphy et al., 1996; Murphy and Hamilton, 
2000). Volcanic rocks are present throughout 
the mid-late Devonian basins across the 
Appalachians. In Cape Breton rhyolites 
from the Fisset Brook Formation are dated 
to 373 ± 4 Ma (Dunning et al., 2002), and 
the Sunnyville Formation in mainland Nova 
Scotia comprises a thick succession of mafi c 
and felsic fl ows (389 ± 2 Ma) and pyroclastic 
rocks and coeval gabbroic plutons (Cormier 
et al., 1995). Coeval rhyolitic and basaltic 
volcanism and intrusions in the Narragansett 
Basin of Maine at ~380 Ma preserves 
transitional alkalic geochemistry (Thompson 
and Hermes, 2003). Bimodal magmatism in 
Maine provides further evidence for a tectonic 
switch towards a retreating subduction system 
and extensional environment following the 
Acadian orogeny, at least in the northern 
Appalachians. In Meguma, the age of the 
granites appear too young towards the SE 
between ~380-370 Ma (Moran et al., 2007), 
indicative of a subduction retreat model. 

 Perhaps the most noticeable geological 
evidence for the transition towards an 
extensional regime is the emplacement of the 
voluminous S-type South Mountain Batholith 
at ~380-370 Ma in Nova Scotia (Shellnutt and 
Dostal, 2015).  Collins and Richards (2008) 
described the relationship between extension 
and S-type magmatism in the Lachlan Orogen 
in eastern Australia. They described a process 
whereby sediment-fi lled, turbiditic back-
arc basins were thickened during short-lived 
contractional events associated with slab 
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The fi gure illustrates the magmatic history of the northern Canadian Appalachians during the mid-
late Paleozoic. Shown is the migrating distribution of bimodal volcanism, granite magmatism, A and 
S-type magmatism and rift basin development. A) 440-415 Ma 1. White Rock Formation volcanics 
and Brenton Pluton (Keppie and Krogh, 2000; MacDonald et al., 2002). 2) White Rock Formation 
volcanics (Keppie and Krogh, 2000). 3) Money Point Group rhyolite (Keppie and Krogh, 2000). 4) 
Bears Brook Formation (Keppie et al., 2000). 5) Silurian plutonic and volcanic rocks of Ganderia in 
Newfoundland (see Kellett et al., 2014 and references therein; van Staal et al., 2014). 6) Topsails A-type 
igneous suite (Whalen et al., 1996). 7) La Poile Group and Burgeo pluton (van Staal et al., 2014). 8) 
Pass Island granite (Kellett et al., 2014). 9) Kingston terrane (see Barr et al., 2002 and references 
therein). 10) Mascarene Basin granites and volcanics (see Barr et al., 2002 and references therein). 11) 
Fredericton Trough (see Barr et al., 2002 and references therein). B) 410-390 Ma 1) North Bay granite 
suite, Chetwynd granite (see Kellett et al., 2014 and references therein). 2) Deadmans Bay granite 
(this study). 3) Neils Harbour orthogneiss, West Branch North River pluton and Cameron Brook pluton 
(Dunning et al., 1990). 4) Sunnyvale Formation, McArras Brook basalts and Wilson Brook felsics 
(Cormier et al., 1995). 5) New Canaan volcanics (White et al., 2011). 6) Middle range granite (Kellett 
et al., 2014). 7) Rose Blanche granite (Kellett et al., 2014). 8) Maine magmatic province (Schoonmaker 
et al., 2005). C) 380-360 Ma 1) West Moose river pluton (A-type granite), (Pe Piper et al., 1991). 2) 
Liscomb Complex (South Mountain Batholith) (Shellnutt and Dostal, 2015 and references therein). 
3) Newfoundland Devonian granites (Kellett et al., 2014). Ackely granite (A-type) (Tuach, 1987). 4) 
Devonian-Carboniferous volcanic rocks across Magdalen Basin (Dunning et al., 2002). 
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advance, as with the early-middle Devonian 
Acadian orogeny. In that model, slab advance 
was associated with ocean plateau subduction, 
where eclogitisation of the slab was delayed 
by the presence of abundant plagioclase.  
However, on eclogitisation occurred, the 
slab sinks rapidly, inducing slab rollback 
and extension in the overlying plate as arc 
magmatism re-initiated (Collins and Richards, 
2008). 

 Applied to Meguma, the sedimentary 
basin contains the Halifax and Goldenville 
groups, which was thickened during the 
Acadian slab advance. However, once the 
thick slab transforms to eclogite, it rapidly 
retreated and arc magmatism re-initiated 
below the Meguma Group in Nova Scotia. The 
resultant burst of magmatism was associated 
with lamprophyric mafi c dykes (Clarke et al., 
1997; Tate et al., 1997), representing mantle 
melting in the metasomatised subcontinental 
lithospheric mantle, associated with melting of 
the buried Meguma Group metasediments and 
the Avalonian basement in the middle to deep 
crust, producing the coeval South Mountain 
S-type batholith (Clarke et al., 1997; Tate et 
al., 1997). Mid-late Devonian A-type granites 
across the Appalachians, such as the Ackley 
granite in Newfoundland (Tuach, 1987) and 
the West Moose River pluton in the Cobequid 
Highlands (Pe-Piper and Piper, 2003), are 
testament to the retreating extensional nature 
of the orogen.  

 The combined U-Pb-Hf detrital zircon 
data set (Fig. 15a) indicates that magmatism 
continued in the northern Appalachians until 
the latest Carboniferous. The “arrow-head” 
hafnium isotopic array (Fig. 15) indicates 
that magmatism continued to homogenise the 
crust, with εHf values of the youngest (315-
310 Ma) zircons close to CHUR. Hence, 
the late Devonian-Carboniferous interval of 
extension only continued to rework the crust of 
the composite Avalonian terrane. Associated 
mafi c dykes, such as the lamprophyres of 
the South Mountain Batholith (“Weekend 

dykes”, Tate et al., 1997), and the Late 
Devonian-Carboniferous tholeiitic basalts 
that intrude the Maritimes Basins across 
Nova Scotia (Dessureau et al., 2000), New 
Brunswick (Fyffe and Barr, 1986) and Quebec 
(Fleche et al., 1998) presumably produced 
too few zircons to have been represented in 
the analysed sample set. It appears that the 
sweeping migration of magmatic belts back 
and forth across the composite terrane was the 
necessary process to homogenise the crust.

 Another key result, implicit from the 
Hf isotope array, is that Gondwanan cratonic 
crust did not interact with the (composite) 
Avalonian terrane, prior to, or during the 
Pangean assembly in the late Carboniferous 
(Stampfl i et al., 2013). However, it is worth 
noting that the late Carboniferous was 
dominated by dextral strike-slip tectonics in 
the northern Appalachians (Murphy 2003) and 
therefore it seems unlikely that Gondwanan 
crust would have been introduced in the 
magmatic system during the fi nal Pangean 
assembly.  Late Carboniferous zircons record 
only the continuous recycling of juvenile 
Neoproterozoic arc crust (~750 Ma) and 
Grenvillian-aged basement. Interestingly, a 
similar contraction and accordingly, lack of 
Gondwanan cratonic involvement, is evident 
from the 550-300 Ma Hf isotopic array of 
Variscan Europe (See Chapter 6), suggesting 
it formed from a similar tectono-magmatic 
process. 
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Supporting data
Supplementary Table 1. U-Pb detrital zircon data 

Sample Pb207/Pb206 Pb206/U238 Pb207/U235 Conc. Pb207/Pb206 Pb206/U238 Pb207/U235

ACO-12-
26B 26b-01 0.06324 0.00144 0.11371 0.00142 0.9914 0.02178 101 716.3 47.77 694.3 8.2 699.4 11.11

ACO-12-
26B 26b-02 0.061 0.00115 0.10225 0.00124 0.86004 0.01604 100 639.3 40.05 627.6 7.25 630.1 8.75

ACO-12-
26B 26b-03 0.06563 0.00122 0.10475 0.0013 0.94788 0.0175 105 794.6 38.41 642.2 7.56 677 9.12

ACO-12-
26B 26b-04 0.06358 0.00166 0.1052 0.00153 0.92216 0.02369 103 727.7 54.31 644.8 8.94 663.5 12.51

ACO-12-
26B 26b-05 0.06449 0.00125 0.10548 0.00143 0.93785 0.01859 104 757.8 40.38 646.4 8.34 671.8 9.74

ACO-12-
26B 26b-06 0.0686 0.00097 0.10413 0.00127 0.98488 0.01471 109 886.7 28.87 638.6 7.44 696.1 7.52

ACO-12-
26B 26b-07 0.06413 0.00111 0.10214 0.00134 0.9031 0.01625 104 745.9 36.17 626.9 7.85 653.4 8.67

ACO-12-
26B 26b-08 0.06328 0.00122 0.12459 0.0015 1.08701 0.02051 99 717.7 40.31 756.9 8.62 747.1 9.98

ACO-12-
26B 26b-09 0.06227 0.00143 0.10634 0.00136 0.91294 0.02037 101 683.5 48.3 651.4 7.91 658.6 10.81

ACO-12-
26B 26b-10 0.05952 0.00087 0.0969 0.00122 0.79516 0.01245 100 586.1 31.48 596.2 7.17 594.1 7.04

ACO-12-
26B 26b-11 0.06375 0.00113 0.11335 0.0014 0.9963 0.01782 101 733.4 37.24 692.1 8.1 701.9 9.06

ACO-12-
26B 26b-12 0.07701 0.00112 0.09779 0.00117 1.03842 0.0155 120 1121.5 28.67 601.5 6.85 723.1 7.72

ACO-12-
26B 26b-13 0.06288 0.00088 0.09376 0.0012 0.81295 0.01243 105 704.3 29.46 577.8 7.05 604.1 6.96

ACO-12-
26B 26b-14 0.06849 0.00115 0.10979 0.00136 1.03679 0.01757 108 883.5 34.2 671.5 7.87 722.3 8.76

ACO-12-
26B 26b-15 0.0598 0.00087 0.09746 0.00115 0.80355 0.01211 100 596.2 31.25 599.5 6.77 598.8 6.82

ACO-12-
26B 26b-16 2.49645 0.03361 0.11727 0.00134 40.36353 0.53698 529 6494.4 18.02 714.8 7.76 3779.7 13.18

ACO-12-
26B 26b-17 0.06205 0.00097 0.10593 0.0013 0.90625 0.01462 101 675.8 32.98 649.1 7.56 655.1 7.79

ACO-12-
26B 26b-18 0.06303 0.0014 0.10988 0.00145 0.9549 0.02092 101 709.2 46.46 672.1 8.43 680.6 10.87

ACO-12-
26B 26b-19 0.06409 0.00143 0.1111 0.00139 0.98181 0.02129 102 744.5 46.57 679.1 8.08 694.5 10.91

ACO-12-
26B 26b-20 0.05893 0.00085 0.10223 0.00121 0.83064 0.01247 98 564.6 30.56 627.5 7.1 614 6.91

ACO-12-
26B 26b-21 0.06555 0.0011 0.11211 0.00138 1.01317 0.0172 104 792 34.81 685 7.98 710.5 8.68

ACO-12-
26B 26b-22 0.06278 0.0008 0.11823 0.00138 1.02339 0.01381 99 700.9 26.92 720.4 7.94 715.6 6.93

ACO-12-
26B 26b-23 0.06196 0.00112 0.11411 0.00142 0.97483 0.0177 99 672.8 38.18 696.6 8.22 690.9 9.1

ACO-12-
26B 26b-24 0.06304 0.00083 0.09993 0.00122 0.8685 0.01231 103 709.6 27.71 614 7.13 634.8 6.69

ACO-12-
26B 26b-25 0.06255 0.00091 0.11265 0.00134 0.9715 0.01464 100 693 30.83 688.1 7.76 689.2 7.54

ACO-12-
26B 26b-26 0.06482 0.00198 0.11555 0.00169 1.03278 0.03037 102 768.6 63.08 704.9 9.78 720.3 15.17

ACO-12-
26B 26b-27 0.0629 0.00092 0.11355 0.00139 0.98472 0.01513 100 704.9 30.86 693.3 8.05 696 7.74

ACO-12-
26B 26b-28 0.06181 0.00096 0.10599 0.00127 0.90323 0.0144 101 667.5 33.07 649.4 7.43 653.5 7.68

ACO-12-
26B 26b-29 0.05912 0.00097 0.10665 0.00126 0.86927 0.01435 97 571.4 35.44 653.3 7.33 635.2 7.8

ACO-12-
26B 26b-30 0.06747 0.0014 0.1252 0.00157 1.16467 0.02358 103 852.2 42.59 760.4 8.99 784.1 11.06

ACO-12-
26B 26b-31 0.06359 0.00105 0.09866 0.00123 0.86504 0.01462 104 728.1 34.48 606.6 7.23 632.9 7.96

ACO-12-
26B 26b-32 0.0622 0.00078 0.10587 0.00122 0.90792 0.01204 101 681 26.55 648.7 7.14 655.9 6.41
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ACO-12-
26B 26b-33 0.06175 0.00086 0.11406 0.00126 0.97111 0.01351 99 665.5 29.44 696.3 7.31 689 6.96

ACO-12-
26B 26b-34 0.06473 0.00144 0.12313 0.00163 1.09883 0.02401 101 765.5 46.09 748.5 9.37 752.8 11.62

ACO-12-
26B 26b-35 0.06106 0.00098 0.10669 0.00132 0.89812 0.01487 100 641.3 34.17 653.5 7.71 650.7 7.95

ACO-12-
26B 26b-36 0.06136 0.00136 0.09621 0.00126 0.81396 0.01777 102 651.8 46.98 592.2 7.39 604.7 9.95

ACO-12-
26B 26b-37 0.06345 0.00169 0.11826 0.00163 1.03464 0.02661 100 723.5 55.35 720.5 9.42 721.2 13.28

ACO-12-
26B 26b-38 0.06386 0.00124 0.11345 0.00151 0.99899 0.01959 102 737.1 40.43 692.8 8.73 703.3 9.95

ACO-12-
26B 26b-39 0.07355 0.00125 0.10157 0.00125 1.0299 0.01762 115 1029 34.08 623.6 7.34 718.9 8.81

ACO-12-
26B 26b-40 0.06788 0.00125 0.10308 0.0012 0.96472 0.01718 108 864.8 37.68 632.5 7.01 685.7 8.88

ACO-12-
26B 26b-41 0.06186 0.00091 0.1098 0.0013 0.93628 0.01421 100 669.4 31.3 671.6 7.54 670.9 7.45

ACO-12-
26B 26b-42 0.0646 0.00168 0.12049 0.00166 1.07304 0.02709 101 761.4 53.84 733.4 9.57 740.2 13.27

ACO-12-
26B 26b-43 0.06435 0.00174 0.10234 0.00147 0.90789 0.02392 104 753 56.11 628.1 8.57 655.9 12.73

ACO-12-
26B 26b-44 0.06431 0.00139 0.10804 0.00148 0.95791 0.02066 103 752 44.91 661.4 8.58 682.2 10.72

ACO-12-
26B 26b-45 0.06154 0.00111 0.10528 0.00126 0.89314 0.01595 100 658.3 38.2 645.3 7.35 648.1 8.55

ACO-12-
26B 26b-46 0.06396 0.00155 0.11263 0.00149 0.99299 0.02336 102 740.3 50.4 688 8.64 700.2 11.9

ACO-12-
26B 26b-47 0.06029 0.00086 0.1069 0.00127 0.88852 0.01322 99 614.2 30.54 654.7 7.42 645.6 7.11

ACO-12-
26B 26b-48 0.05867 0.00098 0.09473 0.00112 0.76622 0.01282 99 555.1 35.93 583.5 6.62 577.6 7.37

ACO-12-
26B 26b-49 0.05991 0.00093 0.11166 0.00129 0.92215 0.01441 97 600.4 33.25 682.4 7.51 663.5 7.61

ACO-12-
26B 26b-50 0.06213 0.00123 0.11445 0.00151 0.98028 0.01962 99 678.6 41.87 698.5 8.74 693.8 10.06

ACO-12-
26B 26b-51 0.06244 0.00103 0.10575 0.00123 0.91024 0.0149 101 689.4 34.75 648 7.17 657.2 7.92

ACO-12-
26B 26b-52 0.06148 0.00091 0.11596 0.00137 0.9827 0.01488 98 656 31.3 707.3 7.91 695 7.62

ACO-12-
26B 26b-53 0.06174 0.00141 0.10508 0.00136 0.89429 0.01995 101 665 48.13 644.1 7.93 648.7 10.69

ACO-12-
26B 26b-54 0.06101 0.00116 0.10161 0.00125 0.85454 0.0161 101 639.5 40.36 623.8 7.3 627.1 8.82

ACO-12-
26B 26b-55 0.19613 0.00307 0.47984 0.0053 12.96726 0.19671 111 2794.2 25.43 2526.5 23.11 2677.3 14.3

ACO-12-
26B 26b-56 0.06009 0.00168 0.09807 0.00142 0.81243 0.02217 100 606.8 59.33 603.1 8.37 603.8 12.42

ACO-12-
26B 26b-57 0.05969 0.00098 0.11357 0.0013 0.93429 0.01522 97 592.8 34.8 693.4 7.52 669.9 7.99

ACO-12-
26B 26b-58 0.06139 0.00088 0.09912 0.00119 0.83886 0.01261 102 652.9 30.6 609.3 6.97 618.5 6.96

ACO-12-
26B 26b-59 0.05997 0.00099 0.10928 0.00132 0.90337 0.01504 98 602.5 35.2 668.6 7.65 653.5 8.02

ACO-12-
26B 26b-60 0.0637 0.00157 0.10675 0.00138 0.93705 0.02225 103 731.7 51.49 653.8 8.05 671.3 11.66

ACO-12-
26B 26b-61 0.06165 0.00108 0.10118 0.00123 0.85988 0.01509 101 662 36.99 621.3 7.22 630.1 8.24

ACO-12-
26B 26b-62 0.05984 0.00079 0.10595 0.0012 0.87407 0.01191 98 597.9 28.23 649.2 7.02 637.8 6.46

ACO-12-
26B 26b-63 0.07089 0.00164 0.11885 0.00155 1.16149 0.02598 108 954.2 46.73 723.9 8.92 782.7 12.2

ACO-12-
26B 26b-64 0.06362 0.00095 0.11344 0.00127 0.99491 0.01478 101 729 31.37 692.7 7.36 701.2 7.52

ACO-12-
26B 26b-65 0.06207 0.00087 0.10162 0.00118 0.86952 0.01263 102 676.6 29.77 623.9 6.93 635.3 6.86

ACO-12-
26B 26b-66 0.06204 0.00102 0.10703 0.00129 0.91543 0.01526 101 675.6 34.89 655.5 7.5 659.9 8.09

ACO-12-
26B 26b-67 0.06252 0.00091 0.11881 0.00139 1.024 0.01529 99 691.8 30.66 723.7 8.03 715.9 7.67

ACO-12-
26B 26b-68 0.06132 0.00098 0.10114 0.00115 0.855 0.01351 101 650.4 33.93 621.1 6.72 627.4 7.4
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ACO-12-
26B 26b-69 0.06471 0.00109 0.11635 0.00138 1.03807 0.01744 102 765 35.14 709.5 7.96 723 8.69

ACO-12-
26B 26b-70 0.12749 0.00159 0.36662 0.00432 6.44385 0.08589 102 2063.7 21.82 2013.5 20.37 2038.3 11.72

ACO-12-
26B 26b-71 0.06817 0.00135 0.10683 0.0014 1.00398 0.01993 108 873.7 40.4 654.3 8.15 705.8 10.1

ACO-12-
26B 26b-72 0.06074 0.00109 0.09801 0.00117 0.82084 0.01459 101 630.2 38.17 602.7 6.85 608.5 8.13

ACO-12-
26B 26b-73 0.06522 0.00135 0.09296 0.00124 0.83577 0.01738 108 781.3 43.05 573 7.33 616.8 9.61

ACO-12-
26B 26b-74 0.06229 0.00086 0.10626 0.00123 0.91252 0.01301 101 684.1 29.12 651 7.18 658.4 6.91

ACO-12-
26B 26b-75 0.06439 0.00146 0.10552 0.00144 0.93679 0.02105 104 754.6 47.08 646.7 8.41 671.2 11.03

ACO-12-
26B 26b-76 0.06088 0.00107 0.10428 0.00127 0.87536 0.01549 100 635.2 37.52 639.4 7.42 638.5 8.39

ACO-12-
26B 26b-77 0.05956 0.00086 0.09436 0.0011 0.77495 0.01151 100 587.8 31.02 581.3 6.49 582.6 6.59

ACO-12-
26B 26b-78 0.06225 0.00144 0.1048 0.00138 0.89944 0.02046 101 682.7 48.72 642.5 8.08 651.4 10.94

ACO-12-
26B 26b-79 0.06182 0.00088 0.10525 0.00123 0.89711 0.01319 101 667.9 30.25 645.1 7.16 650.2 7.06

ACO-12-
26B 26b-80 0.06055 0.001 0.10293 0.0013 0.85924 0.01475 100 623.3 35.36 631.5 7.61 629.7 8.05

ACO-12-27 1 0.05966 0.0019 0.0894 0.00131 0.73519 0.02256 101 591.3 67.43 552 7.74 559.6 13.2

ACO-12-27 2 0.06087 0.00186 0.09366 0.00134 0.78579 0.02311 102 634.8 64.47 577.2 7.88 588.8 13.14

ACO-12-27 3 0.06428 0.00137 0.10675 0.00128 0.94564 0.01938 103 750.8 44.26 653.8 7.45 675.8 10.11

ACO-12-27 4 0.06489 0.00198 0.10625 0.0015 0.94996 0.0277 104 770.7 63.04 650.9 8.75 678.1 14.43

ACO-12-27 5 0.05956 0.00088 0.10411 0.00116 0.85463 0.01264 98 587.6 31.77 638.5 6.8 627.2 6.92

ACO-12-27 6 0.06206 0.00145 0.10149 0.00125 0.86794 0.01943 102 676.3 49.01 623.1 7.31 634.4 10.56

ACO-12-27 7 0.06742 0.0012 0.098 0.00114 0.91065 0.0159 109 850.8 36.64 602.7 6.7 657.4 8.45

ACO-12-27 8 0.10244 0.0016 0.09623 0.00115 1.35896 0.02118 147 1668.9 28.57 592.3 6.78 871.4 9.11

ACO-12-27 9 0.06086 0.00109 0.09584 0.00114 0.80402 0.01426 102 634.3 38.04 590 6.72 599.1 8.03

ACO-12-27 10 0.05836 0.00102 0.09159 0.00108 0.73679 0.01276 99 543.4 37.62 564.9 6.39 560.5 7.46

ACO-12-27 11 0.06479 0.0017 0.10369 0.00142 0.92608 0.02354 105 767.6 54.37 636 8.27 665.6 12.41

ACO-12-27 12 0.06441 0.00145 0.10131 0.00129 0.89946 0.01962 105 755.1 46.77 622.1 7.55 651.4 10.49

ACO-12-27 13 0.06404 0.00159 0.10136 0.00139 0.89489 0.02158 104 742.8 51.52 622.4 8.12 649 11.57

ACO-12-27 14 0.05925 0.0012 0.09278 0.00112 0.75777 0.01495 100 576.2 43.3 572 6.63 572.7 8.64

ACO-12-27 15 0.06705 0.00107 0.1151 0.00133 1.06403 0.0169 105 839.4 32.92 702.3 7.68 735.8 8.31

ACO-12-27 16 0.06014 0.00103 0.10019 0.00116 0.83063 0.0141 100 608.5 36.77 615.5 6.79 614 7.82

ACO-12-27 17 0.06036 0.00177 0.09906 0.00143 0.82444 0.02338 100 616.5 61.99 608.9 8.37 610.5 13.01

ACO-12-27 18 0.55773 0.01447 0.22744 0.00472 17.48399 0.37838 224 4401.6 37.38 1321.1 24.8 2961.8 20.79

ACO-12-27 19 0.05996 0.00103 0.09766 0.00114 0.80736 0.01369 100 602.1 36.66 600.7 6.68 601 7.69

ACO-12-27 20 0.06195 0.00133 0.09721 0.00127 0.83044 0.01771 103 672.3 45.43 598 7.44 613.9 9.82

ACO-12-27 21 0.06123 0.00138 0.10311 0.00128 0.87048 0.01902 101 647.3 47.76 632.6 7.49 635.8 10.33

ACO-12-27 22 0.06061 0.00148 0.09721 0.00134 0.81236 0.01954 101 625.5 51.94 598.1 7.88 603.8 10.95

ACO-12-27 23 0.06178 0.00102 0.11138 0.00122 0.94852 0.0152 99 666.6 34.94 680.8 7.1 677.3 7.92

ACO-12-27 24 0.06052 0.00139 0.1051 0.0013 0.87684 0.01947 99 622.1 48.81 644.2 7.59 639.3 10.53

ACO-12-27 25 0.06094 0.00154 0.09217 0.00119 0.77445 0.01891 102 637.2 53.59 568.4 7.02 582.3 10.82

ACO-12-27 26 0.06127 0.00158 0.10027 0.00131 0.84692 0.02099 101 648.6 54.29 616 7.69 623 11.54

ACO-12-27 27 0.06275 0.00169 0.10006 0.00142 0.86574 0.02275 103 699.6 56.48 614.8 8.32 633.3 12.38

ACO-12-27 28 0.06235 0.00142 0.10433 0.00126 0.89666 0.01957 102 686.3 47.98 639.7 7.34 649.9 10.48

ACO-12-27 29 0.06352 0.0012 0.10098 0.00127 0.88474 0.01662 104 725.8 39.47 620.2 7.46 643.5 8.96

ACO-12-27 30 0.06618 0.00159 0.10053 0.00139 0.91763 0.0216 107 811.9 49.52 617.5 8.13 661.1 11.44
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ACO-12-27 31 0.06071 0.00147 0.10328 0.00129 0.86441 0.02015 100 628.8 51.47 633.6 7.55 632.5 10.97

ACO-12-27 32 0.06425 0.00192 0.10862 0.00158 0.96259 0.02769 103 750 61.87 664.7 9.18 684.6 14.33

ACO-12-27 33 0.20069 0.00539 0.12691 0.00225 3.51264 0.08621 199 2831.8 43.11 770.2 12.88 1530.1 19.4

ACO-12-27 34 0.08645 0.00312 0.10356 0.00178 1.2345 0.04205 129 1348.2 67.98 635.3 10.41 816.4 19.11

ACO-12-27 35 0.06148 0.00143 0.10283 0.00131 0.8717 0.01966 101 655.9 49.04 631 7.68 636.5 10.67

ACO-12-27 36 0.06412 0.00114 0.09485 0.00112 0.83874 0.01467 106 745.5 37.06 584.2 6.61 618.5 8.1

ACO-12-27 37 0.06682 0.00144 0.10153 0.00129 0.93567 0.01969 108 832.1 44.36 623.4 7.53 670.6 10.33

ACO-12-27 38 0.06058 0.00171 0.10126 0.0014 0.84591 0.02298 100 624.5 59.58 621.8 8.19 622.4 12.64

ACO-12-27 39 0.05748 0.00115 0.10152 0.00123 0.8047 0.01582 96 509.6 43.83 623.3 7.21 599.5 8.9

ACO-12-27 40 0.06379 0.00119 0.0995 0.00119 0.87529 0.0161 104 734.8 39.16 611.5 6.96 638.4 8.72

ACO-12-27 41 0.06145 0.00102 0.09717 0.00113 0.82344 0.01351 102 654.9 35.06 597.8 6.64 610 7.52

ACO-12-27 42 0.06109 0.00097 0.1027 0.0012 0.86542 0.01368 100 642.5 33.6 630.2 6.99 633.1 7.45

ACO-12-27 43 0.06035 0.00125 0.09946 0.00123 0.82784 0.01684 100 616.3 44.23 611.3 7.23 612.4 9.35

ACO-12-27 44 0.05862 0.00106 0.09948 0.00117 0.80407 0.01437 98 552.9 39.01 611.3 6.88 599.1 8.09

ACO-12-27 45 0.06197 0.00137 0.10311 0.00127 0.88101 0.01888 101 673 46.72 632.6 7.44 641.5 10.19

ACO-12-27 46 0.06157 0.00161 0.08969 0.00121 0.76155 0.01922 104 659.3 54.99 553.7 7.18 574.9 11.08

ACO-12-27 47 0.06035 0.00089 0.10258 0.00114 0.8536 0.01257 100 616.2 31.56 629.5 6.68 626.6 6.88

ACO-12-27 48 0.06233 0.00145 0.09895 0.00128 0.85041 0.01928 103 685.3 48.98 608.3 7.54 624.9 10.58

ACO-12-27 49 0.06587 0.00126 0.0982 0.0012 0.89198 0.01674 107 802.3 39.49 603.8 7.07 647.4 8.98

ACO-12-27 50 0.06354 0.00167 0.10166 0.00139 0.89071 0.0226 104 726.4 54.65 624.1 8.13 646.7 12.14

ACO-12-27 51 0.06033 0.00105 0.10167 0.00118 0.84567 0.01451 100 615.3 37.17 624.2 6.89 622.3 7.98

ACO-12-27 52 0.05735 0.00213 0.09994 0.00159 0.79027 0.0283 96 504.6 80.33 614.1 9.32 591.3 16.05

ACO-12-27 53 0.06528 0.00156 0.09823 0.00138 0.88403 0.02084 106 783.4 49.54 604 8.09 643.2 11.23

ACO-12-27 54 0.06106 0.00105 0.10338 0.00121 0.87032 0.01488 100 641.2 36.72 634.2 7.05 635.7 8.08

ACO-12-27 55 0.2108 0.00369 0.10596 0.0013 3.08009 0.05039 220 2911.7 28.1 649.3 7.57 1427.7 12.54

ACO-12-27 56 0.06015 0.00119 0.09329 0.00107 0.77375 0.01469 101 609 42.12 574.9 6.32 581.9 8.41

ACO-12-27 57 0.06094 0.00148 0.09888 0.00128 0.83075 0.01951 101 637 51.27 607.8 7.51 614 10.82

ACO-12-27 58 0.06148 0.00188 0.09471 0.00139 0.80283 0.02368 103 656.1 64.11 583.4 8.16 598.4 13.34

ACO-12-27 59 0.07046 0.00164 0.10451 0.00136 1.01526 0.02278 111 941.7 46.89 640.8 7.93 711.5 11.48

ACO-12-27 60 0.06148 0.00122 0.1042 0.00129 0.88328 0.01731 101 656.1 42.03 639 7.54 642.8 9.33

ACO-12-27 61 0.06027 0.00125 0.09978 0.00134 0.82844 0.01725 100 613.2 44.34 613.1 7.84 612.7 9.58

ACO-12-27 62 0.06052 0.00105 0.10034 0.00117 0.83703 0.01429 100 622.3 36.96 616.4 6.84 617.5 7.9

ACO-12-27 63 0.06171 0.00107 0.10515 0.00121 0.89456 0.01517 101 664.2 36.58 644.5 7.09 648.8 8.13

ACO-12-27 64 0.06161 0.00177 0.08901 0.00125 0.75583 0.0209 104 660.5 60.36 549.7 7.4 571.6 12.08

ACO-12-27 65 0.06009 0.00104 0.09155 0.00108 0.75815 0.013 101 606.7 36.94 564.7 6.38 572.9 7.51

ACO-12-27 66 0.06679 0.00125 0.09313 0.00111 0.85734 0.01565 110 831.3 38.49 574 6.57 628.7 8.55

ACO-12-27 67 0.06651 0.00185 0.10358 0.00146 0.94947 0.02542 107 822.4 57.11 635.4 8.53 677.8 13.24

ACO-12-27 68 0.06153 0.00125 0.09858 0.00119 0.83619 0.01654 102 657.7 43.12 606.1 6.99 617 9.15

ACO-12-27 69 0.06125 0.00157 0.10434 0.00139 0.88084 0.02176 100 647.9 54.01 639.8 8.11 641.4 11.74

ACO-12-27 70 0.06791 0.00176 0.09967 0.00138 0.93285 0.02333 109 865.9 52.87 612.4 8.08 669.1 12.26

ACO-12-27 71 0.06581 0.00105 0.09375 0.00106 0.85058 0.01334 108 800.3 33.18 577.7 6.22 625 7.32

ACO-12-
20B 20B-01 0.06943 0.00089 0.14448 0.00167 1.38289 0.0186 101 911.7 26.09 870 9.39 881.7 7.93

ACO-12-
20B 20B-02 0.07334 0.001 0.09121 0.00111 0.9222 0.01347 118 1023.4 27.42 562.7 6.57 663.5 7.11

ACO-12-
20B 20B-03 0.09278 0.00128 0.09939 0.00114 1.27121 0.0178 136 1483.3 26 610.8 6.7 832.9 7.96

ACO-12-
20B 20B-04 0.06013 0.00138 0.10336 0.00124 0.85675 0.01876 99 608.4 48.86 634.1 7.24 628.3 10.26
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ACO-12-
20B 20B-05 0.13409 0.00161 0.35225 0.00386 6.51155 0.08019 111 2152.2 20.81 1945.3 18.4 2047.5 10.84

ACO-12-
20B 20B-06 0.17663 0.00229 0.45536 0.00563 11.08921 0.157 108 2621.4 21.4 2419 24.93 2530.7 13.19

ACO-12-
20B 20B-07 0.07798 0.00169 0.19212 0.00264 2.06542 0.04446 101 1146.4 42.57 1132.9 14.3 1137.4 14.73

ACO-12-
20B 20B-08 0.12054 0.0022 0.08093 0.00104 1.34492 0.02367 172 1964.2 32.13 501.7 6.19 865.4 10.25

ACO-12-
20B 20B-09 0.11548 0.00181 0.2049 0.00243 3.26145 0.0509 157 1887.5 28.02 1201.6 13 1471.9 12.13

ACO-12-
20B 20B-10 0.06277 0.00103 0.09796 0.00106 0.84755 0.01338 103 700.5 34.56 602.4 6.23 623.3 7.35

ACO-12-
20B 20B-11 0.06326 0.00258 0.09343 0.00158 0.81463 0.03161 105 717 84.17 575.8 9.32 605 17.68

ACO-12-
20B 20B-12 0.08496 0.00141 0.2141 0.00271 2.50787 0.04271 105 1314.4 31.97 1250.6 14.37 1274.3 12.36

ACO-12-
20B 20B-13 0.09434 0.00194 0.08872 0.00109 1.15369 0.02246 142 1515 38.28 547.9 6.46 779 10.59

ACO-12-
20B 20B-14 0.06151 0.00087 0.09643 0.0011 0.81789 0.01176 102 657.2 30.06 593.5 6.45 606.9 6.57

ACO-12-
20B 20B-15 0.12732 0.00169 0.27821 0.00325 4.88394 0.06765 130 2061.4 23.2 1582.4 16.4 1799.5 11.67

ACO-12-
20B 20B-16 0.11327 0.00159 0.09513 0.00109 1.4858 0.02096 158 1852.5 25.12 585.8 6.41 924.6 8.56

ACO-12-
20B 20B-17 0.11934 0.00175 0.14134 0.00152 2.32516 0.03308 143 1946.4 25.94 852.2 8.59 1220 10.1

ACO-12-
20B 20B-18 0.06567 0.0013 0.10184 0.00124 0.92203 0.0178 106 796 41.02 625.2 7.25 663.4 9.4

ACO-12-
20B 20B-19 0.12489 0.00164 0.38022 0.00435 6.54663 0.08846 98 2027.2 23.03 2077.3 20.34 2052.2 11.9

ACO-12-
20B 20B-20 0.08245 0.00214 0.09598 0.00146 1.091 0.02765 127 1256.2 49.8 590.8 8.56 749 13.43

ACO-12-
20B 20B-21 0.21407 0.00242 0.55856 0.00631 16.48424 0.19633 103 2936.6 18.16 2860.7 26.08 2905.3 11.4

ACO-12-
20B 20B-22 0.06064 0.00079 0.0967 0.00109 0.80836 0.01084 101 626.6 27.8 595 6.41 601.5 6.08

ACO-12-
20B 20B-23 0.12858 0.0017 0.27742 0.00344 4.91768 0.06999 132 2078.6 23.08 1578.4 17.37 1805.3 12.01

ACO-12-
20B 20B-24 0.05904 0.00173 0.10759 0.00147 0.87552 0.02454 97 568.7 62.66 658.7 8.55 638.6 13.29

ACO-12-
20B 20B-25 0.0608 0.00168 0.10138 0.00145 0.84973 0.02282 100 632.3 58.42 622.5 8.46 624.5 12.53

ACO-12-
20B 20B-26 0.07044 0.00094 0.10137 0.00119 0.98444 0.01366 112 941.3 27.06 622.5 6.95 695.9 6.99

ACO-12-
20B 20B-27 0.07974 0.00094 0.20479 0.00228 2.251 0.02766 99 1190.5 23.02 1201 12.19 1197.1 8.64

ACO-12-
20B 20B-28 0.19553 0.00224 0.36277 0.00401 9.77746 0.1176 140 2789.2 18.66 1995.3 18.96 2414 11.08

ACO-12-
20B 20B-29 0.11914 0.00205 0.33206 0.00419 5.45174 0.09281 105 1943.4 30.5 1848.4 20.26 1893 14.61

ACO-12-
20B 20B-30 0.05937 0.00117 0.09835 0.00118 0.80496 0.01551 99 580.8 42.21 604.8 6.94 599.6 8.72

ACO-12-
20B 20B-31 0.06702 0.00094 0.09609 0.00102 0.88758 0.01214 109 838.4 28.96 591.4 6 645.1 6.53

ACO-12-
20B 20B-32 0.15957 0.00245 0.44317 0.00554 9.74857 0.15269 104 2451.2 25.71 2364.8 24.74 2411.3 14.42

ACO-12-
20B 20B-33 0.10211 0.0015 0.23386 0.00276 3.29167 0.04903 123 1662.8 26.96 1354.7 14.41 1479.1 11.6

ACO-12-
20B 20B-34 0.12987 0.0017 0.37743 0.00442 6.75758 0.0919 102 2096.2 22.85 2064.3 20.7 2080.2 12.03

ACO-12-
20B 20B-35 0.12166 0.00184 0.28374 0.00309 4.75701 0.06911 123 1980.7 26.69 1610.2 15.5 1777.3 12.19

ACO-12-
20B 20B-36 0.15475 0.00191 0.44825 0.00502 9.56037 0.12193 100 2399.1 20.8 2387.5 22.33 2393.4 11.72

ACO-12-
20B 20B-37 0.12653 0.00165 0.33126 0.0038 5.7759 0.07828 111 2050.2 22.85 1844.5 18.38 1942.8 11.73

ACO-12-
20B 20B-38 0.13735 0.00179 0.32845 0.00374 6.21826 0.08285 120 2194 22.45 1830.9 18.14 2007 11.65

ACO-12-
20B 20B-39 0.06056 0.00121 0.10827 0.0013 0.90366 0.01758 99 623.8 42.6 662.7 7.56 653.7 9.38

ACO-12-
20B 20B-40 0.06394 0.001 0.12871 0.00146 1.13421 0.01755 99 739.8 32.75 780.5 8.33 769.8 8.35
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ACO-12-
20B 20B-41 0.11426 0.00141 0.10866 0.00124 1.71174 0.02191 152 1868.2 22.14 665 7.21 1012.9 8.2

ACO-12-
20B 20B-42 0.17842 0.00211 0.46009 0.00525 11.31651 0.14021 108 2638.2 19.51 2440 23.16 2549.6 11.56

ACO-12-
20B 20B-43 0.05838 0.00205 0.08822 0.0014 0.71 0.02404 100 544 74.96 545 8.29 544.7 14.27

ACO-12-
20B 20B-44 0.07355 0.00128 0.10248 0.00126 1.03916 0.01806 115 1029 34.89 628.9 7.39 723.5 9

ACO-12-
20B 20B-45 0.12942 0.00161 0.37644 0.0045 6.71669 0.08992 101 2090.1 21.72 2059.6 21.05 2074.8 11.83

ACO-12-
20B 20B-46 0.10792 0.00163 0.09848 0.00118 1.46525 0.02216 151 1764.6 27.36 605.5 6.95 916.2 9.13

ACO-12-
20B 20B-47 0.06161 0.00076 0.11364 0.00128 0.96528 0.01248 99 660.7 26.33 693.9 7.43 686 6.45

ACO-12-
20B 20B-48 0.23338 0.00346 0.6145 0.00659 19.7697 0.28175 100 3075.4 23.5 3088 26.31 3080.2 13.77

ACO-12-
20B 20B-49 0.0626 0.00184 0.1028 0.0015 0.88708 0.02517 102 694.5 61.41 630.8 8.77 644.8 13.54

ACO-12-
20B 20B-50 0.08966 0.00153 0.2603 0.00299 3.21731 0.05289 95 1418.3 32.15 1491.4 15.27 1461.3 12.73

ACO-12-
20B 20B-51 0.06177 0.0009 0.10603 0.0012 0.90288 0.01326 101 666.2 30.95 649.6 6.97 653.3 7.08

ACO-12-
20B 20B-52 0.07445 0.00288 0.10439 0.00187 1.07152 0.03944 116 1053.4 76.45 640.1 10.89 739.5 19.33

ACO-12-
20B 20B-53 0.06324 0.0012 0.11001 0.00134 0.95906 0.01789 101 716.2 39.68 672.8 7.76 682.8 9.27

ACO-12-
20B 20B-54 0.07292 0.00141 0.11195 0.00132 1.12549 0.02097 112 1011.8 38.69 684.1 7.67 765.6 10.02

ACO-12-
20B 20B-55 0.07752 0.00144 0.08479 0.00102 0.90609 0.0164 125 1134.4 36.57 524.7 6.07 655 8.74

ACO-12-
20B 20B-56 0.2954 0.00467 0.1256 0.00148 5.11526 0.0768 241 3446.3 24.3 762.7 8.47 1838.6 12.75

ACO-12-
20B 20B-57 0.13041 0.00208 0.10136 0.00127 1.82222 0.02942 169 2103.5 27.71 622.4 7.44 1053.5 10.59

ACO-12-
20B 20B-58 0.13193 0.00178 0.38916 0.00448 7.07835 0.09806 100 2123.8 23.41 2118.9 20.81 2121.3 12.32

ACO-12-
20B 20B-59 0.1256 0.00174 0.37079 0.00421 6.42043 0.09017 100 2037.2 24.25 2033.1 19.8 2035.1 12.34

ACO-12-
20B 20B-60 0.05946 0.00103 0.10388 0.00124 0.85158 0.01469 98 584 37.01 637.1 7.24 625.5 8.06

ACO-12-
20B 20B-61 0.07434 0.00087 0.12167 0.00136 1.24655 0.01529 111 1050.8 23.3 740.2 7.81 821.8 6.91

ACO-12-
20B 20B-62 0.06468 0.00121 0.12533 0.00146 1.11728 0.02027 100 763.9 38.97 761.2 8.37 761.7 9.72

ACO-12-
20B 20B-63 0.06346 0.00122 0.11471 0.00139 1.0032 0.01888 101 723.6 40.22 700.1 8.01 705.4 9.57

ACO-12-
20B 20B-64 0.12923 0.00178 0.37297 0.00405 6.64423 0.08951 102 2087.6 24.03 2043.4 19.04 2065.2 11.89

ACO-12-
20B 20B-65 0.06318 0.00159 0.11176 0.00149 0.97307 0.02364 101 714.3 52.46 683 8.66 690 12.17

ACO-12-
20B 20B-66 0.26995 0.00331 0.67086 0.00735 24.95881 0.31215 100 3305.7 19.1 3309.2 28.37 3306.6 12.21

ACO-12-
20B 20B-67 0.06312 0.00133 0.09913 0.00118 0.86255 0.01742 104 712.3 44.07 609.3 6.95 631.5 9.5

ACO-12-
20B 20B-68 0.05654 0.00117 0.09757 0.00122 0.76031 0.01552 96 473 45.63 600.2 7.16 574.2 8.95

ACO-12-
20B 20B-69 0.1296 0.0018 0.36487 0.00448 6.51604 0.09517 104 2092.5 24.17 2005.2 21.18 2048.1 12.86

ACO-12-
20B 20B-70 0.05849 0.001 0.10115 0.00121 0.8153 0.01399 97 548 37.06 621.1 7.07 605.4 7.82

ACO-12-
20B 20B-71 0.07308 0.00237 0.09876 0.00149 0.99463 0.03057 115 1016.1 64.35 607.1 8.74 701.1 15.56

ACO-12-
20B 20B-72 0.05969 0.00108 0.09506 0.00107 0.78208 0.01361 100 592.8 38 585.4 6.3 586.7 7.75

ACO-12-
20B 20B-73 0.07453 0.00136 0.09413 0.00116 0.96688 0.01737 118 1055.6 36.47 579.9 6.81 686.9 8.97

ACO-12-
20B 20B-74 0.21817 0.00287 0.5871 0.00681 17.65335 0.2396 100 2967.2 21.04 2977.6 27.65 2971 13.04

ACO-12-
20B 20B-75 0.06125 0.00118 0.08776 0.00104 0.74082 0.01394 104 647.9 40.92 542.3 6.17 562.9 8.13

ACO-12-
20B 20B-76 0.059 0.00204 0.10533 0.00159 0.85656 0.02831 97 567.2 73.57 645.6 9.27 628.2 15.48
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ACO-12-
20B 20B-77 0.1625 0.0023 0.43264 0.00495 9.68764 0.13859 107 2481.8 23.65 2317.6 22.29 2405.5 13.17

ACO-12-
20B 20B-78 0.13627 0.00227 0.42225 0.00503 7.92972 0.12978 96 2180.3 28.74 2270.7 22.81 2223.1 14.76

ACO-12-
20B 20B-79 0.0591 0.00117 0.10919 0.00136 0.88935 0.01737 97 570.7 42.35 668 7.92 646 9.34

ACO-12-
20B 20B-80 0.08206 0.00225 0.10022 0.00148 1.13355 0.02977 125 1247.1 52.62 615.7 8.7 769.4 14.17

ACO-12-
22A 22A-01 0.05948 0.001 0.09274 0.00108 0.76033 0.01265 100 584.7 36.05 571.7 6.37 574.2 7.3

ACO-12-
22A 22A-02 0.19109 0.00223 0.53483 0.00587 14.08875 0.16888 100 2751.6 19.08 2761.8 24.67 2755.7 11.36

ACO-12-
22A 22A-03 0.05836 0.00102 0.0888 0.00096 0.71444 0.01199 100 543.4 37.93 548.4 5.7 547.4 7.1

ACO-12-
22A 22A-04 0.12377 0.00192 0.3728 0.00441 6.36069 0.09616 102 2011.3 27.21 2042.6 20.69 2026.9 13.26

ACO-12-
22A 22A-05 0.06156 0.00119 0.09253 0.00112 0.78528 0.01489 97 658.8 40.98 570.5 6.61 588.5 8.47

ACO-12-
22A 22A-06 0.06176 0.00088 0.11837 0.00135 1.00772 0.01455 102 665.6 30.29 721.2 7.76 707.7 7.36

ACO-12-
22A 22A-07 0.06872 0.00121 0.14764 0.00187 1.39876 0.02494 100 890.5 35.91 887.7 10.52 888.4 10.56

ACO-12-
22A 22A-08 0.05859 0.00109 0.08704 0.00103 0.70308 0.01284 100 551.8 40.09 538 6.13 540.6 7.66

ACO-12-
22A 22A-09 0.05884 0.00092 0.10315 0.00118 0.83673 0.01307 103 561.1 33.55 632.8 6.87 617.3 7.23

ACO-12-
22A 22A-10 0.06365 0.00209 0.11843 0.00173 1.03923 0.0324 100 730.1 67.95 721.5 9.97 723.5 16.13

ACO-12-
22A 22A-11 0.05875 0.00099 0.08143 0.0009 0.65951 0.01078 98 558 36.32 504.6 5.34 514.3 6.6

ACO-12-
22A 22A-12 0.07473 0.00185 0.09139 0.00125 0.94162 0.02238 53 1061.3 49.1 563.7 7.37 673.7 11.7

ACO-12-
22A 22A-13 0.06289 0.00143 0.10451 0.00127 0.90609 0.01974 98 704.4 47.8 640.8 7.42 655 10.52

ACO-12-
22A 22A-14 0.061 0.00205 0.09329 0.00137 0.78448 0.02505 98 639.2 70.66 574.9 8.05 588 14.26

ACO-12-
22A 22A-15 0.06243 0.00237 0.09291 0.00151 0.7997 0.02891 96 689 78.97 572.7 8.88 596.7 16.31

ACO-12-
22A 22A-16 0.06098 0.00142 0.09084 0.00113 0.76363 0.01702 97 638.5 49.16 560.5 6.67 576.1 9.8

ACO-12-
22A 22A-17 0.06426 0.00172 0.08969 0.00119 0.79463 0.02027 93 750.3 55.52 553.7 7.01 593.8 11.47

ACO-12-
22A 22A-18 0.06202 0.00117 0.10809 0.00122 0.92422 0.01663 100 674.9 39.66 661.6 7.07 664.6 8.78

ACO-12-
22A 22A-19 0.06192 0.00167 0.0948 0.00124 0.8092 0.02079 97 671.3 56.69 583.8 7.3 602 11.67

ACO-12-
22A 22A-20 0.12599 0.00183 0.30908 0.00349 5.36863 0.07712 85 2042.8 25.5 1736.2 17.17 1879.9 12.3

ACO-12-
22A 22A-21 0.06226 0.00138 0.09755 0.00123 0.83722 0.01798 97 683.1 46.62 600 7.22 617.6 9.94

ACO-12-
22A 22A-22 0.12597 0.00147 0.37312 0.0044 6.48098 0.08187 100 2042.5 20.52 2044.1 20.64 2043.3 11.11

ACO-12-
22A 22A-23 0.0591 0.00162 0.09371 0.00132 0.76299 0.02037 100 570.7 58.62 577.4 7.76 575.7 11.73

ACO-12-
22A 22A-24 0.06404 0.00107 0.10662 0.00115 0.94084 0.01502 97 743 34.85 653.1 6.73 673.3 7.86

ACO-12-
22A 22A-25 0.0608 0.00132 0.08645 0.00114 0.7247 0.01556 97 632.3 46.05 534.5 6.74 553.4 9.16

ACO-12-
22A 22A-26 0.05985 0.00137 0.09849 0.00121 0.81232 0.01784 100 598.1 48.7 605.6 7.11 603.8 10

ACO-12-
22A 22A-27 0.12997 0.00155 0.38737 0.00454 6.94012 0.08838 101 2097.5 20.85 2110.6 21.09 2103.8 11.3

ACO-12-
22A 22A-28 0.16483 0.00184 0.43863 0.00436 9.9615 0.10717 94 2505.8 18.69 2344.5 19.54 2431.2 9.93

ACO-12-
22A 22A-29 0.06326 0.00117 0.10917 0.00122 0.95163 0.01675 98 717.1 38.64 667.9 7.07 678.9 8.72

ACO-12-
22A 22A-30 0.05835 0.00138 0.10559 0.00128 0.84888 0.01916 104 542.8 50.9 647.1 7.46 624 10.52
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ACO-12-
22A 22A-31 0.06584 0.00125 0.10502 0.00118 0.95271 0.01714 95 801.3 39.2 643.7 6.86 679.5 8.91

ACO-12-
22A 22A-32 0.06002 0.00103 0.09748 0.00105 0.80616 0.01323 100 604.2 36.83 599.6 6.16 600.3 7.44

ACO-12-
22A 22A-33 0.06139 0.00089 0.09827 0.00104 0.83126 0.01176 98 652.9 30.98 604.3 6.11 614.3 6.52

ACO-12-
22A 22A-34 0.06779 0.0013 0.14953 0.00174 1.3967 0.02578 101 862.2 39.41 898.3 9.76 887.5 10.92

ACO-12-
22A 22A-35 0.06101 0.00149 0.1054 0.00133 0.88602 0.0207 100 639.4 51.58 646 7.77 644.2 11.15

ACO-12-
22A 22A-36 0.05922 0.00212 0.09769 0.00149 0.79713 0.02723 101 575.2 76.13 600.8 8.74 595.2 15.38

ACO-12-
22A 22A-37 0.18806 0.00199 0.46441 0.00495 12.03959 0.13181 90 2725.3 17.29 2459 21.8 2607.5 10.26

ACO-12-
22A 22A-38 0.07225 0.00157 0.10215 0.00121 1.01689 0.02087 88 992.9 43.68 627 7.07 712.3 10.51

ACO-12-
22A 22A-39 0.06252 0.00077 0.08711 0.00094 0.75079 0.0094 95 692 26.11 538.4 5.59 568.7 5.45

ACO-12-
22A 22A-40 0.06213 0.00091 0.10599 0.0011 0.90736 0.01267 99 678.6 30.84 649.4 6.41 655.7 6.74

ACO-12-
22A 22A-41 0.05856 0.00086 0.10755 0.00116 0.86811 0.01248 104 550.9 31.76 658.5 6.73 634.5 6.78

ACO-12-
22A 22A-42 0.11359 0.00148 0.18853 0.00211 2.95128 0.0386 60 1857.6 23.31 1113.4 11.47 1395.2 9.92

ACO-12-
22A 22A-43 0.12273 0.00247 0.35855 0.00426 6.06317 0.11485 99 1996.3 35.32 1975.3 20.22 1985 16.51

ACO-12-
22A 22A-44 0.06057 0.00091 0.0902 0.00107 0.75274 0.01156 98 623.9 31.92 556.7 6.34 569.8 6.7

ACO-12-
22A 22A-45 0.12972 0.0018 0.36447 0.0045 6.51309 0.09479 96 2094.2 24.23 2003.3 21.26 2047.7 12.81

ACO-12-
22A 22A-46 0.05858 0.00106 0.08736 0.00103 0.70518 0.01258 100 551.7 39.17 539.9 6.09 541.9 7.49

ACO-12-
22A 22A-47 0.12685 0.0016 0.3703 0.0041 6.47086 0.08302 99 2054.8 22.09 2030.8 19.28 2041.9 11.28

ACO-12-
22A 22A-48 0.06414 0.0009 0.12218 0.00136 1.07967 0.01521 100 746.3 29.42 743.1 7.82 743.5 7.42

ACO-12-
22A 22A-49 0.06261 0.00117 0.10809 0.0013 0.93234 0.01704 99 695.1 39.25 661.7 7.54 668.9 8.95

ACO-12-
22A 22A-50 0.05724 0.00159 0.09184 0.00121 0.72417 0.01921 102 500.3 60.49 566.4 7.13 553.1 11.31

ACO-12-
22A 22A-51 0.05511 0.00119 0.08061 0.00093 0.61198 0.01263 103 416.6 47.01 499.7 5.56 484.8 7.96

ACO-12-
22A 22A-52 0.0635 0.00145 0.08679 0.00117 0.75919 0.01708 94 725.2 47.58 536.5 6.97 573.5 9.86

ACO-12-
22A 22A-53 0.06287 0.00158 0.10462 0.00139 0.90592 0.02198 98 703.9 52.61 641.4 8.14 654.9 11.71

ACO-12-
22A 22A-54 0.06584 0.00192 0.09245 0.0014 0.83822 0.0237 92 801.1 59.87 570 8.27 618.2 13.09

ACO-12-
22A 22A-55 0.12349 0.00161 0.36858 0.00411 6.26787 0.08275 101 2007.2 23.03 2022.7 19.35 2014 11.56

ACO-12-
22A 22A-56 0.05984 0.00089 0.08524 0.00093 0.70219 0.01024 98 597.8 31.77 527.3 5.54 540.1 6.11

ACO-12-
22A 22A-57 0.05925 0.00182 0.09563 0.00138 0.78027 0.02302 101 576.4 65.33 588.8 8.13 585.6 13.13

ACO-12-
22A 22A-58 0.07006 0.00145 0.1029 0.00125 0.9925 0.01968 90 930 41.79 631.4 7.28 700 10.03

ACO-12-
22A 22A-59 0.06359 0.00135 0.09403 0.00123 0.82319 0.01723 95 727.9 44.28 579.3 7.22 609.8 9.59

ACO-12-
22A 22A-60 0.11581 0.0025 0.27547 0.00398 4.39527 0.09413 83 1892.5 38.4 1568.5 20.09 1711.5 17.72

ACO-12-
22A 22A-61 0.06237 0.00082 0.12255 0.00134 1.05316 0.0139 102 686.9 27.7 745.2 7.7 730.4 6.87

ACO-12-
22A 22A-62 0.06441 0.00108 0.0891 0.00098 0.79078 0.01281 93 755.3 35.15 550.2 5.81 591.6 7.27

ACO-12-
22A 22A-63 0.06005 0.00082 0.08961 0.00098 0.74164 0.01012 98 605.3 29.28 553.2 5.78 563.4 5.9

ACO-12-
22A 22A-64 0.06002 0.00086 0.09044 0.00097 0.74807 0.0105 98 604.2 30.61 558.1 5.76 567.1 6.1

ACO-12-
22A 22A-65 0.06058 0.00217 0.09088 0.00156 0.75775 0.02645 98 624.5 75.27 560.7 9.23 572.7 15.28
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ACO-12-
22A 22A-66 0.06969 0.00201 0.08984 0.0014 0.86253 0.02419 88 919.1 58.07 554.6 8.27 631.5 13.19

ACO-12-
22A 22A-67 0.06094 0.00162 0.0902 0.00117 0.75764 0.01916 97 637.3 56.11 556.7 6.9 572.6 11.07

ACO-12-
22A 22A-68 0.07106 0.00099 0.08835 0.00098 0.86535 0.01205 86 959.3 28.29 545.8 5.83 633 6.56

ACO-12-
22A 22A-69 0.06177 0.00129 0.09331 0.00111 0.79449 0.01595 97 666 44.15 575.1 6.53 593.7 9.03

ACO-12-
22A 22A-70 0.08627 0.00168 0.10338 0.00122 1.22956 0.02266 47 1344.3 37.08 634.2 7.14 814.1 10.32

ACO-12-
22A 22A-71 0.06159 0.00166 0.09411 0.00135 0.79867 0.02109 97 660 56.86 579.8 7.96 596.1 11.91

ACO-12-
22A 22A-72 0.06147 0.00088 0.1075 0.00119 0.91103 0.01301 100 655.9 30.38 658.2 6.94 657.6 6.91

ACO-12-
22A 22A-73 0.06195 0.00191 0.09394 0.00132 0.80225 0.02351 97 672.2 64.59 578.8 7.76 598.1 13.24

ACO-12-
22A 22A-74 0.0589 0.00144 0.08934 0.00122 0.72508 0.0175 100 563.3 52.56 551.6 7.23 553.7 10.3

ACO-12-
22A 22A-75 0.1298 0.00174 0.37689 0.0042 6.74424 0.09058 98 2095.3 23.32 2061.7 19.64 2078.4 11.88

ACO-12-
22A 22A-76 0.14422 0.00197 0.3379 0.00379 6.71856 0.09204 82 2278.5 23.38 1876.6 18.26 2075.1 12.11

ACO-12-
22A 22A-77 0.05971 0.00138 0.11009 0.00131 0.9063 0.0199 103 593.4 48.97 673.3 7.63 655.1 10.6

ACO-12-
22A 22A-78 0.12879 0.00192 0.35391 0.0042 6.28166 0.09585 94 2081.5 25.94 1953.2 20.02 2015.9 13.37

ACO-12-
22A 22A-79 0.05684 0.00132 0.09015 0.00107 0.70657 0.01554 103 484.8 50.46 556.4 6.31 542.7 9.25

ACO-12-
22A 22A-80 0.13176 0.00181 0.31627 0.00349 5.74641 0.07896 84 2121.5 23.84 1771.5 17.1 1938.4 11.88

ACO-12-25 25-1 0.11456 0.00139 0.31461 0.00368 4.9678 0.06478 106 1872.9 21.65 1763.3 18.05 1813.9 11.02

ACO-12-25 25-2 0.07675 0.00155 0.08329 0.00118 0.88104 0.0183 80 1114.6 39.84 515.7 7.01 641.5 9.88

ACO-12-25 25-3 0.09319 0.0011 0.0831 0.00098 1.06736 0.01384 70 1491.7 22.2 514.6 5.81 737.4 6.8

ACO-12-25 25-4 0.07412 0.00112 0.07751 0.00102 0.79169 0.01303 81 1044.6 30.21 481.2 6.08 592.1 7.38

ACO-12-25 25-5 0.06997 0.00109 0.09179 0.00123 0.88519 0.0151 88 927.4 31.68 566.1 7.26 643.8 8.13

ACO-12-25 25-6 0.05995 0.00094 0.09414 0.00112 0.778 0.01253 99 601.9 33.66 580 6.63 584.3 7.16

ACO-12-25 25-7 0.08448 0.00139 0.09717 0.00123 1.13157 0.01911 78 1303.6 31.64 597.8 7.23 768.5 9.1

ACO-12-25 25-8 0.06337 0.00086 0.10406 0.00125 0.90896 0.01316 97 720.6 28.44 638.2 7.27 656.5 7

ACO-12-25 25-9 0.06315 0.00081 0.09295 0.00112 0.80913 0.01131 95 713.3 26.93 573 6.59 602 6.35

ACO-12-25 25-10 0.06546 0.00088 0.09527 0.00114 0.85965 0.01241 93 789.2 28.03 586.6 6.7 629.9 6.78

ACO-12-25 25-11 0.2192 0.00296 0.55133 0.00624 16.66057 0.2253 105 2974.8 21.57 2830.7 25.94 2915.5 12.95

ACO-12-25 25-12 0.06636 0.0012 0.12184 0.00146 1.11464 0.01986 97 817.7 37.29 741.2 8.36 760.4 9.54

ACO-12-25 25-13 0.06083 0.00092 0.09262 0.00112 0.77666 0.01224 98 633.3 32.32 571 6.6 583.6 7

ACO-12-25 25-14 0.10781 0.00142 0.2416 0.00295 3.59083 0.05111 126 1762.7 23.85 1395 15.33 1547.5 11.3

ACO-12-25 25-15 0.05787 0.00143 0.0875 0.00117 0.69809 0.01691 101 524.7 53.69 540.7 6.91 537.6 10.11

ACO-12-25 25-16 0.08572 0.00132 0.14097 0.00171 1.66589 0.0262 85 1331.8 29.63 850.2 9.65 995.6 9.98

ACO-12-25 25-17 0.12645 0.00204 0.2344 0.00325 4.08284 0.07242 151 2049.3 28.26 1357.5 16.99 1650.9 14.47

ACO-12-25 25-18 0.11722 0.00225 0.09392 0.00124 1.51791 0.02831 62 1914.3 34.08 578.7 7.31 937.6 11.42

ACO-12-25 25-19 0.0714 0.00111 0.1308 0.00153 1.28754 0.02007 94 968.8 31.28 792.4 8.7 840.2 8.91

ACO-12-25 25-20 0.06488 0.00137 0.1047 0.00151 0.93639 0.0204 96 770.3 43.72 641.9 8.83 671 10.7

ACO-12-25 25-21 0.12432 0.00136 0.23056 0.00274 3.95216 0.04922 151 2019.1 19.27 1337.4 14.37 1624.4 10.09

ACO-12-25 25-22 0.0726 0.00143 0.09556 0.00137 0.95612 0.01965 86 1002.8 39.45 588.4 8.07 681.3 10.2

ACO-12-25 25-23 0.06229 0.00083 0.08665 0.00104 0.74429 0.01061 95 684.2 28.07 535.7 6.17 564.9 6.17

ACO-12-25 25-24 0.06248 0.00072 0.09796 0.00113 0.84418 0.01056 97 690.5 24.3 602.5 6.61 621.5 5.82

ACO-12-25 25-25 0.13122 0.00157 0.37235 0.00429 6.74067 0.08543 104 2114.4 20.79 2040.5 20.15 2078 11.21

ACO-12-25 25-26 0.13486 0.00185 0.37891 0.0042 7.04475 0.09684 104 2162.2 23.73 2071.2 19.66 2117.1 12.22
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ACO-12-25 25-27 0.08282 0.00191 0.19803 0.00274 2.26545 0.05066 109 1264.9 44.32 1164.7 14.73 1201.6 15.75

ACO-12-25 25-28 0.13782 0.00169 0.36791 0.00444 6.99429 0.0934 109 2199.9 21.18 2019.6 20.93 2110.7 11.86

ACO-12-25 25-29 0.11702 0.00156 0.32213 0.00396 5.20082 0.07422 106 1911.1 23.7 1800.1 19.33 1852.8 12.15

ACO-12-25 25-30 0.06154 0.00305 0.08962 0.0018 0.76082 0.03606 96 658.1 102.83 553.3 10.64 574.5 20.79

ACO-12-25 25-31 0.31811 0.00361 0.14288 0.00163 6.27262 0.07671 43 3560.7 17.34 860.9 9.2 2014.6 10.71

ACO-12-25 25-32 0.12722 0.00144 0.35549 0.00421 6.23973 0.0789 105 2059.9 19.82 1960.8 20.01 2010 11.07

ACO-12-25 25-33 0.07031 0.00087 0.15084 0.00188 1.46221 0.02046 99 937.4 25.3 905.7 10.55 914.9 8.44

ACO-12-25 25-34 0.11402 0.00147 0.32935 0.00408 5.18053 0.07288 102 1864.5 23.15 1835.2 19.8 1849.4 11.97

ACO-12-25 25-35 0.06278 0.00124 0.08622 0.00107 0.74764 0.01452 94 700.7 41.48 533.1 6.33 566.9 8.44

ACO-12-25 25-36 0.06101 0.00094 0.09216 0.00112 0.77598 0.01234 97 639.5 32.72 568.3 6.6 583.2 7.05

ACO-12-25 25-37 0.10985 0.00154 0.30658 0.00386 4.64682 0.06929 104 1796.9 25.29 1723.9 19.04 1757.7 12.46

ACO-12-25 25-38 0.12766 0.00156 0.36825 0.00429 6.49168 0.08476 102 2066 21.42 2021.1 20.19 2044.8 11.49

ACO-12-25 25-39 0.12527 0.00166 0.35148 0.00399 6.08814 0.08229 105 2032.6 23.28 1941.7 19.03 1988.5 11.79

ACO-12-25 25-40 0.05751 0.00087 0.08287 0.00099 0.65804 0.01025 100 511 33.17 513.2 5.9 513.4 6.28

ACO-12-25 25-41 0.07557 0.00097 0.15888 0.00194 1.65609 0.02321 96 1083.7 25.47 950.6 10.8 991.9 8.87

ACO-12-25 25-42 0.06024 0.00094 0.08245 0.00104 0.68504 0.01129 96 612.1 33.45 510.7 6.18 529.8 6.8

ACO-12-25 25-43 0.05742 0.00163 0.0863 0.00121 0.68402 0.01877 101 507.1 61.53 533.6 7.16 529.2 11.32

ACO-12-25 25-44 0.16503 0.00194 0.47625 0.00562 10.84174 0.13866 100 2507.9 19.62 2510.9 24.54 2509.7 11.89

ACO-12-25 25-45 0.12817 0.00162 0.30239 0.00372 5.34503 0.07426 122 2073 22.06 1703.1 18.42 1876.1 11.88

ACO-12-25 25-46 0.08463 0.00104 0.20862 0.00255 2.43474 0.03329 107 1307.1 23.65 1221.5 13.62 1252.9 9.84

ACO-12-25 25-47 0.0844 0.00103 0.22352 0.00264 2.60173 0.03458 100 1301.6 23.56 1300.4 13.92 1301.1 9.75

ACO-12-25 25-48 0.06313 0.00106 0.10045 0.0014 0.8742 0.01612 97 712.7 35.45 617.1 8.19 637.8 8.73

ACO-12-25 25-49 0.06701 0.0009 0.10167 0.00134 0.93884 0.01444 93 838.2 27.81 624.2 7.83 672.3 7.56

ACO-12-25 25-50 0.07254 0.0011 0.10244 0.00138 1.02398 0.01716 88 1001.2 30.52 628.7 8.06 715.9 8.61

ACO-12-25 25-51 0.10387 0.00168 0.2377 0.00324 3.4036 0.0594 123 1694.4 29.46 1374.7 16.86 1505.2 13.7

ACO-12-25 25-52 0.09955 0.00226 0.09904 0.0016 1.35914 0.03205 70 1615.6 41.62 608.8 9.37 871.5 13.79

ACO-12-25 25-53 0.06714 0.00099 0.08579 0.00117 0.79402 0.01327 89 842.3 30.26 530.6 6.94 593.4 7.51

ACO-12-25 25-54 0.06387 0.00108 0.10903 0.00136 0.96014 0.01668 98 737.2 35.43 667.1 7.89 683.4 8.64

ACO-12-25 25-55 0.06317 0.00142 0.10163 0.00136 0.88521 0.01972 97 714 47 624 7.95 643.8 10.62

ACO-12-25 25-56 0.09916 0.00174 0.10535 0.00141 1.44011 0.02602 71 1608.3 32.33 645.7 8.24 905.8 10.83

ACO-12-25 25-57 0.09114 0.00192 0.13651 0.00203 1.71518 0.03749 81 1449.3 39.66 824.9 11.49 1014.2 14.02

ACO-12-25 25-58 0.09543 0.0013 0.26433 0.00318 3.47759 0.05034 102 1536.6 25.4 1512 16.2 1522.1 11.42

ACO-12-25 25-59 0.13156 0.00178 0.39547 0.00461 7.17249 0.10129 99 2118.9 23.5 2148.2 21.31 2133.1 12.59

ACO-12-25 25-60 0.0628 0.0011 0.10941 0.00141 0.94717 0.01725 99 701.4 36.96 669.3 8.19 676.6 9

ACO-12-25 25-61 0.05855 0.00082 0.08392 0.00104 0.67734 0.01023 99 550.3 30.14 519.5 6.16 525.2 6.19

ACO-12-25 25-62 0.08073 0.00115 0.21029 0.00262 2.34031 0.03557 99 1214.8 27.67 1230.4 13.96 1224.6 10.81

ACO-12-25 25-63 0.11146 0.00156 0.2194 0.00306 3.37219 0.05454 143 1823.4 25.13 1278.7 16.16 1498 12.67

ACO-12-25 25-64 0.06014 0.0021 0.0828 0.00128 0.68638 0.02304 97 608.6 73.9 512.8 7.6 530.6 13.87

ACO-12-25 25-65 0.08783 0.00105 0.09638 0.00112 1.167 0.01513 76 1378.8 22.86 593.2 6.57 785.2 7.09

ACO-12-25 25-66 0.0622 0.00077 0.11146 0.00132 0.95581 0.01292 100 681.1 26.15 681.2 7.67 681.1 6.71

ACO-12-25 25-67 0.13254 0.00151 0.41864 0.00508 7.64945 0.0994 95 2131.9 19.8 2254.3 23.09 2190.7 11.67

ACO-12-25 25-68 0.12951 0.00171 0.35871 0.00485 6.40533 0.09815 106 2091.3 22.97 1976.1 23.03 2033 13.46

ACO-12-25 25-69 0.05883 0.00095 0.09119 0.00112 0.73958 0.0123 100 560.7 34.23 562.6 6.59 562.2 7.18

ACO-12-25 25-70 0.10803 0.00129 0.31975 0.00391 4.76204 0.06412 99 1766.3 21.74 1788.5 19.1 1778.2 11.3

ACO-12-25 25-71 0.13416 0.00264 0.10671 0.0015 1.9736 0.03814 59 2153.1 33.93 653.6 8.76 1106.5 13.03

ACO-12-25 25-72 0.07572 0.00124 0.18513 0.00237 1.9325 0.03285 99 1087.7 32.37 1094.9 12.9 1092.4 11.37
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ACO-12-25 25-73 0.13391 0.00226 0.33977 0.00504 6.27305 0.11667 114 2149.9 29.2 1885.5 24.25 2014.7 16.29

ACO-12-25 25-74 0.1139 0.00136 0.34098 0.00414 5.3544 0.07168 98 1862.6 21.44 1891.4 19.9 1877.6 11.45

ACO-12-25 25-75 0.06189 0.00153 0.09041 0.00121 0.77145 0.01856 96 670.5 51.93 558 7.16 580.6 10.64

ACO-12-25 25-76 0.06069 0.001 0.09252 0.00115 0.77413 0.01318 98 628.3 35.07 570.4 6.79 582.1 7.54

ACO-12-25 25-77 0.12953 0.00193 0.37809 0.00536 6.75276 0.11467 101 2091.6 26 2067.4 25.08 2079.6 15.02

ACO-12-25 25-78 0.14712 0.00205 0.35469 0.0048 7.19448 0.11379 118 2312.6 23.72 1957 22.86 2135.8 14.1

ACO-12-25 25-79 0.25616 0.0038 0.52398 0.00618 18.50185 0.27359 119 3223.2 23.2 2716 26.13 3016.2 14.24

ACO-12-25 25-80 0.07892 0.00127 0.08027 0.00105 0.87344 0.01484 78 1170.2 31.56 497.8 6.25 637.4 8.05

ACO-12-25 25-81 0.06054 0.00084 0.06901 0.0008 0.5759 0.0083 93 622.8 29.68 430.2 4.81 461.8 5.35

ACO-12-25 25-82 0.13351 0.00161 0.36294 0.00448 6.6807 0.09118 107 2144.6 20.93 1996.1 21.17 2070.1 12.05

ACO-12-25 25-83 0.08884 0.0013 0.1308 0.00151 1.60201 0.02374 82 1400.7 27.62 792.4 8.62 971 9.26

ACO-12-25 25-84 0.0796 0.00112 0.08073 0.00097 0.88594 0.01316 78 1187.1 27.59 500.5 5.81 644.2 7.08

ACO-12-25 25-85 0.07006 0.00114 0.09562 0.00125 0.92355 0.01589 89 930 32.95 588.7 7.34 664.2 8.39

ACO-12-
28A 28A-01 0.06403 0.00104 0.08999 0.00118 0.79388 0.01373 94 742.7 33.9 555.5 6.98 593.4 7.77

ACO-12-
28A 28A-02 0.13609 0.00154 0.3501 0.00418 6.56792 0.0832 89 2178.1 19.56 1935.1 19.97 2055.1 11.16

ACO-12-
28A 28A-03 0.06469 0.00098 0.09077 0.00118 0.80918 0.01329 93 764.3 31.6 560.1 6.95 602 7.46

ACO-12-
28A 28A-04 0.1032 0.00123 0.11513 0.00131 1.63795 0.02067 71 1682.4 21.86 702.5 7.6 984.9 7.96

ACO-12-
28A 28A-05 0.13351 0.00169 0.34769 0.00447 6.39751 0.09152 90 2144.6 21.99 1923.5 21.36 2031.9 12.56

ACO-12-
28A 28A-06 0.06175 0.00084 0.09399 0.00104 0.80019 0.01102 97 665.4 28.82 579.1 6.16 596.9 6.22

ACO-12-
28A 28A-07 0.12779 0.00177 0.36296 0.00477 6.39056 0.09797 97 2067.9 24.26 1996.2 22.58 2031 13.46

ACO-12-
28A 28A-08 0.06693 0.00101 0.09377 0.00117 0.86489 0.01387 91 835.5 31.25 577.8 6.91 632.8 7.55

ACO-12-
28A 28A-09 0.06393 0.00113 0.09193 0.00104 0.81054 0.01384 94 739.2 36.84 566.9 6.16 602.8 7.76

ACO-12-
28A 28A-10 0.06321 0.00093 0.09732 0.00123 0.84772 0.01348 96 715.3 31.04 598.7 7.23 623.4 7.41

ACO-12-
28A 28A-11 0.08382 0.00103 0.19803 0.0023 2.28826 0.03005 90 1288.2 23.77 1164.7 12.36 1208.7 9.28

ACO-12-
28A 28A-12 0.12314 0.0017 0.3575 0.00475 6.06674 0.09329 98 2002.2 24.35 1970.3 22.56 1985.5 13.4

ACO-12-
28A 28A-13 0.07538 0.00089 0.08664 0.00103 0.9003 0.01174 82 1078.6 23.43 535.7 6.1 651.9 6.27

ACO-12-
28A 28A-14 0.06546 0.00076 0.12783 0.00145 1.15345 0.01437 100 789.1 24.1 775.5 8.29 778.9 6.77

ACO-12-
28A 28A-15 0.20687 0.00235 0.46914 0.00585 13.37611 0.17754 86 2881.2 18.37 2479.8 25.68 2706.6 12.54

ACO-12-
28A 28A-16 0.0574 0.00081 0.09507 0.00117 0.75219 0.01147 103 506.5 30.64 585.5 6.87 569.5 6.65

ACO-12-
28A 28A-17 0.06111 0.00074 0.09492 0.00108 0.79967 0.01032 98 643.1 25.92 584.6 6.34 596.6 5.82

ACO-12-
28A 28A-18 0.1941 0.00211 0.49693 0.00585 13.29606 0.16361 94 2777.2 17.73 2600.6 25.2 2700.9 11.62

ACO-12-
28A 28A-19 0.06366 0.00088 0.08719 0.00095 0.76537 0.0105 93 730.4 28.94 538.9 5.62 577.1 6.04

ACO-12-
28A 28A-20 0.059 0.00075 0.08764 0.00097 0.71283 0.00933 99 566.9 27.3 541.6 5.75 546.4 5.53

ACO-12-
28A 28A-21 0.06214 0.00087 0.0939 0.00105 0.80449 0.01138 97 678.9 29.6 578.6 6.21 599.4 6.4

ACO-12-
28A 28A-22 0.06243 0.0009 0.097 0.00119 0.83475 0.0128 97 688.9 30.53 596.8 7.01 616.2 7.09

ACO-12-
28A 28A-23 0.07498 0.00084 0.10043 0.00114 1.03817 0.01259 85 1068 22.32 616.9 6.66 723 6.27

ACO-12-
28A 28A-24 0.10539 0.00118 0.17824 0.00214 2.5893 0.0328 61 1721.1 20.43 1057.3 11.7 1297.6 9.28

ACO-12-
28A 28A-25 0.0611 0.00067 0.0912 0.00103 0.76824 0.00919 97 642.8 23.46 562.6 6.07 578.8 5.28
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ACO-12-
28A 28A-26 0.11288 0.00131 0.28184 0.00315 4.3862 0.05332 87 1846.3 20.79 1600.6 15.84 1709.7 10.05

ACO-12-
28A 28A-27 0.06446 0.00087 0.09277 0.00116 0.82422 0.01218 94 756.7 28.08 571.9 6.87 610.4 6.78

ACO-12-
28A 28A-28 0.06164 0.00076 0.09847 0.00109 0.83685 0.01075 98 661.8 26.37 605.4 6.4 617.4 5.94

ACO-12-
28A 28A-29 0.11388 0.00141 0.25339 0.00315 3.97712 0.05475 78 1862.2 22.14 1455.9 16.22 1629.5 11.17

ACO-12-
28A 28A-30 0.06148 0.00073 0.0846 0.00092 0.71706 0.00881 95 656 25.18 523.5 5.5 548.9 5.21

ACO-12-
28A 28A-31 0.06343 0.00099 0.0985 0.00116 0.86141 0.01368 96 722.8 32.89 605.6 6.83 630.9 7.46

ACO-12-
28A 28A-32 0.0608 0.0007 0.09115 0.00102 0.764 0.00939 98 632 24.57 562.4 6.04 576.3 5.4

ACO-12-
28A 28A-33 0.06 0.00088 0.09483 0.00111 0.78436 0.01182 99 603.4 31.48 584 6.51 588 6.73

ACO-12-
28A 28A-34 0.06556 0.00102 0.09129 0.00117 0.82493 0.01369 92 792.4 32.44 563.2 6.93 610.8 7.62

ACO-12-
28A 28A-35 0.14264 0.00186 0.09931 0.00126 1.95238 0.02779 56 2259.5 22.31 610.4 7.38 1099.3 9.56

ACO-12-
28A 28A-36 0.09606 0.00108 0.04367 0.0005 0.57826 0.0071 59 1549 20.89 275.5 3.11 463.3 4.57

ACO-12-
28A 28A-37 0.06073 0.00071 0.08722 0.00103 0.73012 0.0095 97 629.7 25.15 539.1 6.11 556.6 5.58

ACO-12-
28A 28A-38 0.13515 0.00154 0.15712 0.0018 2.92736 0.03597 68 2166 19.71 940.7 10.05 1389 9.3

ACO-12-
28A 28A-39 0.07491 0.00108 0.10612 0.00131 1.09583 0.01671 87 1066.1 28.74 650.2 7.63 751.3 8.1

ACO-12-
28A 28A-40 0.10823 0.00119 0.13772 0.0015 2.05479 0.02378 73 1769.8 19.93 831.7 8.5 1133.9 7.9

ACO-12-
28A 28A-41 0.20705 0.00222 0.06258 0.00072 1.78625 0.0212 38 2882.6 17.27 391.3 4.35 1040.5 7.73

ACO-12-
28A 28A-42 0.15803 0.0018 0.38736 0.00443 8.43922 0.10287 87 2434.7 19.14 2110.6 20.58 2279.4 11.07

ACO-12-
28A 28A-43 0.08141 0.00108 0.09987 0.00126 1.12075 0.01646 80 1231.4 25.85 613.6 7.41 763.3 7.88

ACO-12-
28A 28A-44 0.06326 0.001 0.06428 0.00084 0.56048 0.00952 89 717.1 33.35 401.6 5.08 451.8 6.19

ACO-12-
28A 28A-45 0.06213 0.00083 0.08945 0.00107 0.76613 0.01096 96 678.4 28.25 552.3 6.33 577.5 6.3

ACO-12-
28A 28A-46 0.07407 0.00098 0.15182 0.00192 1.55012 0.02277 96 1043.4 26.34 911.2 10.77 950.5 9.07

ACO-12-
28A 28A-47 0.0658 0.00077 0.11973 0.00138 1.08611 0.01385 98 800.1 24.38 729 7.96 746.6 6.74

ACO-12-
28A 28A-48 0.06925 0.00083 0.08374 0.00096 0.79942 0.01027 87 906.3 24.49 518.4 5.71 596.5 5.79

ACO-12-
28A 28A-49 0.07414 0.00126 0.10185 0.00137 1.04082 0.01874 86 1045.4 33.97 625.3 8.03 724.3 9.33

ACO-12-
28A 28A-50 0.06532 0.00114 0.09663 0.00125 0.86994 0.01569 94 784.6 36.35 594.6 7.32 635.5 8.52

ACO-12-
28A 28A-51 0.13187 0.00157 0.25391 0.00302 4.61633 0.05996 69 2123.1 20.67 1458.6 15.54 1752.2 10.84

ACO-12-
28A 28A-52 0.07101 0.00113 0.09532 0.00119 0.93314 0.01541 88 957.7 32.31 586.9 6.98 669.3 8.09

ACO-12-
28A 28A-53 0.10761 0.00127 0.11233 0.00129 1.66631 0.02105 69 1759.3 21.29 686.2 7.5 995.8 8.02

ACO-12-
28A 28A-54 0.13412 0.00195 0.16926 0.00227 3.12827 0.04987 47 2152.6 25.14 1008 12.53 1439.7 12.27

ACO-12-
28A 28A-55 0.12538 0.00154 0.17543 0.00223 3.03157 0.04268 51 2034.2 21.57 1042 12.21 1415.6 10.75

ACO-12-
28A 28A-56 0.07445 0.00127 0.0989 0.00135 1.01479 0.01843 85 1053.5 34.4 608 7.91 711.3 9.29

ACO-12-
28A 28A-57 0.17819 0.00197 0.32136 0.0038 7.89442 0.09858 68 2636.1 18.2 1796.4 18.53 2219 11.25

ACO-12-
28A 28A-58 0.07453 0.00133 0.09122 0.00112 0.93726 0.01658 84 1055.6 35.78 562.7 6.59 671.4 8.69

ACO-12-
28A 28A-59 0.05811 0.00078 0.07996 0.00094 0.64052 0.00907 99 533.2 29.43 495.9 5.62 502.6 5.61

ACO-12-
28A 28A-60 0.13724 0.00181 0.29339 0.00378 5.54959 0.08184 76 2192.6 22.74 1658.4 18.83 1908.3 12.69

ACO-12-
28A 28A-61 0.07307 0.00101 0.09649 0.00122 0.97138 0.01463 86 1016 27.84 593.8 7.15 689.2 7.54



264

Chapter 5 Evolution of the northern Appalachians

ACO-12-
28A 28A-62 0.07403 0.00105 0.09136 0.00115 0.93189 0.01422 84 1042.3 28.43 563.6 6.77 668.6 7.47

ACO-12-
28A 28A-63 0.07748 0.00096 0.0924 0.00109 0.98663 0.01315 82 1133.8 24.21 569.7 6.43 697 6.72

ACO-12-
28A 28A-64 0.06221 0.00077 0.09507 0.00112 0.8151 0.01095 97 681.4 26.26 585.4 6.6 605.3 6.12

ACO-12-
28A 28A-65 0.15703 0.00198 0.40447 0.00529 8.74758 0.12634 90 2424 21.24 2189.6 24.29 2312 13.16

ACO-12-
28A 28A-66 0.08328 0.00104 0.09115 0.00112 1.04587 0.01455 77 1275.5 24.39 562.3 6.64 726.8 7.22

ACO-12-
28A 28A-67 0.28201 0.00304 0.25597 0.00298 9.94868 0.12022 44 3374.1 16.74 1469.2 15.29 2430 11.15

ACO-12-
28A 28A-68 0.42435 0.00457 0.36848 0.00428 21.54998 0.26012 51 3997.7 16 2022.2 20.14 3163.7 11.71

ACO-12-
28A 28A-69 0.13033 0.00164 0.30365 0.00395 5.45028 0.07879 81 2102.4 21.94 1709.4 19.52 1892.8 12.4

ACO-12-
28A 28A-70 0.07482 0.00128 0.09278 0.00128 0.95592 0.01748 84 1063.6 34.08 572 7.56 681.2 9.07

ACO-12-
28A 28A-71 0.06175 0.00089 0.09307 0.00117 0.79188 0.0123 97 665.5 30.58 573.6 6.89 592.2 6.97

ACO-12-
28A 28A-72 0.06456 0.00094 0.09098 0.00117 0.80924 0.0128 93 760 30.42 561.3 6.89 602 7.19

ACO-12-
28A 28A-73 0.16127 0.00188 0.4205 0.0052 9.34453 0.12472 92 2469 19.51 2262.7 23.6 2372.4 12.24

ACO-12-
28A 28A-74 0.07136 0.0013 0.11631 0.00162 1.14317 0.02194 92 967.7 36.66 709.3 9.38 774 10.4

ACO-12-
28A 28A-75 0.06232 0.00107 0.09285 0.00121 0.79746 0.0143 96 685.1 36.34 572.4 7.12 595.4 8.08

ACO-12-
28A 28A-76 0.06429 0.00087 0.09014 0.00113 0.79854 0.01191 93 751 28.38 556.4 6.69 596 6.72

ACO-12-
28A 28A-77 0.06967 0.00097 0.07494 0.00099 0.71939 0.01126 85 918.7 28.34 465.9 5.91 550.3 6.65

ACO-12-
28A 28A-78 0.06894 0.00113 0.09755 0.00129 0.92666 0.01616 90 896.9 33.43 600.1 7.6 665.9 8.52

ACO-12-
28A 28A-79 0.1317 0.00157 0.31757 0.00363 5.76557 0.07331 84 2120.8 20.8 1777.8 17.74 1941.3 11

ACO-12-
28A 28A-80 0.08151 0.00166 0.08313 0.00123 0.93291 0.01989 77 1233.9 39.35 514.8 7.32 669.2 10.45

ACO-12-33 1 0.05708 0.001 0.06818 0.00091 0.53669 0.0099 97 494 38.15 425.2 5.49 436.2 6.54

ACO-12-33 2 0.06046 0.00141 0.09582 0.00141 0.79865 0.01901 99 620.1 49.59 589.9 8.32 596.1 10.73

ACO-12-33 3 0.05565 0.00165 0.06362 0.00105 0.48837 0.01456 98 438 64.37 397.6 6.34 403.8 9.93

ACO-12-33 4 0.11181 0.00216 0.10211 0.00145 1.57416 0.03082 65 1829.1 34.65 626.7 8.46 960.1 12.16

ACO-12-33 5 0.05503 0.00086 0.06382 0.00081 0.48426 0.00803 99 413.6 34.36 398.8 4.89 401 5.49

ACO-12-33 6 0.05644 0.00105 0.07225 0.001 0.56216 0.01102 99 468.9 41 449.7 5.99 452.9 7.16

ACO-12-33 7 0.06093 0.001 0.09433 0.00128 0.79249 0.01408 98 636.8 34.97 581.1 7.52 592.6 7.97

ACO-12-33 8 0.06582 0.00106 0.09031 0.00121 0.81967 0.01433 92 800.7 33.43 557.3 7.16 607.9 7.99

ACO-12-33 9 0.07938 0.00162 0.17163 0.00232 1.87903 0.03872 0 1181.5 39.73 1021.1 12.77 1073.7 13.66

ACO-12-33 10 0.05596 0.0013 0.06609 0.00095 0.50997 0.01203 99 450.6 50.57 412.5 5.76 418.4 8.09

ACO-12-33 11 0.14763 0.00399 0.08767 0.0015 1.78455 0.04654 52 2318.6 45.65 541.7 8.9 1039.8 16.97

ACO-12-33 12 0.08109 0.00257 0.17013 0.00299 1.90203 0.05987 94 1223.7 60.85 1012.8 16.47 1081.8 20.95

ACO-12-33 13 0.1834 0.00325 0.51626 0.00726 13.05422 0.24876 100 2683.9 29.03 2683.3 30.88 2683.6 17.97

ACO-12-33 14 0.07213 0.0014 0.15467 0.00217 1.53812 0.03112 98 989.5 38.88 927.1 12.1 945.8 12.45

ACO-12-33 15 0.20132 0.00471 0.03778 0.00065 1.04813 0.02421 33 2836.9 37.64 239 4.04 728 12

ACO-12-33 16 0.1002 0.0013 0.21505 0.00266 2.9708 0.04213 77 1627.9 23.89 1255.7 14.09 1400.2 10.77

ACO-12-33 17 0.07095 0.00167 0.15962 0.00242 1.56123 0.0374 100 956 47.32 954.7 13.45 955 14.83

ACO-12-33 18 0.07184 0.00235 0.14095 0.00248 1.39576 0.04519 96 981.4 65.31 850 14 887.1 19.15

ACO-12-33 19 0.05858 0.00124 0.067 0.00091 0.54111 0.01159 95 551.5 45.54 418.1 5.5 439.2 7.63

ACO-12-33 20 0.05701 0.00109 0.07689 0.00108 0.60432 0.01215 99 491.3 41.56 477.5 6.46 480 7.69

ACO-12-33 21 0.16789 0.00265 0.47 0.00645 10.87862 0.18483 98 2536.7 26.23 2483.6 28.29 2512.8 15.8
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ACO-12-33 22 0.07662 0.00187 0.17948 0.00285 1.89554 0.04756 96 1111.3 48.09 1064.1 15.55 1079.5 16.68

ACO-12-33 23 0.06129 0.00174 0.10095 0.00164 0.85287 0.02442 99 649.3 59.81 620 9.61 626.2 13.38

ACO-12-33 24 0.11874 0.00232 0.26844 0.00385 4.39441 0.0875 79 1937.3 34.61 1532.9 19.55 1711.3 16.47

ACO-12-33 25 0.77983 0.01449 0.85345 0.01331 91.75896 1.72833 81 4885.3 26.24 3977.8 46.28 4599.7 18.92

ACO-12-33 26 0.06038 0.0017 0.066 0.00102 0.5494 0.01541 93 617.1 59.6 412 6.18 444.6 10.1

ACO-12-33 27 0.07224 0.00159 0.16026 0.0022 1.59603 0.03525 99 992.6 44.22 958.2 12.25 968.7 13.79

ACO-12-33 28 0.06148 0.00126 0.09561 0.00127 0.81016 0.01675 98 656 43.34 588.7 7.49 602.5 9.4

ACO-12-33 29 0.06318 0.00176 0.07169 0.00107 0.62436 0.01706 91 714.4 58.13 446.3 6.41 492.6 10.66

ACO-12-33 30 0.06101 0.00197 0.07518 0.0012 0.63223 0.01991 94 639.4 67.81 467.3 7.22 497.5 12.39

ACO-12-33 31 0.0837 0.00198 0.20197 0.00289 2.33056 0.05487 92 1285.5 45.48 1185.9 15.51 1221.6 16.73

ACO-12-33 32 0.12964 0.0031 0.35789 0.00573 6.39581 0.15501 94 2093 41.5 1972.2 27.2 2031.7 21.28

ACO-12-33 33 0.07444 0.00159 0.04823 0.00071 0.49483 0.01101 74 1053.2 42.88 303.6 4.36 408.2 7.48

ACO-12-33 34 0.09279 0.00244 0.23522 0.0035 3.00969 0.07747 92 1483.5 49.16 1361.8 18.26 1410.1 19.62

ACO-12-33 35 0.06476 0.0019 0.11791 0.00192 1.0529 0.03086 98 766.6 60.69 718.5 11.1 730.3 15.26

ACO-12-33 36 0.11748 0.00247 0.19006 0.00273 3.07834 0.06666 58 1918.2 37.26 1121.7 14.79 1427.3 16.6

ACO-12-33 37 0.11823 0.00405 0.3121 0.00604 5.08712 0.16967 91 1929.6 60.14 1751 29.66 1834 28.3

ACO-12-33 39 0.05707 0.00139 0.06814 0.00096 0.53612 0.01301 97 493.6 53.26 425 5.78 435.9 8.6

ACO-12-33 40 0.18987 0.00317 0.50774 0.00646 13.29104 0.22993 97 2741.1 27.17 2647 27.63 2700.5 16.34

ACO-12-33 41 0.10244 0.00189 0.298 0.00404 4.20975 0.08038 101 1668.8 33.79 1681.4 20.08 1675.9 15.67

ACO-12-33 42 0.05898 0.00131 0.07584 0.001 0.61683 0.01363 97 566.3 47.75 471.2 5.97 487.9 8.56

ACO-12-33 43 0.0785 0.00285 0.17417 0.00323 1.88539 0.06755 89 1159.5 70.25 1035 17.74 1076 23.77

ACO-12-33 44 0.05899 0.00157 0.0826 0.00124 0.67188 0.0179 98 566.9 56.94 511.6 7.39 521.9 10.87

ACO-12-33 45 0.09426 0.00329 0.23299 0.00425 3.02917 0.10443 89 1513.3 64.57 1350.1 22.24 1415 26.32

ACO-12-33 46 0.05703 0.00161 0.06549 0.001 0.51512 0.01441 97 492.3 61.56 409 6.02 421.9 9.66

ACO-12-33 47 0.18516 0.00498 0.47566 0.0069 12.13814 0.3148 93 2699.6 43.75 2508.3 30.13 2615.1 24.33

ACO-12-
30A 1 0.06059 0.00078 0.10043 0.0012 0.83901 0.01166 100 624.8 27.49 616.9 7.03 618.6 6.44

ACO-12-
30A 2 0.05698 0.00104 0.06616 0.00087 0.51973 0.00984 97 490.3 39.94 413 5.28 425 6.57

ACO-12-
30A 3 0.05858 0.00092 0.09898 0.00124 0.79942 0.01318 102 551.4 33.81 608.4 7.29 596.5 7.44

ACO-12-
30A 4 0.0558 0.00085 0.06589 0.00085 0.50687 0.00832 99 444.3 33.06 411.3 5.16 416.3 5.6

ACO-12-
30A 5 0.06403 0.00154 0.09718 0.00138 0.85794 0.0207 95 742.8 50.11 597.9 8.1 629 11.31

ACO-12-
30A 6 0.05468 0.00073 0.06378 0.00078 0.48085 0.00694 100 399.2 29.37 398.6 4.7 398.7 4.76

ACO-12-
30A 7 0.05608 0.00073 0.06625 0.0008 0.51226 0.00725 98 455.1 28.5 413.5 4.82 420 4.87

ACO-12-
30A 8 0.05849 0.00103 0.08962 0.00116 0.72274 0.01318 100 548.1 37.92 553.3 6.85 552.3 7.77

ACO-12-
30A 9 0.0558 0.00106 0.06725 0.00091 0.51731 0.01021 99 444 41.27 419.6 5.51 423.4 6.84

ACO-12-
30A 10 0.06018 0.00159 0.09821 0.00144 0.81483 0.02139 100 610.1 55.94 603.9 8.45 605.2 11.97

ACO-12-
30A 11 0.05541 0.00118 0.06726 0.00094 0.51378 0.0112 100 428.3 46.27 419.6 5.67 421 7.51

ACO-12-
30A 12 0.05862 0.00149 0.08433 0.00114 0.68158 0.01708 99 552.9 54.66 521.9 6.77 527.7 10.31

ACO-12-
30A 13 0.05873 0.00094 0.09761 0.00127 0.79037 0.01347 102 557.2 34.38 600.4 7.48 591.4 7.64

ACO-12-
30A 14 0.05846 0.00107 0.0668 0.00091 0.53838 0.01032 95 547.1 39.31 416.8 5.49 437.4 6.81

ACO-12-
30A 15 0.05563 0.00098 0.06708 0.0009 0.51445 0.00957 99 437.3 38.34 418.5 5.42 421.4 6.42
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ACO-12-
30A 16 0.06395 0.00106 0.09319 0.00113 0.82137 0.01381 94 740 34.55 574.4 6.66 608.8 7.7

ACO-12-
30A 17 0.06096 0.00184 0.09719 0.00141 0.81671 0.02385 99 637.7 63.5 597.9 8.26 606.2 13.33

ACO-12-
30A 18 0.07465 0.00121 0.17854 0.00226 1.8375 0.03108 100 1058.7 32.71 1059 12.36 1059 11.12

ACO-12-
30A 19 0.05825 0.00096 0.08453 0.00106 0.6789 0.01166 99 538.7 36.41 523.1 6.3 526.1 7.05

ACO-12-
30A 20 0.05278 0.00144 0.06617 0.00098 0.48149 0.01316 103 319.1 60.82 413 5.95 399.1 9.02

ACO-12-
30A 21 0.05754 0.00127 0.06698 0.00095 0.53143 0.01197 97 512 47.98 418 5.74 432.8 7.94

ACO-12-
30A 22 0.05902 0.00145 0.09037 0.00124 0.73522 0.01799 100 567.8 52.63 557.7 7.3 559.6 10.53

ACO-12-
30A 23 0.08993 0.00144 0.23722 0.00307 2.94112 0.04996 96 1423.9 30.18 1372.2 16 1392.6 12.87

ACO-12-
30A 24 0.06137 0.0016 0.09829 0.00146 0.83162 0.02172 98 652.2 55.03 604.4 8.58 614.5 12.04

ACO-12-
30A 25 0.05831 0.00173 0.07729 0.0011 0.6212 0.01784 98 540.8 64.26 480 6.58 490.6 11.17

ACO-12-
30A 26 0.05593 0.00196 0.06497 0.00112 0.50061 0.01737 98 449.1 76.08 405.8 6.75 412.1 11.76

ACO-12-
30A 27 0.05935 0.00152 0.08293 0.00111 0.6783 0.01686 98 579.8 54.55 513.6 6.62 525.7 10.2

ACO-12-
30A 28 0.06043 0.00168 0.06645 0.00103 0.55362 0.01545 93 619.2 58.96 414.7 6.25 447.4 10.1

ACO-12-
30A 29 0.05735 0.00116 0.08764 0.00115 0.69286 0.01422 101 504.5 44.41 541.6 6.82 534.5 8.53

ACO-12-
30A 30 0.06166 0.00143 0.0989 0.00143 0.84073 0.01989 98 662.4 48.9 607.9 8.42 619.6 10.97

ACO-12-
30A 31 0.05515 0.00073 0.06831 0.00081 0.51945 0.00733 100 418.3 28.95 426 4.91 424.8 4.9

ACO-12-
30A 32 0.05978 0.00106 0.09088 0.00117 0.74895 0.01367 99 595.1 38.33 560.8 6.91 567.6 7.94

ACO-12-
30A 33 0.05988 0.00097 0.0899 0.00113 0.74211 0.01253 98 599.3 34.72 554.9 6.69 563.6 7.3

ACO-12-
30A 34 0.05858 0.00109 0.08489 0.00114 0.68542 0.01325 99 551.4 40.17 525.2 6.75 530 7.99

ACO-12-
30A 35 0.09445 0.0014 0.26323 0.00323 3.4279 0.05275 99 1517.2 27.78 1506.4 16.49 1510.8 12.1

ACO-12-
30A 36 0.05893 0.00111 0.08561 0.00111 0.69551 0.01339 99 564.5 40.56 529.5 6.6 536.1 8.02

ACO-12-
30A 37 0.0562 0.0009 0.06595 0.00082 0.51095 0.00851 98 459.4 35.15 411.7 4.98 419.1 5.72

ACO-12-
30A 38 0.06116 0.00126 0.08413 0.00112 0.7093 0.01481 96 644.9 43.82 520.7 6.68 544.3 8.8

ACO-12-
30A 39 0.09476 0.0013 0.24855 0.003 3.24681 0.04723 94 1523.3 25.66 1431 15.48 1468.4 11.29

ACO-12-
30A 40 0.05466 0.00104 0.06554 0.00087 0.49381 0.00972 100 398.2 41.96 409.2 5.28 407.5 6.61

ACO-12-
30A 41 0.05592 0.00095 0.06444 0.00083 0.49676 0.00881 98 448.8 36.86 402.6 5.05 409.5 5.98

ACO-12-
30A 42 0.05588 0.00085 0.06619 0.00085 0.50976 0.00834 99 447.1 33.15 413.1 5.14 418.3 5.61

ACO-12-
30A 43 0.0572 0.00107 0.07141 0.00091 0.56305 0.01069 98 498.8 40.42 444.6 5.51 453.5 6.94

ACO-12-
30A 44 0.0555 0.00136 0.06607 0.00096 0.50559 0.01249 99 432 53.37 412.4 5.8 415.5 8.42

ACO-12-
30A 45 0.05392 0.00143 0.06489 0.00096 0.48243 0.01275 101 367.6 58.45 405.3 5.81 399.7 8.73

ACO-12-
30A 46 0.05955 0.0009 0.08578 0.00105 0.70419 0.01117 98 587.2 32.42 530.5 6.25 541.3 6.66

ACO-12-
30A 47 0.05791 0.00088 0.08538 0.00103 0.6816 0.01075 100 526 33.15 528.2 6.12 527.7 6.49

ACO-12-
30A 48 0.05568 0.00082 0.06587 0.0008 0.50561 0.00785 99 439.4 31.96 411.2 4.85 415.5 5.3

ACO-12-
30A 49 0.06409 0.00103 0.07931 0.00096 0.70081 0.01152 91 744.7 33.66 492 5.74 539.3 6.88

ACO-12-
30A 50 0.06065 0.00092 0.09632 0.00122 0.80538 0.01309 99 627 32.38 592.8 7.2 599.9 7.36

ACO-12-
30A 51 0.0574 0.00081 0.06936 0.00084 0.54879 0.00823 97 506.3 30.56 432.3 5.07 444.2 5.4
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ACO-12-
30A 52 0.07252 0.00094 0.16316 0.00195 1.6313 0.02282 97 1000.6 26.06 974.3 10.83 982.4 8.81

ACO-12-
30A 53 0.05946 0.00089 0.08442 0.00103 0.69204 0.01094 98 583.9 32.29 522.5 6.15 534 6.56

ACO-12-
30A 54 0.05624 0.00079 0.06351 0.00077 0.49247 0.00738 98 461.2 31.13 397 4.66 406.6 5.02

ACO-12-
30A 55 0.06187 0.00103 0.09452 0.00123 0.80615 0.01411 97 669.7 35.16 582.2 7.23 600.3 7.93

ACO-12-
30A 56 0.06009 0.00117 0.08742 0.00112 0.72423 0.01428 98 606.8 41.7 540.3 6.66 553.2 8.41

ACO-12-
30A 57 0.06098 0.00179 0.09849 0.00146 0.82802 0.02381 99 638.4 61.83 605.6 8.54 612.5 13.23

ACO-12-
30A 58 0.06083 0.00093 0.10096 0.0012 0.84674 0.0133 100 633.3 32.62 620.1 7.03 622.9 7.31

ACO-12-
30A 59 0.06038 0.001 0.09273 0.00114 0.77189 0.01304 98 617.3 35.3 571.7 6.7 580.8 7.47

ACO-12-
30A 60 0.05821 0.00141 0.06536 0.00096 0.52452 0.01291 95 537.2 52.84 408.1 5.82 428.2 8.6

ACO-12-
32C 1 0.08087 0.0011 0.22689 0.00314 2.52884 0.03949 92 1218.4 26.49 1318.2 16.5 1280.4 11.36

ACO-12-
32C 2 0.09733 0.00171 0.07004 0.00108 0.93991 0.01809 154 1573.6 32.55 436.4 6.54 672.8 9.47

ACO-12-
32C 3 0.05409 0.00144 0.06669 0.00116 0.49734 0.01341 98 374.5 58.6 416.2 7.02 409.9 9.1

ACO-12-
32C 4 0.0944 0.00163 0.2542 0.00369 3.30671 0.05987 104 1516.1 32.2 1460.1 18.97 1482.6 14.12

ACO-12-
32C 5 0.08748 0.00573 0.06374 0.00186 0.76874 0.04662 145 1371.2 121.07 398.3 11.28 579 26.76

ACO-12-
32C 6 0.05588 0.00195 0.06645 0.00118 0.51155 0.01757 101 447.3 75.94 414.7 7.11 419.5 11.81

ACO-12-
32C 7 0.05466 0.00155 0.06576 0.00108 0.49508 0.01396 99 398.2 61.38 410.6 6.53 408.4 9.48

ACO-12-
32C 8 0.06047 0.00096 0.10609 0.00148 0.88397 0.01522 99 620.6 33.76 650 8.63 643.1 8.2

ACO-12-
32C 9 0.07026 0.0014 0.14207 0.00221 1.37513 0.02872 103 936 40.35 856.4 12.45 878.4 12.28

ACO-12-
32C 10 0.05729 0.00198 0.06303 0.00112 0.49702 0.01669 104 502.1 74.69 394 6.79 409.7 11.32

ACO-12-
32C 11 0.06272 0.00309 0.09394 0.00193 0.8113 0.03851 104 698.7 101.49 578.8 11.37 603.2 21.59

ACO-12-
32C 12 0.06022 0.00099 0.10166 0.00143 0.84337 0.01488 99 611.6 35 624.2 8.35 621 8.2

ACO-12-
32C 13 0.0557 0.00201 0.06151 0.00117 0.47239 0.0167 102 440.1 78.57 384.8 7.13 392.8 11.52

ACO-12-
32C 14 0.06139 0.00185 0.08884 0.00149 0.75118 0.02218 104 652.8 63.26 548.7 8.82 568.9 12.86

ACO-12-
32C 15 0.06728 0.00147 0.08191 0.00129 0.75832 0.01697 113 846.6 44.64 507.5 7.72 573 9.8

ACO-12-
32C 16 0.0683 0.00119 0.13139 0.00189 1.23604 0.02297 103 877.6 35.74 795.8 10.78 817.1 10.43

ACO-12-
32C 17 0.05943 0.0013 0.08564 0.0013 0.70104 0.01565 102 582.8 46.82 529.7 7.73 539.4 9.34

ACO-12-
32C 18 0.05634 0.00131 0.07914 0.0012 0.61424 0.01452 99 465.1 51.22 491 7.19 486.2 9.13

ACO-12-
32C 19 0.07437 0.00141 0.06442 0.001 0.65964 0.01319 128 1051.5 37.75 402.4 6.03 514.4 8.07

ACO-12-
32C 20 0.0615 0.00281 0.09845 0.00209 0.83424 0.03669 102 656.9 94.98 605.3 12.27 616 20.31

ACO-12-
32C 21 0.07982 0.00176 0.17091 0.00279 1.88056 0.04298 117 1192.5 43.02 1017.1 15.36 1074.3 15.15

ACO-12-
32C 22 0.05964 0.00123 0.06493 0.00096 0.53354 0.01124 107 590.4 44.27 405.5 5.79 434.2 7.45

ACO-12-
32C 23 0.06071 0.00176 0.09815 0.00159 0.82113 0.02353 101 628.9 61.33 603.6 9.35 608.7 13.12

ACO-12-
32C 24 0.05658 0.00108 0.07376 0.00106 0.57514 0.01136 101 474.5 42.18 458.8 6.38 461.3 7.32

ACO-12-
32C 25 0.07495 0.00174 0.1612 0.00253 1.66504 0.03847 103 1067.3 45.89 963.4 14.05 995.3 14.66

ACO-12-
32C 26 0.07328 0.00162 0.16163 0.0025 1.63211 0.03635 102 1021.6 44.22 965.8 13.88 982.7 14.02
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ACO-12-
32C 27 0.12561 0.00284 0.35051 0.00571 6.06844 0.13894 105 2037.3 39.46 1937 27.24 1985.7 19.96

ACO-12-
32C 28 0.06648 0.00154 0.10022 0.00148 0.91816 0.02069 107 821.6 47.63 615.7 8.68 661.4 10.95

ACO-12-
32C 29 0.07724 0.00216 0.16356 0.0027 1.74135 0.04691 105 1127.5 54.74 976.6 14.99 1024 17.38

ACO-12-
32C 30 0.05669 0.00127 0.07538 0.00111 0.58911 0.01314 100 478.8 49.1 468.5 6.66 470.3 8.39

ACO-12-
32C 31 0.05338 0.00152 0.0664 0.00108 0.48857 0.01358 97 345.1 63.12 414.4 6.52 403.9 9.26

ACO-12-
32C 32 0.08428 0.00237 0.12052 0.00207 1.39986 0.03831 121 1298.9 53.77 733.5 11.91 888.9 16.21

ACO-12-
32C 33 0.0825 0.00181 0.23026 0.00364 2.61583 0.0579 94 1257.3 42.26 1335.8 19.09 1305.1 16.26

ACO-12-
32C 34 0.0605 0.00111 0.10374 0.00149 0.86492 0.01658 99 621.5 39.14 636.3 8.7 632.8 9.03

ACO-12-
32C 35 0.10195 0.00154 0.28067 0.00397 3.94052 0.06571 104 1660 27.71 1594.7 20 1622 13.5

ACO-12-
32C 36 0.08952 0.00169 0.25966 0.00395 3.20051 0.06333 95 1415.2 35.72 1488.1 20.23 1457.3 15.31

ACO-12-
32C 37 0.07415 0.0023 0 0 0 0 ##### 1045.6 61.31 0 0 0 0

ACO-12-
32C 38 0.09888 0.00178 0.29045 0.00426 3.94978 0.0742 98 1603.1 33.13 1643.8 21.29 1623.9 15.22

ACO-12-
32C 39 0.06917 0.00224 0.14239 0.00259 1.35519 0.04254 101 903.8 65.45 858.1 14.64 869.8 18.34

ACO-12-
32C 40 0.05436 0.00217 0.08665 0.00169 0.64777 0.02492 95 385.9 86.63 535.7 10.04 507.1 15.36

ACO-12-
32C 41 0.06156 0.00108 0.10397 0.00146 0.88154 0.01621 101 658.9 37.06 637.6 8.55 641.8 8.75

ACO-12-
32C 42 0.0683 0.00121 0.12227 0.00173 1.15015 0.02131 105 877.6 36.21 743.6 9.97 777.3 10.07

ACO-12-
32C 43 0.05465 0.00124 0.07985 0.0012 0.6008 0.01367 96 398 49.59 495.2 7.18 477.7 8.67

ACO-12-
32C 44 0.06019 0.00112 0.10465 0.00151 0.86698 0.01669 99 610.4 39.63 641.6 8.8 633.9 9.08

ACO-12-
32C 45 0.11768 0.00247 0.33975 0.00529 5.49228 0.11717 102 1921.3 37.11 1885.5 25.46 1899.4 18.32

ACO-12-
32C 46 0.06387 0.00131 0.08938 0.00132 0.78585 0.01644 107 737.5 42.89 551.9 7.83 588.8 9.35

ACO-12-
32C 47 0.05653 0.00187 0.06612 0.00121 0.51495 0.01649 102 472.3 72.4 412.8 7.31 421.8 11.05

ACO-12-
32C 48 0.05605 0.00183 0.09144 0.00165 0.70343 0.02229 96 453.9 70.99 564 9.73 540.8 13.29

ACO-12-
32C 49 0.05277 0.00123 0.05479 0.00083 0.39828 0.0094 99 319 52.15 343.9 5.08 340.4 6.82

ACO-12-
32C 50 0.07622 0.00143 0.18519 0.00272 1.94526 0.03801 101 1100.8 37.06 1095.3 14.79 1096.8 13.1

ACO-12-
32C 51 0.05212 0.00166 0.05611 0.00096 0.40262 0.01262 98 290.6 71.24 351.9 5.88 343.5 9.13

ACO-12-
32C 52 0.07991 0.00169 0.207 0.00319 2.28034 0.04905 99 1194.9 41.17 1212.8 17.04 1206.2 15.18

ACO-12-
32C 53 0.06234 0.00223 0.09852 0.00192 0.84747 0.02925 103 685.8 74.51 605.8 11.28 623.3 16.07

ACO-12-
32C 54 0.07285 0.00151 0.15446 0.00234 1.55119 0.03295 103 1009.7 41.48 925.9 13.07 951 13.11

ACO-12-
32C 55 0.06531 0.00152 0.06567 0.00101 0.59039 0.01382 115 784.3 48.27 410 6.11 471.1 8.82

ACO-12-
32C 56 0.06299 0.00122 0.0669 0.00098 0.58048 0.01167 111 707.8 40.57 417.5 5.9 464.8 7.5

ACO-12-
32C 57 0.05836 0.00147 0.10296 0.00164 0.82813 0.02091 97 543.4 54.25 631.7 9.58 612.6 11.62

ACO-12-
32C 58 0.06158 0.00261 0.07947 0.00163 0.6745 0.02757 106 659.7 88.5 492.9 9.74 523.4 16.72

ACO-12-
32C 59 0.05965 0.00156 0.10153 0.0017 0.83466 0.02179 99 590.9 55.6 623.4 9.97 616.2 12.06

ACO-12-
32C 60 0.05397 0.00112 0.06553 0.00098 0.48749 0.0105 99 369.5 46.26 409.2 5.94 403.2 7.17

ACO-12-
32C 61 0.10561 0.00188 0.28249 0.00413 4.11174 0.07811 108 1725 32.3 1603.9 20.74 1656.6 15.52

ACO-12-
32C 62 0.07755 0.00153 0.07393 0.00111 0.78948 0.01629 129 1135.3 38.84 459.8 6.67 590.9 9.24
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ACO-12-
32C 63 0.05649 0.00215 0.06038 0.00115 0.46961 0.01733 103 470.9 82.72 378 6.99 390.9 11.98

ACO-12-
32C 64 0.05385 0.00158 0.07215 0.00125 0.53499 0.01551 97 364.8 64.52 449.1 7.51 435.1 10.26

ACO-12-
32C 65 0.05557 0.00144 0.06467 0.00105 0.49537 0.01284 101 434.9 56.47 403.9 6.36 408.6 8.72

ACO-12-
32C 66 0.05642 0.00231 0.06802 0.00126 0.52911 0.02095 102 468 88.86 424.2 7.58 431.2 13.91

ACO-12-
32C 67 0.05664 0.00117 0.06655 0.00099 0.51953 0.01107 102 476.8 45.5 415.3 5.97 424.8 7.4

ACO-12-
32C 68 0.10163 0.00188 0.14099 0.00215 1.97511 0.03881 130 1654.2 33.95 850.3 12.17 1107.1 13.25

ACO-12-
32C 69 0.05775 0.00155 0.06631 0.0011 0.52793 0.01413 104 520.2 57.96 413.9 6.66 430.4 9.39

ACO-12-
32C 70 0.17981 0.0061 0.07567 0.00173 1.87555 0.057 228 2651.2 55.16 470.2 10.37 1072.5 20.13

ACO-12-
32C 71 0.0605 0.00383 0.07639 0.00203 0.63663 0.0383 105 621.4 130.9 474.5 12.18 500.2 23.76

ACO-12-
32C 72 0.12059 0.00325 0.10697 0.00192 1.77714 0.04721 158 1965 47.25 655.1 11.2 1037.1 17.26

ACO-12-
32C 73 0.06262 0.00173 0.09929 0.00165 0.85681 0.02345 103 695.4 57.65 610.3 9.67 628.4 12.82

ACO-12-
32C 74 0.05762 0.00278 0.0932 0.00186 0.74004 0.03459 98 515.2 102.72 574.4 10.98 562.4 20.19

ACO-12-
32C 75 0.06102 0.00152 0.10165 0.00164 0.8546 0.02145 100 640 52.82 624.1 9.58 627.2 11.75

ACO-12-
32C 76 0.06669 0.00205 0.13148 0.00229 1.20826 0.03639 101 828 62.91 796.3 13.04 804.4 16.73

ACO-12-
32C 77 0.06549 0.00213 0.09802 0.00176 0.88444 0.02793 107 790.2 66.82 602.8 10.36 643.4 15.05

ACO-12-
32C 78 0.08921 0.00285 0.24232 0.00463 2.979 0.09238 101 1408.7 59.8 1398.8 24.01 1402.3 23.57

ACO-12-
32C 79 0.0739 0.00158 0.17349 0.00264 1.76663 0.0387 101 1038.9 42.53 1031.3 14.53 1033.3 14.2

ACO-12-
32C 80 0.11533 0.00487 0.06093 0.00147 0.96823 0.03758 180 1885 74.11 381.3 8.93 687.6 19.39

ACO-12-
44A 44a-01 0.17364 0.0034 0.20059 0.00294 4.78493 0.0977 45 2593.1 32.3 1178.5 15.77 1782.3 17.15

ACO-12-
44A 44a-02 0.05691 0.00193 0.07345 0.00126 0.57563 0.01956 99 487.3 73.8 456.9 7.59 461.6 12.61

ACO-12-
44A 44a-03 0.15638 0.00212 0.30852 0.00398 6.21252 0.08211 72 2416.9 22.86 1733.4 19.59 2006.2 11.56

ACO-12-
44A 44a-04 -0.00378 0.00235 0.07352 0.0013 -0.03822 0.02381 -1155 0.1 0 457.3 7.8 -39.6 25.14

ACO-12-
44A 44a-05 0.07557 0.00196 0.11178 0.00168 1.16102 0.03068 87 1083.8 50.88 683.1 9.77 782.4 14.41

ACO-12-
44A 44a-06 0.13251 0.00241 0.135 0.00187 2.2996 0.04084 67 2131.5 31.51 816.3 10.6 1212.2 12.57

ACO-12-
44A 44a-07 0.08961 0.00294 0.07521 0.00129 0.92483 0.0295 70 1417.2 61.34 467.5 7.71 664.9 15.56

ACO-12-
44A 44a-08 5.75428 0.07721 0.14161 0.00207 105.0522 1.27729 18 7604.4 17.5 853.8 11.72 4735.7 12.23

ACO-12-
44A 44a-09 0.46446 0.02865 0.50164 0.01666 30.10272 1.58012 63 4132.2 88.54 2620.8 71.53 3490.2 51.58

ACO-12-
44A 44a-10 0.06159 0.00156 0.07163 0.00107 0.5704 0.01394 97 659.9 53.31 446 6.42 458.3 9.01

ACO-12-
44A 44a-100 0.10678 0.00185 0.07166 0.00105 1.05278 0.01955 61 1745.1 31.31 446.2 6.32 730.3 9.67

ACO-12-
44A 44a-11 -0.01264 0.00021 -0.25252 0.0032 0.41339 0.00711 ##### 0.1 0 ****** 27.63 351.3 5.11

ACO-12-
44A 44a-12 -0.01134 0.0017 0.08291 0.00122 -0.12188 0.01829 -389 0.1 0 513.5 7.26 -132 21.15

ACO-12-
44A 44a-13 0.0568 0.00122 0.07124 0.00098 0.5254 0.0111 103 483.1 46.9 443.6 5.92 428.8 7.39

ACO-12-
44A 44a-14 0.09973 0.0015 0.08311 0.0011 1.07792 0.01623 69 1619.1 27.67 514.7 6.56 742.6 7.93

ACO-12-
44A 44a-15 0.07455 0.00122 0.04552 0.0006 0.44196 0.00725 77 1056.2 32.88 286.9 3.72 371.6 5.1

ACO-12-
44A 44a-16 0.05031 0.00111 0.06083 0.00085 0.39923 0.00871 112 209.5 50.56 380.7 5.15 341.1 6.32
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ACO-12-
44A 44a-17 0.05868 0.00326 0.04962 0.00079 0.3804 0.02087 95 555.3 116.7 312.2 4.84 327.3 15.35

ACO-12-
44A 44a-18 0.08178 0.00134 0.11334 0.00152 1.2127 0.01987 86 1240.2 31.68 692.1 8.81 806.4 9.12

ACO-12-
44A 44a-19 0.05811 0.00095 0.22173 0.00293 1.68845 0.028 242 533.5 35.77 1291 15.46 1004.2 10.58

ACO-12-
44A 44a-20 0.0535 0.00112 0.1116 0.00154 0.78362 0.01625 116 350 46.62 682 8.95 587.5 9.25

ACO-12-
44A 44a-21 0.13556 0.00285 0.31012 0.00466 5.7867 0.12353 80 2171.2 36.19 1741.3 22.92 1944.4 18.48

ACO-12-
44A 44a-22 0.07086 0.00148 0.10825 0.00153 1.05678 0.02243 90 953.3 42.27 662.6 8.89 732.2 11.07

ACO-12-
44A 44a-23 0.0702 0.00119 0.0916 0.00119 0.88603 0.01557 88 934.1 34.4 565 7.02 644.2 8.38

ACO-12-
44A 44a-24 0.05821 0.00149 0.07309 0.00107 0.5861 0.01492 97 537.2 56 454.7 6.41 468.4 9.55

ACO-12-
44A 44a-25 0.05607 0.00135 0.07246 0.00105 0.55972 0.01355 100 454.7 52.41 450.9 6.33 451.3 8.82

ACO-12-
44A 44a-26 0.15162 0.00272 0.39295 0.0057 8.20773 0.15518 90 2364.2 30.25 2136.5 26.39 2254.2 17.11

ACO-12-
44A 44a-27 0.05745 0.00161 0.06686 0.00094 0.52927 0.0147 97 508.3 60.71 417.2 5.69 431.3 9.76

ACO-12-
44A 44a-28 0.06276 0.00134 0.11114 0.00155 0.96108 0.02075 99 700.3 44.72 679.4 8.97 683.9 10.74

ACO-12-
44A 44a-29 0.09167 0.00136 0.21536 0.00279 2.72075 0.04328 86 1460.4 28.11 1257.3 14.81 1334.1 11.81

ACO-12-
44A 44a-30 0.06181 0.00148 0.10806 0.00152 0.92065 0.02185 100 667.4 50.43 661.4 8.83 662.7 11.55

ACO-12-
44A 44a-31 0.07805 0.00183 0.06797 0.00097 0.7312 0.01691 76 1148.1 45.96 423.9 5.84 557.3 9.92

ACO-12-
44A 44a-32 0.08268 0.00177 0.06178 0.00091 0.70407 0.01536 71 1261.8 41.2 386.5 5.52 541.2 9.15

ACO-12-
44A 44a-33 0.0625 0.00164 0.07043 0.00099 0.60673 0.01557 91 691.4 55.09 438.8 5.95 481.5 9.84

ACO-12-
44A 44a-34 0.06086 0.00137 0.07241 0.001 0.60747 0.01367 93 634.5 47.62 450.6 5.99 482 8.64

ACO-12-
44A 44a-35 0.05492 0.00134 0.07178 0.00106 0.54333 0.01342 101 408.8 52.82 446.9 6.38 440.6 8.83

ACO-12-
44A 44a-36 0.07359 0.00181 0.06479 0.00098 0.65714 0.01619 79 1030.3 49.04 404.7 5.96 512.9 9.92

ACO-12-
44A 44a-37 0.07146 0.00171 0.0931 0.00139 0.91693 0.02202 87 970.6 48 573.8 8.22 660.7 11.67

ACO-12-
44A 44a-38 0.06552 0.00212 0.09263 0.00157 0.83639 0.02663 93 790.9 66.43 571.1 9.26 617.2 14.73

ACO-12-
44A 44a-39 0.65825 0.01022 0.3012 0.00455 27.32364 0.45018 37 4642.2 22.22 1697.3 22.53 3395.1 16.14

ACO-12-
44A 44a-40 0.07385 0.00175 0.17334 0.00259 1.76435 0.04206 99 1037.3 47.1 1030.5 14.25 1032.4 15.45

ACO-12-
44A 44a-41 0.09181 0.00232 0.07614 0.00121 0.96414 0.02419 69 1463.3 47.38 473.1 7.26 685.4 12.5

ACO-12-
44A 44a-42 0.18566 0.00353 0.07804 0.00119 1.99865 0.03917 43 2704.1 31.04 484.4 7.11 1115.1 13.26

ACO-12-
44A 44a-43 0.05955 0.0012 0.10645 0.00155 0.87427 0.01855 102 587.2 43.17 652.1 9.04 637.9 10.05

ACO-12-
44A 44a-44 0.06575 0.00161 0.10441 0.00148 0.94624 0.02282 95 798.5 50.47 640.2 8.66 676.1 11.91

ACO-12-
44A 44a-45 0.05683 0.00132 0.07122 0.00107 0.55819 0.01332 98 484.2 50.5 443.5 6.44 450.3 8.68

ACO-12-
44A 44a-46 0.11925 0.00178 0.2495 0.00324 4.09819 0.06577 74 1945 26.49 1435.9 16.72 1653.9 13.1

ACO-12-
44A 44a-47 6.59688 0.21019 0.09744 0.00314 88.64926 1.59946 13 7783.6 41.04 599.4 18.42 4565.1 18.12

ACO-12-
44A 44a-48 0.08264 0.00146 0.24995 0.00322 2.84755 0.05125 114 1260.8 33.95 1438.2 16.62 1368.2 13.53

ACO-12-
44A 44a-49 0.09916 0.00178 0.11664 0.00158 1.59387 0.02931 73 1608.4 33.13 711.2 9.15 967.8 11.47

ACO-12-
44A 44a-50 0.06455 0.0011 0.0864 0.00111 0.76888 0.01353 92 759.6 35.55 534.2 6.57 579.1 7.77

ACO-12-
44A 44a-51 0.08065 0.00177 0.21063 0.00314 2.34259 0.05232 102 1212.8 42.66 1232.2 16.71 1225.3 15.89

ACO-12-
44A 44a-52 0.25641 0.00608 0.14216 0.00257 5.02679 0.11124 47 3224.8 36.94 856.9 14.5 1823.8 18.74



271

Chapter 5 Evolution of the northern Appalachians

ACO-12-
44A 44a-53 0.05483 0.00122 0.07375 0.00105 0.55761 0.0127 102 405.2 48.8 458.7 6.32 450 8.28

ACO-12-
44A 44a-54 0.06584 0.00132 0.10464 0.00141 0.94966 0.01932 95 801.2 41.54 641.6 8.24 677.9 10.06

ACO-12-
44A 44a-55 0.06551 0.00181 0.0847 0.00126 0.76492 0.02068 91 790.8 57.01 524.1 7.46 576.8 11.9

ACO-12-
44A 44a-56 0.06299 0.00133 0.06736 0.00095 0.58511 0.0126 90 707.9 44.19 420.2 5.73 467.7 8.07

ACO-12-
44A 44a-57 0.06004 0.00181 0.05469 0.0009 0.45286 0.01364 91 604.9 63.83 343.3 5.48 379.3 9.53

ACO-12-
44A 44a-58 0.14273 0.00354 0.12042 0.00202 2.37013 0.05684 59 2260.5 42.18 733 11.64 1233.6 17.13

ACO-12-
44A 44a-59 0.0726 0.00185 0.06952 0.00111 0.69593 0.01796 81 1002.9 50.65 433.2 6.71 536.4 10.76

ACO-12-
44A 44a-60 0.13406 0.00259 0.20808 0.00312 3.84675 0.07578 57 2151.8 33.41 1218.6 16.65 1602.6 15.87

ACO-12-
44A 44a-61 0.06193 0.00138 0.06607 0.00093 0.56451 0.01276 91 671.8 46.96 412.4 5.6 454.5 8.28

ACO-12-
44A 44a-62 0.10505 0.00334 0.06675 0.00119 0.9673 0.02975 61 1715.2 57.28 416.5 7.17 687.1 15.35

ACO-12-
44A 44a-63 0.0649 0.00251 0.08107 0.00146 0.72531 0.02734 91 771.1 79.34 502.5 8.69 553.8 16.09

ACO-12-
44A 44a-64 0.08558 0.00179 0.06025 0.00082 0.71035 0.01483 69 1328.6 40.12 377.2 4.98 545 8.8

ACO-12-
44A 44a-65 0.1183 0.00296 0.20207 0.0032 3.29443 0.08059 61 1930.7 44.1 1186.4 17.14 1479.7 19.06

ACO-12-
44A 44a-66 0.25172 0.00412 0.08821 0.00123 3.06263 0.05197 38 3195.6 25.67 544.9 7.3 1423.4 12.99

ACO-12-
44A 44a-67 0.08196 0.00149 0.06295 0.00084 0.71106 0.01341 72 1244.7 35.07 393.5 5.11 545.4 7.96

ACO-12-
44A 44a-68 0.15004 0.00475 0.16098 0.0031 3.33152 0.09948 65 2346.4 53.13 962.2 17.19 1488.5 23.32

ACO-12-
44A 44a-69 0.0852 0.00295 0.10428 0.00191 1.22639 0.04144 79 1320.1 65.8 639.5 11.18 812.7 18.9

ACO-12-
44A 44a-70 0.11294 0.00255 0.17454 0.0025 2.71434 0.05956 56 1847.3 40.25 1037.1 13.7 1332.4 16.28

ACO-12-
44A 44a-71 0.21481 0.95415 1.41595 2.9431 41.97012 184.8352 193 2942.2 5686.3 7853 3818.4

ACO-12-
44A 44a-72 0.09952 0.00283 0.21128 0.00334 2.88917 0.07881 77 1615.1 52.08 1235.6 17.8 1379.1 20.58

ACO-12-
44A 44a-73 0.09528 0.00219 0.14841 0.00227 1.95067 0.04528 81 1533.7 42.65 892 12.73 1098.7 15.58

ACO-12-
44A 44a-74 0.06264 0.00184 0.0668 0.00107 0.57693 0.01694 90 695.9 61.46 416.9 6.44 462.5 10.91

ACO-12-
44A 44a-75 0.06349 0.00143 0.11398 0.00163 0.99796 0.02288 99 724.7 46.96 695.8 9.45 702.8 11.63

ACO-12-
44A 44a-76 0.14349 0.00382 0.11788 0.00209 2.33292 0.06076 59 2269.8 45.16 718.3 12.03 1222.4 18.51

ACO-12-
44A 44a-77 0.07429 0.0019 0.12286 0.0019 1.25895 0.03232 90 1049.5 50.73 747 10.89 827.4 14.53

ACO-12-
44A 44a-78 0.12903 0.00262 0.07886 0.00121 1.40312 0.02941 55 2084.8 35.33 489.3 7.24 890.3 12.43

ACO-12-
44A 44a-79 0.07148 0.00182 0.1196 0.00171 1.17691 0.02939 92 971.2 51.17 728.3 9.82 789.9 13.71

ACO-12-
44A 44a-80 0.06285 0.00146 0.09091 0.00126 0.78756 0.01828 95 703.3 48.66 560.9 7.44 589.8 10.38

ACO-12-
44A 44a-81 0.06856 0.00119 0.20074 0.00278 1.89591 0.03481 133 885.6 35.45 1179.3 14.92 1079.7 12.21

ACO-12-
44A 44a-82 0.17749 0.00314 0.09496 0.00142 2.31805 0.04202 48 2629.5 29.12 584.8 8.37 1217.8 12.86

ACO-12-
44A 44a-83 0.0961 0.00142 0.07975 0.0011 1.05405 0.01709 68 1549.7 27.45 494.6 6.55 730.9 8.45

ACO-12-
44A 44a-84 0.08958 0.00183 0.07669 0.00114 0.94494 0.01966 71 1416.6 38.48 476.3 6.84 675.5 10.26

ACO-12-
44A 44a-85 0.05669 0.00158 0.07998 0.0013 0.62307 0.01746 101 478.9 60.37 496 7.79 491.8 10.92

ACO-12-
44A 44a-86 0.05318 0.0015 0.07425 0.00121 0.54264 0.01542 105 336.6 62.61 461.7 7.26 440.2 10.15

ACO-12-
44A 44a-87 0.07187 0.00178 0.19177 0.00288 1.89785 0.04643 115 982.2 49.55 1130.9 15.6 1080.3 16.27

ACO-12-
44A 44a-88 0.12285 0.00192 0.0598 0.00078 1.01078 0.01635 53 1998.1 27.52 374.4 4.75 709.3 8.26
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ACO-12-
44A 44a-89 0.08431 0.00153 0.0725 0.00104 0.84089 0.01599 73 1299.5 34.96 451.2 6.24 619.6 8.82

ACO-12-
44A 44a-90 0.15525 0.00317 0.14272 0.00226 3.04825 0.06208 61 2404.5 34.29 860 12.74 1419.8 15.57

ACO-12-
44A 44a-91 0.07194 0.00203 0.12714 0.00206 1.25632 0.03496 93 984.4 56.47 771.5 11.79 826.3 15.73

ACO-12-
44A 44a-92 0.08387 0.00136 0.07419 0.00102 0.85692 0.01488 73 1289.4 31.37 461.4 6.13 628.4 8.14

ACO-12-
44A 44a-93 0.0625 0.00129 0.07184 0.00106 0.61756 0.01323 92 691.3 43.27 447.3 6.35 488.3 8.3

ACO-12-
44A 44a-94 0.08501 0.0013 0.11204 0.00154 1.31063 0.02196 81 1315.7 29.51 684.6 8.96 850.4 9.65

ACO-12-
44A 44a-95 0.10051 0.00214 0.08376 0.00127 1.1585 0.02491 66 1633.5 39.05 518.6 7.58 781.3 11.72

ACO-12-
44A 44a-96 0.06178 0.00163 0.07248 0.00113 0.61569 0.01626 93 666.5 55.45 451.1 6.77 487.1 10.22

ACO-12-
44A 44a-97 0.10169 0.00175 0.07097 0.00101 0.9932 0.01806 63 1655.2 31.6 442 6.09 700.4 9.2

ACO-12-
44A 44a-98 0.05915 0.00174 0.08884 0.00147 0.72321 0.02129 99 572.8 62.63 548.7 8.71 552.6 12.55

ACO-12-
44A 44a-99 0.67749 0.01053 0.40688 0.0064 37.9222 0.65517 47 4683.7 22.19 2200.7 29.32 3717.9 17.09

ACO-12-
44A 121 0.06128 0.00149 0.10011 0.00136 0.84553 0.01976 99 649.2 51.52 615.1 7.95 622.2 10.87

ACO-12-
44A 122 0.06479 0.00091 0.06208 0.00076 0.55443 0.00823 87 767.5 29.21 388.2 4.61 447.9 5.38

ACO-12-
44A 123 0.05652 0.001 0.06141 0.00082 0.4785 0.00878 97 471.9 39.04 384.2 4.99 397 6.03

ACO-12-
44A 124 0.06238 0.00124 0.08829 0.00113 0.75878 0.01472 95 687 42.03 545.4 6.7 573.3 8.5

ACO-12-
44A 125 0.05906 0.00103 0.06583 0.00082 0.53578 0.00935 94 569.3 37.43 411 4.97 435.6 6.18

ACO-12-
44A 126 0.09653 0.00144 0.0589 0.00074 0.78382 0.01216 63 1558.2 27.79 368.9 4.48 587.7 6.92

ACO-12-
44A 127 0.06305 0.00262 0.07274 0.00134 0.63231 0.0252 91 709.8 86.07 452.7 8.05 497.5 15.68

ACO-12-
44A 128 0.05606 0.00116 0.06285 0.00081 0.48534 0.0099 98 454.5 45.26 392.9 4.93 401.7 6.77

ACO-12-
44A 129 0.06013 0.00165 0.06466 0.00096 0.5355 0.01402 93 608.1 58.16 403.9 5.78 435.5 9.27

ACO-12-
44A 130 0.06133 0.00206 0.06308 0.00104 0.53341 0.01699 91 650.7 70.59 394.4 6.3 434.1 11.25

ACO-12-
44A 131 0.06659 0.00109 0.13075 0.00165 1.20026 0.02023 99 825 33.88 792.2 9.41 800.7 9.33

ACO-12-
44A 132 0.05845 0.00252 0.06522 0.00124 0.52563 0.02187 95 546.6 91.68 407.3 7.5 428.9 14.56

ACO-12-
44A 133 0.06537 0.00176 0.11362 0.00179 1.02393 0.02686 97 786.2 55.43 693.8 10.34 715.9 13.47

ACO-12-
44A 134 0.0881 0.00136 0.21476 0.00277 2.60886 0.04195 91 1384.7 29.38 1254.2 14.71 1303.1 11.8

ACO-12-
44A 135 0.05838 0.00128 0.07266 0.00102 0.58506 0.01267 97 544.1 47.11 452.2 6.16 467.7 8.11

ACO-12-
44A 136 0.06441 0.00121 0.11569 0.00159 1.02705 0.01966 98 755 39.09 705.7 9.22 717.5 9.85

ACO-12-
44A 137 0.08775 0.00122 0.24133 0.00298 2.91997 0.04293 101 1377 26.41 1393.6 15.46 1387.1 11.12

ACO-12-
44A 138 0.05766 0.00186 0.06935 0.00116 0.55108 0.01725 97 516.5 69.62 432.2 7 445.7 11.29

ACO-12-
44A 139 0.06527 0.00132 0.123 0.00178 1.10677 0.02284 99 783.2 41.87 747.8 10.19 756.6 11.01

ACO-12-
44A 140 0.05582 0.00156 0.06831 0.00111 0.52564 0.01451 99 445 60.99 426 6.67 428.9 9.66

ACO-12-
44A 141 0.12565 0.00225 0.29139 0.00376 5.04609 0.08939 81 2038 31.33 1648.5 18.75 1827.1 15.01

ACO-12-
44A 142 0.05838 0.00164 0.06587 0.00105 0.52997 0.01463 95 544.1 60.38 411.3 6.33 431.8 9.71

ACO-12-
44A 143 0.08269 0.00172 0.19921 0.0028 2.27145 0.0468 93 1261.9 40.12 1171.1 15.07 1203.5 14.53

ACO-12-
44A 144 0.06043 0.00182 0.10383 0.00169 0.86502 0.02504 101 619.1 63.85 636.8 9.89 632.9 13.63

ACO-12-
44A 145 0.06184 0.00215 0.06715 0.00112 0.57117 0.01884 91 668.5 72.74 419 6.79 458.8 12.18
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ACO-12-
44A 146 0.05901 0.00155 0.06793 0.00098 0.55262 0.01427 95 567.6 56.16 423.6 5.89 446.7 9.33

ACO-12-
44A 147 0.06504 0.00093 0.12225 0.00153 1.09615 0.01669 99 775.5 29.81 743.5 8.8 751.5 8.09

ACO-12-
44A 148 0.08564 0.00113 0.2216 0.00278 2.61618 0.03776 97 1329.9 25.48 1290.3 14.67 1305.2 10.6

ACO-12-
44A 149 0.06077 0.00093 0.1022 0.00128 0.85629 0.01368 100 631.2 32.75 627.3 7.47 628.1 7.48

ACO-12-
44A 150 0.05483 0.00127 0.04898 0.0007 0.37012 0.00855 96 405.1 50.63 308.2 4.32 319.7 6.34

ACO-12-
44A 151 0.07379 0.00114 0.17906 0.00226 1.82153 0.02905 103 1035.6 30.78 1061.8 12.34 1053.2 10.45

ACO-12-
44A 152 0.06051 0.00089 0.08851 0.0011 0.73842 0.01144 97 621.9 31.29 546.7 6.54 561.5 6.68

ACO-12-
44A 153 0.06488 0.00167 0.06255 0.00094 0.55941 0.014 87 770.3 53.24 391.1 5.73 451.1 9.11

ACO-12-
44A 154 0.07501 0.00104 0.06315 0.00078 0.65311 0.00966 77 1068.7 27.73 394.8 4.73 510.4 5.93

ACO-12-
44A 155 0.0679 0.0016 0.08377 0.00124 0.78401 0.0182 88 865.5 48 518.6 7.41 587.8 10.36

ACO-12-
44A 156 0.13942 0.00176 0.3333 0.00416 6.40612 0.08912 84 2220 21.71 1854.4 20.13 2033.1 12.22

ACO-12-
44A 157 0.08063 0.00115 0.06091 0.00079 0.67682 0.01051 73 1212.5 27.9 381.1 4.83 524.8 6.37

ACO-12-
44A 158 0.05684 0.00102 0.06195 0.00081 0.48542 0.00889 96 484.6 39.66 387.5 4.92 401.8 6.08

ACO-12-
44A 159 0.06145 0.00124 0.10683 0.00139 0.90481 0.01784 100 655 42.73 654.3 8.08 654.3 9.51

ACO-12-
44A 160 0.06057 0.00138 0.09863 0.00133 0.82353 0.0183 99 624.1 48.36 606.3 7.79 610 10.19

ACO-12-45 1 0.07406 0.00118 0.16419 0.00216 1.67296 0.02782 102 1043 31.82 980 11.95 998.3 10.57

ACO-12-45 2 0.06763 0.00108 0.09581 0.00116 0.89266 0.01451 110 857.3 32.78 589.8 6.85 647.8 7.78

ACO-12-45 3 0.06328 0.00115 0.09749 0.00122 0.84973 0.01556 104 717.7 38.18 599.7 7.17 624.5 8.54

ACO-12-45 4 0.071 0.00142 0.06917 0.00088 0.67651 0.0134 122 957.4 40.24 431.2 5.32 524.7 8.11

ACO-12-45 5 0.06587 0.00172 0.08342 0.00118 0.7567 0.0194 111 802.3 53.81 516.5 7.05 572.1 11.22

ACO-12-45 6 0.06174 0.00106 0.09422 0.00117 0.80123 0.01393 103 665.2 36.47 580.5 6.88 597.5 7.85

ACO-12-45 7 0.06508 0.00201 0.10143 0.00147 0.90932 0.02746 105 777 63.77 622.8 8.62 656.7 14.61

ACO-12-45 8 0.0649 0.00127 0.10029 0.00136 0.89587 0.01772 105 771 40.8 616.1 7.99 649.5 9.49

ACO-12-45 9 0.29416 0.00499 0.67094 0.00915 27.16931 0.48387 104 3439.8 26.08 3309.5 35.29 3389.6 17.44

ACO-12-45 10 0.08471 0.00213 0.106 0.00165 1.23623 0.03031 126 1308.8 48.06 649.5 9.6 817.2 13.76

ACO-12-45 11 0.07449 0.00102 0.09808 0.00117 1.00629 0.01446 117 1054.4 27.59 603.2 6.87 707 7.32

ACO-12-45 12 0.13253 0.00281 0.38546 0.00574 7.03371 0.15056 101 2131.8 36.58 2101.7 26.71 2115.7 19.03

ACO-12-45 13 0.05845 0.00135 0.09811 0.00139 0.78961 0.01819 98 546.7 49.62 603.3 8.13 590.9 10.32

ACO-12-45 14 0.0663 0.00123 0.10432 0.00141 0.95237 0.01805 106 815.8 38.16 639.7 8.25 679.3 9.39

ACO-12-45 15 0.1163 0.00189 0.33923 0.00447 5.43259 0.09276 101 1900.1 28.99 1883 21.52 1890 14.64

ACO-12-45 16 0.06029 0.00138 0.10485 0.00152 0.87047 0.0199 99 614.1 48.68 642.8 8.85 635.8 10.8

ACO-12-45 17 0.06751 0.00176 0.10713 0.00162 0.99597 0.02548 107 853.4 53.11 656 9.44 701.8 12.96

ACO-12-45 18 0.13291 0.00188 0.35063 0.00429 6.41785 0.09604 110 2136.8 24.51 1937.6 20.46 2034.7 13.15

ACO-12-45 19 0.05836 0.00179 0.09768 0.00144 0.78499 0.02376 98 543.1 65.79 600.8 8.44 588.3 13.52

ACO-12-45 20 0.07779 0.00302 0.10158 0.00186 1.08824 0.04061 120 1141.4 75.33 623.6 10.86 747.6 19.75

ACO-12-45 21 0.11233 0.00155 0.26226 0.00327 4.05933 0.06033 122 1837.4 24.82 1501.4 16.7 1646.2 12.11

ACO-12-45 22 0.06867 0.00147 0.14578 0.00202 1.37929 0.02946 100 888.9 43.56 877.3 11.39 880.1 12.57

ACO-12-45 23 0.13514 0.00185 0.39525 0.00489 7.3628 0.10706 101 2165.9 23.63 2147.1 22.59 2156.5 13

ACO-12-45 24 0.06252 0.00119 0.09858 0.00128 0.84964 0.01632 103 692.1 39.96 606.1 7.53 624.4 8.96

ACO-12-45 25 0.06064 0.00136 0.0842 0.00121 0.70375 0.01566 104 626.4 47.48 521.1 7.22 541 9.33

ACO-12-45 26 0.06293 0.00117 0.10663 0.00143 0.92468 0.01754 102 705.8 39.18 653.1 8.35 664.8 9.26
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ACO-12-45 27 0.06176 0.00087 0.09302 0.00114 0.79192 0.01189 103 666 30.01 573.4 6.72 592.3 6.73

ACO-12-45 28 0.06347 0.0012 0.09852 0.00126 0.86212 0.01643 104 724.1 39.72 605.7 7.37 631.3 8.96

ACO-12-45 29 0.0656 0.00138 0.09855 0.00128 0.89125 0.01862 107 793.6 43.42 605.9 7.53 647 10

ACO-12-45 30 0.06637 0.0011 0.088 0.0011 0.80528 0.01358 110 818.1 34.16 543.7 6.52 599.8 7.64

ACO-12-45 31 0.06881 0.00148 0.09304 0.00122 0.88261 0.01865 112 892.9 43.9 573.5 7.22 642.4 10.06

ACO-12-45 32 0.07062 0.00107 0.13054 0.00157 1.27113 0.01984 105 946.5 30.85 790.9 8.97 832.9 8.87

ACO-12-45 33 0.07198 0.00185 0.09439 0.00141 0.93641 0.02343 115 985.3 51.43 581.5 8.3 671 12.29

ACO-12-45 34 0.06376 0.00141 0.09646 0.00133 0.84752 0.01858 105 733.5 46.31 593.6 7.84 623.3 10.21

ACO-12-45 35 0.06007 0.00121 0.08743 0.00113 0.72408 0.01448 102 606.1 42.88 540.3 6.7 553.1 8.53

ACO-12-45 36 0.06298 0.0024 0.09063 0.00149 0.78673 0.02912 105 707.5 79.12 559.3 8.83 589.3 16.55

ACO-12-45 37 0.05897 0.00165 0.08466 0.00122 0.68819 0.01889 101 565.9 59.96 523.9 7.24 531.7 11.36

ACO-12-45 39 0.05841 0.00151 0.09106 0.00122 0.73335 0.01851 99 545.1 55.35 561.8 7.2 558.5 10.85

ACO-12-45 40 0.06544 0.00185 0.08337 0.00115 0.75234 0.02072 110 788.5 58.36 516.2 6.87 569.6 12

ACO-12-45 41 0.11741 0.00158 0.12209 0.00157 1.97649 0.02885 149 1917.1 23.97 742.6 9 1107.5 9.84

ACO-12-45 42 0.06645 0.00091 0.10058 0.00126 0.92153 0.01374 107 820.6 28.48 617.8 7.39 663.2 7.26

ACO-12-45 43 0.06108 0.00093 0.09351 0.00123 0.78754 0.01288 102 642.1 32.47 576.3 7.25 589.8 7.31

ACO-12-45 44 0.07547 0.00152 0.0884 0.00121 0.91981 0.01831 121 1081.1 39.79 546.1 7.17 662.3 9.68

ACO-12-45 45 0.06034 0.00219 0.08712 0.00156 0.7248 0.02511 103 615.7 76.42 538.5 9.23 553.5 14.78

ACO-12-45 46 0.13038 0.00198 0.37104 0.00478 6.66955 0.10503 103 2103 26.39 2034.3 22.48 2068.6 13.9

ACO-12-45 47 0.0683 0.0017 0.09783 0.0014 0.92078 0.02231 110 877.8 50.67 601.7 8.22 662.8 11.79

ACO-12-45 48 0.06266 0.0013 0.0996 0.00141 0.86003 0.01792 103 696.8 43.67 612 8.29 630.1 9.78

ACO-12-45 49 0.06315 0.00256 0.08948 0.00171 0.77878 0.03005 106 713.4 83.78 552.5 10.09 584.8 17.15

ACO-12-45 50 0.0681 0.00374 0.1344 0.00324 1.26249 0.06553 102 871.7 109.67 812.9 18.42 829 29.41

ACO-12-45 51 0.13058 0.00191 0.37642 0.0049 6.77691 0.10633 102 2105.7 25.48 2059.5 22.95 2082.7 13.88

ACO-12-45 52 0.19692 0.00338 0.48932 0.00617 13.26975 0.22844 109 2800.9 27.83 2567.7 26.69 2699 16.25

ACO-12-45 53 0.06997 0.00132 0.13945 0.00185 1.34556 0.02566 103 927.6 38.26 841.6 10.48 865.6 11.11

ACO-12-45 54 0.07014 0.00193 0.09498 0.00152 0.91803 0.02437 113 932.5 55.28 584.9 8.97 661.3 12.9

ACO-12-45 55 0.06124 0.0013 0.09812 0.00138 0.82834 0.0175 102 647.7 44.99 603.4 8.1 612.7 9.72

ACO-12-45 56 0.06043 0.00219 0.07704 0.00133 0.64116 0.0221 105 619.2 76.26 478.4 7.94 503 13.67

ACO-12-45 57 0.06662 0.001 0.10455 0.00132 0.9605 0.01512 107 825.9 30.97 641 7.68 683.6 7.83

ACO-12-45 58 0.13244 0.00219 0.39362 0.00516 7.18821 0.12217 100 2130.6 28.71 2139.6 23.87 2135 15.15

ACO-12-45 59 0.07121 0.00141 0.15308 0.00205 1.50301 0.02963 101 963.5 40.03 918.2 11.46 931.6 12.02

ACO-12-45 60 0.06404 0.00109 0.09814 0.00124 0.86655 0.01493 105 743 35.67 603.5 7.28 633.7 8.12

ACO-12-45 38D 0.1334 0.00225 0.37973 0.0048 6.98426 0.11797 103 2143.2 29.15 2075 22.42 2109.4 15

ACO12-
56B 56b-1 0.10528 0.00174 0.09227 0.00104 1.33921 0.02105 66 1719.2 30.01 568.9 6.14 862.9 9.14

ACO12-
56B 56b-2 0.1187 0.00196 0.07748 0.00098 1.2677 0.021 58 1936.7 29.26 481.1 5.83 831.4 9.4

ACO12-
56B 56b-3 0.05697 0.00136 0.05931 0.00086 0.46584 0.01129 96 489.9 51.89 371.4 5.25 388.3 7.82

ACO12-
56B 56b-4 0.05962 0.00085 0.10133 0.00113 0.83295 0.01196 101 590 30.51 622.2 6.64 615.2 6.63

ACO12-
56B 56b-5 0.05624 0.00088 0.0589 0.00065 0.45662 0.00705 97 461 34.56 369 3.96 381.9 4.91

ACO12-
56B 56b-6 0.0621 0.00122 0.10755 0.00133 0.92076 0.01788 99 677.4 41.44 658.5 7.72 662.8 9.45

ACO12-
56B 56b-7 0.10066 0.00153 0.07377 0.00086 1.02376 0.01544 64 1636.4 27.94 458.8 5.16 715.8 7.75

ACO12-
56B 56b-8 0.14822 0.00242 0.27431 0.00314 5.60617 0.08711 67 2325.5 27.73 1562.6 15.88 1917 13.39
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ACO12-
56B 56b-9 0.13026 0.00162 0.39304 0.00436 7.05794 0.09023 102 2101.4 21.69 2136.9 20.18 2118.8 11.37

ACO12-
56B 56b-10 0.26437 0.00429 0.05912 0.00069 2.15474 0.03268 32 3272.9 25.29 370.2 4.2 1166.6 10.52

ACO12-
56B 56b-11 0.1055 0.00148 0.10655 0.00125 1.54988 0.02227 69 1723.1 25.58 652.7 7.3 950.4 8.87

ACO12-
56B 56b-12 0.06477 0.00131 0.10115 0.00118 0.90336 0.01753 95 767 41.91 621.2 6.93 653.5 9.35

ACO12-
56B 56b-13 0.07929 0.00138 0.09756 0.00112 1.06631 0.01802 81 1179.3 34.08 600.1 6.59 736.9 8.85

ACO12-
56B 56b-14 0.25121 0.0035 0.12687 0.00149 4.39366 0.06123 45 3192.4 21.88 770 8.53 1711.1 11.53

ACO12-
56B 56b-15 0.13442 0.00248 0.32756 0.00378 6.07014 0.1077 85 2156.5 31.89 1826.5 18.34 1986 15.47

ACO12-
56B 56b-16 0.09152 0.00133 0.25176 0.00286 3.17623 0.04632 99 1457.3 27.41 1447.5 14.7 1451.4 11.26

ACO12-
56B 56b-17 0.08627 0.00128 0.09806 0.00114 1.16625 0.01755 77 1344.1 28.4 603 6.72 784.9 8.23

ACO12-
56B 56b-18 0.06041 0.00086 0.09873 0.00111 0.82218 0.01182 100 618.2 30.28 607 6.52 609.3 6.59

ACO12-
56B 56b-19 0.1242 0.00169 0.20689 0.00231 3.54224 0.04892 60 2017.4 24.02 1212.2 12.36 1536.7 10.94

ACO12-
56B 56b-20 0.06837 0.00112 0.08876 0.00104 0.83658 0.01371 89 879.8 33.62 548.2 6.13 617.3 7.58

ACO12-
56B 56b-21 0.12724 0.0018 0.38233 0.00472 6.70631 0.0989 101 2060.3 24.7 2087.2 22.01 2073.5 13.03

ACO12-
56B 56b-22 0.19208 0.00223 0.39974 0.00434 10.58411 0.12673 79 2760.1 18.9 2167.8 19.99 2487.3 11.11

ACO12-
56B 56b-23 0.0619 0.001 0.097 0.00115 0.82762 0.01352 97 670.5 34.1 596.8 6.78 612.3 7.51

ACO12-
56B 56b-24 0.05995 0.0009 0.10174 0.00119 0.84078 0.01288 101 601.7 32.05 624.6 6.96 619.6 7.11

ACO12-
56B 56b-25 0.16054 0.00211 0.0638 0.00075 1.41177 0.01931 45 2461.4 22.01 398.7 4.54 893.9 8.13

ACO12-
56B 56b-26 0.09238 0.00134 0.09377 0.00108 1.19414 0.01741 72 1475.1 27.33 577.8 6.37 797.9 8.05

ACO12-
56B 56b-27 0.12586 0.00176 0.04197 0.00049 0.72818 0.0104 48 2041 24.57 265 3.05 555.5 6.11

ACO12-
56B 56b-28 0.12577 0.0018 0.06402 0.00076 1.10993 0.01631 53 2039.6 25.15 400.1 4.62 758.1 7.85

ACO12-
56B 56b-29 0.25974 0.00474 0.15645 0.00209 5.6022 0.09354 49 3245.1 28.48 937 11.63 1916.4 14.39

ACO12-
56B 56b-30 0.12631 0.0028 0.0789 0.00107 1.37387 0.02847 56 2047.2 38.6 489.6 6.41 877.8 12.18

ACO12-
56B 56b-31 0.05694 0.00112 0.05705 0.00072 0.44774 0.00881 95 488.6 43 357.6 4.37 375.7 6.18

ACO12-
56B 56b-32 0.059 0.00119 0.09392 0.00115 0.76388 0.01515 100 567.1 43.27 578.7 6.8 576.2 8.72

ACO12-
56B 56b-33 0.12878 0.00172 0.38139 0.00436 6.77073 0.09234 100 2081.4 23.28 2082.8 20.35 2081.9 12.07

ACO12-
56B 56b-34 0.13453 0.00211 0.10092 0.00122 1.87169 0.02903 58 2158 27.17 619.8 7.12 1071.1 10.27

ACO12-
56B 56b-35 0.08248 0.00151 0.08691 0.001 0.98825 0.01742 77 1257 35.22 537.3 5.92 697.8 8.9

ACO12-
56B 56b-36 0.17713 0.0027 0.14466 0.00177 3.5318 0.05433 57 2626.2 25.09 871 9.97 1534.4 12.17

ACO12-
56B 56b-37 0.09485 0.00144 0.06979 0.00081 0.91255 0.01388 66 1525.1 28.43 434.9 4.88 658.4 7.37

ACO12-
56B 56b-38 0.07913 0.00159 0.0838 0.00102 0.9142 0.01773 79 1175.4 39.29 518.7 6.05 659.3 9.41

ACO12-
56B 56b-39 0.1293 0.00182 0.04435 0.00051 0.79051 0.01127 47 2088.4 24.59 279.7 3.15 591.5 6.39

ACO12-
56B 56b-40 0.05884 0.00096 0.06332 0.00073 0.51365 0.00834 94 561.2 35.05 395.8 4.43 420.9 5.6

ACO12-
56B 56b-41 0.17733 0.00246 0.062 0.00073 1.51574 0.02084 41 2628.1 22.85 387.8 4.42 936.8 8.41

ACO12-
56B 56b-42 0.12944 0.00232 0.35201 0.0046 6.28016 0.11126 93 2090.4 31.14 1944.2 21.95 2015.7 15.52

ACO12-
56B 56b-43 0.19087 0.00546 0.1848 0.00338 4.86203 0.12613 40 2749.7 46.29 1093.1 18.41 1795.7 21.85

ACO12-
56B 56b-44 0.30456 0.00397 0.06722 0.00079 2.82222 0.03674 31 3493.5 20.01 419.4 4.78 1361.5 9.76



276

Chapter 5 Evolution of the northern Appalachians

ACO12-
56B 56b-45 0.10897 0.0015 0.2172 0.00244 3.26263 0.04479 71 1782.2 24.86 1267 12.93 1472.2 10.67

ACO12-
56B 56b-46 0.14844 0.00176 0.39155 0.00431 8.01223 0.0985 91 2328 20.15 2130 19.98 2232.4 11.1

ACO12-
56B 56b-47 0.06365 0.00133 0.12627 0.00157 1.10788 0.02261 101 729.9 43.63 766.6 8.99 757.2 10.89

ACO12-
56B 56b-48 0.13513 0.00193 0.25411 0.00288 4.73358 0.06688 67 2165.7 24.71 1459.6 14.79 1773.2 11.84

ACO12-
56B 56b-49 0.12065 0.00205 0.35728 0.0044 5.94256 0.09853 100 1965.9 29.96 1969.3 20.89 1967.5 14.41

ACO12-
56B 56b-50 0.06057 0.00092 0.10517 0.00122 0.87807 0.01352 101 623.9 32.27 644.6 7.14 639.9 7.31

ACO12-
56B 56b-51 0.0549 0.00126 0.05392 0.00066 0.40806 0.00905 97 408 50.26 338.6 4.02 347.5 6.52

ACO12-
56B 56b-52 0.06196 0.00079 0.10192 0.00117 0.87059 0.01177 98 672.8 27.14 625.6 6.86 635.9 6.39

ACO12-
56B 56b-53 0.20155 0.00249 0.33333 0.00399 9.26111 0.12521 65 2838.8 19.98 1854.5 19.29 2364.2 12.39

ACO12-
56B 56b-54 0.07461 0.00152 0.09009 0.0011 0.92655 0.01826 84 1057.8 40.75 556 6.53 665.8 9.63

ACO12-
56B 56b-55 0.07635 0.00176 0.19197 0.0026 2.02049 0.04545 103 1104.2 45.48 1132 14.04 1122.4 15.28

ACO12-
56B 56b-56 0.07511 0.00148 0.06313 0.00076 0.65368 0.01248 77 1071.5 39.1 394.7 4.61 510.7 7.66

ACO12-
56B 56b-57 0.16351 0.00218 0.45657 0.00536 10.29139 0.14246 97 2492.2 22.24 2424.4 23.72 2461.3 12.81

ACO12-
56B 56b-58 0.10946 0.00192 0.05928 0.00076 0.89461 0.01558 57 1790.5 31.62 371.2 4.59 648.8 8.35

ACO12-
56B 56b-59 0.06189 0.00121 0.10512 0.00128 0.89686 0.01726 99 670.1 41.19 644.3 7.49 650 9.24

ACO12-
56B 56b-60 0.05999 0.00091 0.10469 0.00123 0.86591 0.01346 101 603.4 32.47 641.8 7.18 633.3 7.33

ACO12-
56B 56b-61 0.10004 0.00144 0.08062 0.00089 1.11171 0.01577 66 1624.9 26.48 499.8 5.32 759 7.58

ACO12-
56B 56b-62 0.08331 0.00225 0.09135 0.00142 1.05101 0.02765 77 1276.2 51.97 563.5 8.38 729.4 13.69

ACO12-
56B 56b-63 0.26194 0.00324 0.10362 0.00118 3.74148 0.04755 40 3258.4 19.36 635.6 6.88 1580.3 10.18

ACO12-
56B 56b-64 0.09041 0.00199 0.08038 0.00115 1.00348 0.02187 71 1434.1 41.42 498.4 6.85 705.6 11.08

ACO12-
56B 56b-65 0.129 0.00159 0.38372 0.00441 6.82615 0.08871 100 2084.4 21.48 2093.6 20.55 2089.1 11.51

ACO12-
56B 56b-66 0.14752 0.0021 0.19077 0.00239 3.88601 0.05859 49 2317.4 24.2 1125.6 12.92 1610.8 12.18

ACO12-
56B 56b-67 0.06731 0.00103 0.07922 0.00093 0.73525 0.01138 88 847.5 31.41 491.5 5.57 559.6 6.66

ACO12-
56B 56b-68 0.06 0.00161 0.06419 0.00084 0.53085 0.01368 93 603.7 57.14 401.1 5.12 432.4 9.08

ACO12-
56B 56b-69 0.20104 0.00343 0.44973 0.00607 12.51744 0.22027 84 2834.7 27.58 2394 26.98 2644 16.55

ACO12-
56B 56b-70 0.21462 0.00275 0.14076 0.00159 4.16652 0.05489 51 2940.8 20.54 849 9.01 1667.5 10.79

ACO-12-37 1 0.06356 0.00111 0.10002 0.00131 0.87635 0.01606 96 726.9 36.64 614.5 7.66 639 8.69

ACO-12-37 2 0.0738 0.00171 0.16753 0.00237 1.70488 0.03957 99 1036.1 46.11 998.5 13.1 1010.4 14.85

ACO-12-37 3 0.07741 0.00145 0.16997 0.00227 1.8144 0.03493 89 1131.9 36.94 1011.9 12.52 1050.7 12.6

ACO-12-37 4 0.0625 0.00132 0.10096 0.00136 0.86993 0.01862 98 691.1 44.28 620 7.95 635.5 10.11

ACO-12-37 5 0.06137 0.00093 0.10024 0.00127 0.84809 0.0138 99 652.3 32.1 615.8 7.46 623.6 7.58

ACO-12-37 6 0.05979 0.00273 0.06956 0.00131 0.57328 0.02544 94 596.1 95.99 433.5 7.88 460.1 16.42

ACO-12-37 7 0.12539 0.00197 0.3722 0.00494 6.43377 0.10777 100 2034.3 27.58 2039.7 23.22 2036.9 14.72

ACO-12-37 8 0.06985 0.00103 0.16245 0.0021 1.56411 0.02522 101 923.8 30.01 970.4 11.62 956.1 9.99

ACO-12-37 9 0.08162 0.00141 0.20233 0.00269 2.27649 0.04135 96 1236.3 33.57 1187.8 14.43 1205 12.81

ACO-12-37 10 0.06651 0.00125 0.11922 0.00158 1.09314 0.02124 97 822.5 38.86 726.1 9.12 750 10.3

ACO-12-37 11 0.08275 0.00128 0.21194 0.00272 2.41801 0.04005 98 1263.4 29.92 1239.1 14.46 1248 11.9

ACO-12-37 12 0.06142 0.00154 0.10112 0.00139 0.85636 0.0213 99 654 52.95 620.9 8.13 628.1 11.65
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ACO-12-37 13 0.06526 0.00168 0.11306 0.00161 1.01718 0.02598 97 782.7 53.1 690.5 9.34 712.5 13.08

ACO-12-37 14 0.06337 0.00189 0.09982 0.00149 0.87211 0.0255 96 720.5 62.2 613.3 8.72 636.7 13.83

ACO-12-37 15 0.07828 0.00178 0.19323 0.00277 2.08477 0.04799 99 1154.1 44.55 1138.8 14.98 1143.8 15.8

ACO-12-37 16 0.06347 0.00159 0.10296 0.00148 0.90113 0.02268 97 724 52.16 631.7 8.64 652.3 12.11

ACO-12-37 17 0.07339 0.00155 0.16868 0.00243 1.70701 0.0371 98 1024.8 42.04 1004.8 13.41 1011.2 13.92

ACO-12-37 18 0.06681 0.00132 0.12916 0.00178 1.19006 0.02437 98 831.8 40.77 783.1 10.15 796 11.3

ACO-12-37 19 0.08012 0.00207 0.17555 0.00277 1.93896 0.05033 87 1200 50.05 1042.6 15.17 1094.6 17.39

ACO-12-37 20 0.06328 0.00171 0.08929 0.00137 0.77919 0.0211 94 717.7 56.35 551.3 8.09 585 12.04

ACO-12-37 21 0.06084 0.00093 0.09961 0.00128 0.83569 0.01382 99 633.6 32.65 612.1 7.52 616.8 7.64

ACO-12-37 22 0.08566 0.00122 0.20988 0.00268 2.47892 0.03878 92 1330.5 27.38 1228.2 14.28 1265.9 11.32

ACO-12-37 23 0.0633 0.00218 0.10765 0.00181 0.93979 0.03198 98 718.2 71.58 659.1 10.53 672.8 16.74

ACO-12-37 24 0.06206 0.00146 0.09073 0.00134 0.77648 0.0187 96 676 49.66 559.9 7.91 583.5 10.69

ACO-12-37 25 0.06437 0.00152 0.06909 0.00097 0.61325 0.0146 89 753.8 48.99 430.7 5.85 485.6 9.19

ACO-12-37 26 0.07536 0.00145 0.17105 0.00233 1.77746 0.03533 94 1078.1 38.02 1017.9 12.82 1037.3 12.92

ACO-12-37 27 0.06826 0.00153 0.13852 0.00205 1.30395 0.03021 99 876.4 45.85 836.3 11.6 847.5 13.31

ACO-12-37 28 0.06205 0.00172 0.09396 0.00147 0.804 0.02239 97 676 58.14 578.9 8.64 599.1 12.6

ACO-12-37 29 0.12819 0.00229 0.36249 0.00479 6.40627 0.12032 96 2073.4 31.13 1994 22.66 2033.1 16.5

ACO-12-37 30 0.06391 0.00188 0.12194 0.00196 1.07449 0.03166 100 738.6 60.9 741.7 11.26 740.9 15.5

ACO-12-37 31 0.16172 0.00217 0.26572 0.00346 5.92453 0.08823 61 2473.8 22.44 1519 17.62 1964.8 12.94

ACO-12-37 32 0.06573 0.00219 0.09025 0.00144 0.81776 0.02681 92 797.7 68.18 557 8.5 606.8 14.97

ACO-12-37 33 0.06195 0.00111 0.09442 0.00129 0.80637 0.01523 97 672.5 37.85 581.6 7.58 600.4 8.56

ACO-12-37 34 0.13775 0.00216 0.40759 0.00556 7.73975 0.13259 100 2199.1 26.98 2203.9 25.47 2201.2 15.4

ACO-12-37 35 0.05519 0.00135 0.06195 0.00087 0.47132 0.01167 99 419.7 53.16 387.4 5.29 392.1 8.06

ACO-12-37 36 0.06341 0.00143 0.09159 0.00132 0.80069 0.01844 95 722.1 47.24 564.9 7.82 597.2 10.4

ACO-12-37 37 0.06751 0.00163 0.09014 0.00131 0.83881 0.02037 90 853.4 49.24 556.3 7.77 618.5 11.25

ACO-12-37 38 0.06892 0.00155 0.1039 0.00153 0.98718 0.02268 91 896.4 45.82 637.2 8.91 697.3 11.59

ACO-12-37 39 0.10736 0.00235 0.31256 0.00468 4.62584 0.10404 100 1755 39.54 1753.3 22.98 1753.9 18.78

ACO-12-37 40 0.06063 0.0012 0.09655 0.00134 0.80706 0.01659 99 626.2 42.13 594.2 7.86 600.8 9.32

ACO-12-37 41 0.11214 0.00217 0.32048 0.00454 4.95477 0.10048 98 1834.4 34.71 1792.1 22.14 1811.6 17.13

ACO-12-37 42 0.1158 0.00235 0.34294 0.00486 5.47461 0.11507 100 1892.4 36.07 1900.8 23.33 1896.6 18.05

ACO-12-37 43 0.07056 0.00182 0.16252 0.0025 1.58098 0.04098 101 944.6 52.05 970.8 13.84 962.8 16.12

ACO-12-37 44 0.05637 0.00124 0.07069 0.00099 0.54934 0.01237 99 466.2 48.34 440.3 5.95 444.6 8.1

ACO-12-37 45 0.07358 0.00133 0.17932 0.00243 1.81907 0.03447 103 1029.9 36.11 1063.3 13.27 1052.3 12.42

ACO-12-37 46 0.06197 0.00116 0.11616 0.0016 0.99224 0.01958 101 673.2 39.7 708.4 9.25 699.9 9.98

ACO-12-37 47 0.06095 0.00131 0.08814 0.00125 0.74067 0.01634 97 637.6 45.53 544.5 7.4 562.8 9.53

ACO-12-37 48 0.10822 0.0014 0.25192 0.00328 3.75844 0.05568 82 1769.5 23.48 1448.3 16.91 1583.9 11.88

ACO-12-37 49 0.0692 0.00101 0.15596 0.00205 1.48789 0.02397 101 904.7 29.85 934.3 11.44 925.5 9.78

ACO-12-37 50 0.07371 0.00189 0.16484 0.00255 1.67504 0.04314 98 1033.4 50.95 983.6 14.1 999.1 16.37

ACO-12-37 51 0.06308 0.00147 0.10731 0.00157 0.93335 0.02218 98 711 48.83 657.1 9.14 669.4 11.65

ACO-12-37 52 0.06392 0.00122 0.10554 0.00151 0.92939 0.01866 97 739.1 39.78 646.8 8.81 667.3 9.82

ACO-12-37 53 0.06218 0.00107 0.11723 0.00158 1.00492 0.01846 101 680.3 36.47 714.6 9.1 706.3 9.35

ACO-12-37 54 0.0623 0.00181 0.08495 0.00128 0.72963 0.02087 94 684.3 60.9 525.6 7.63 556.3 12.25

ACO-12-37 55 0.07841 0.00169 0.20438 0.00303 2.20789 0.04913 104 1157.3 42.19 1198.8 16.21 1183.5 15.55

ACO-12-37 56 0.08124 0.00145 0.2193 0.00305 2.45625 0.04637 104 1227.3 34.58 1278.2 16.14 1259.3 13.62

ACO-12-37 57 0.06462 0.00165 0.1263 0.00188 1.12459 0.02878 100 762.1 52.94 766.7 10.77 765.2 13.76

ACO-12-37 58 0.17724 0.00272 0.51281 0.00685 12.53012 0.20999 102 2627.2 25.33 2668.6 29.2 2645 15.76
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ACO-12-37 59 0.10095 0.00206 0.07839 0.00111 1.09092 0.02286 65 1641.6 37.46 486.5 6.66 749 11.1

ACO-12-37 60 0.07517 0.00161 0.18018 0.00262 1.86716 0.04119 100 1073.1 42.5 1068 14.3 1069.5 14.59

ACO-12-37 61 0.056 0.00093 0.07136 0.00098 0.55085 0.00986 100 451.8 36.06 444.4 5.89 445.6 6.46

ACO-12-37 62 0.08005 0.00129 0.20451 0.00275 2.2569 0.03901 100 1198.2 31.35 1199.5 14.74 1198.9 12.16

ACO-12-37 63 0.14239 0.00368 0.09433 0.00153 1.85155 0.04637 55 2256.4 43.96 581.1 9.02 1064 16.51

ACO-12-37 64 0.06102 0.00144 0.08286 0.00123 0.69672 0.01665 96 640.1 49.78 513.2 7.35 536.8 9.96

ACO-12-37 65 0.07467 0.00169 0.17208 0.00258 1.77092 0.04091 97 1059.6 45.01 1023.5 14.16 1034.9 14.99

ACO-12-37 66 0.07361 0.00172 0.15739 0.00239 1.59549 0.03791 97 1030.9 46.43 942.3 13.33 968.4 14.83

ACO-12-37 67 0.06185 0.00206 0.0902 0.00147 0.76905 0.0253 96 668.8 69.76 556.7 8.71 579.2 14.52

ACO-12-37 68 0.07379 0.00142 0.17821 0.0025 1.8127 0.03633 102 1035.6 38.46 1057.2 13.68 1050.1 13.12

ACO-12-37 69 0.07441 0.0019 0.17475 0.00271 1.79248 0.04586 99 1052.7 50.59 1038.2 14.86 1042.7 16.67

ACO-12-37 70 0.06123 0.00252 0.07292 0.00133 0.61507 0.02447 93 647.4 85.88 453.7 7.97 486.8 15.39

ACO-12-37 71 0.08863 0.00219 0.24315 0.0038 2.9701 0.07381 101 1396.1 46.55 1403.1 19.71 1400 18.88

ACO-12-37 72 0.0601 0.00124 0.09458 0.00135 0.78349 0.01667 99 607 43.99 582.6 7.94 587.5 9.49

ACO-12-37 73 0.08709 0.00161 0.23434 0.00328 2.81238 0.05461 100 1362.5 35.15 1357.2 17.12 1358.8 14.54

ACO-12-37 74 0.11626 0.00261 0.33674 0.00503 5.39596 0.1241 98 1899.5 39.85 1870.9 24.28 1884.2 19.7

ACO-12-37 75 0.06029 0.00179 0.09573 0.00148 0.79558 0.02343 99 614 62.8 589.3 8.69 594.3 13.25

ACO-12-37 76 0.08392 0.00161 0.17492 0.00242 2.02364 0.04018 81 1290.6 36.86 1039.2 13.28 1123.5 13.49

ACO-12-37 77 0.07553 0.00209 0.16005 0.00248 1.66636 0.04579 96 1082.6 54.53 957.1 13.8 995.8 17.44

ACO-12-37 78 0.11758 0.00314 0.345 0.00549 5.59106 0.14949 100 1919.8 47.17 1910.7 26.32 1914.7 23.03

ACO-12-37 79 0.05947 0.00153 0.08912 0.00132 0.73052 0.01878 99 584.4 54.84 550.3 7.83 556.9 11.02

ACO-12-37 80 0.11967 0.00299 0.3405 0.00517 5.61781 0.1415 97 1951.3 44.02 1889.1 24.85 1918.8 21.71

ACO-12-43 12-43-01 0.06071 0.00093 0.09963 0.00121 0.83394 0.01319 99 628.9 32.57 612.3 7.11 615.8 7.3

ACO-12-43 12-43-02 0.08525 0.00202 0.079 0.00117 0.92858 0.02183 73 1321.3 45.39 490.1 7.01 666.9 11.49

ACO-12-43 12-43-03 0.05819 0.00233 0.05973 0.00111 0.47835 0.01866 94 536.2 85.99 374 6.73 396.9 12.81

ACO-12-43 12-43-04 0.05366 0.00091 0.05769 0.00071 0.42683 0.00739 100 356.8 37.9 361.6 4.34 360.9 5.26

ACO-12-43 12-43-05 0.12584 0.00176 0.36263 0.00454 6.29187 0.09482 98 2040.7 24.58 1994.6 21.47 2017.3 13.2

ACO-12-43 12-43-06 0.0549 0.00084 0.05719 0.00069 0.43293 0.00686 98 408.3 33.62 358.5 4.22 365.3 4.86

ACO-12-43 12-43-07 0.05567 0.00083 0.05838 0.00073 0.44811 0.00706 97 438.8 32.39 365.8 4.42 376 4.95

ACO-12-43 12-43-08 0.05421 0.00096 0.0589 0.00073 0.44025 0.00791 100 379.6 39.31 369 4.46 370.4 5.58

ACO-12-43 12-43-09 0.05347 0.00089 0.05753 0.0007 0.42406 0.00715 100 348.5 37 360.6 4.25 359 5.1

ACO-12-43 12-43-10 0.0623 0.00154 0.09756 0.00136 0.83799 0.02036 97 684.4 51.96 600.1 7.97 618 11.25

ACO-12-43 12-43-11 0.06255 0.00087 0.09761 0.00117 0.84175 0.01233 97 692.9 29.38 600.4 6.86 620.1 6.8

ACO-12-43 12-43-12 0.05639 0.00122 0.05713 0.00074 0.44409 0.00954 96 466.8 47.79 358.1 4.53 373.1 6.71

ACO-12-43 12-43-13 0.06104 0.00115 0.09353 0.00119 0.78709 0.01492 98 640.7 39.94 576.4 7.03 589.5 8.48

ACO-12-43 12-43-14 0.05845 0.00109 0.08485 0.00106 0.68378 0.01279 99 546.7 40.25 525 6.3 529.1 7.71

ACO-12-43 12-43-15 0.08209 0.00147 0.08166 0.00104 0.92424 0.01664 76 1247.7 34.45 506 6.21 664.6 8.78

ACO-12-43 12-43-16 0.05965 0.00106 0.09624 0.00121 0.79138 0.01425 100 590.8 37.99 592.3 7.1 592 8.08

ACO-12-43 12-43-17 0.06135 0.00104 0.09924 0.00123 0.83931 0.01451 99 651.4 35.93 609.9 7.23 618.8 8.01

ACO-12-43 12-43-18 0.05907 0.0012 0.08503 0.00109 0.69254 0.014 98 569.8 43.65 526.1 6.47 534.3 8.4

ACO-12-43 12-43-19 0.07355 0.00141 0.17048 0.00217 1.72867 0.03305 99 1029 38.37 1014.8 11.94 1019.3 12.3

ACO-12-43 12-43-20 0.05584 0.00105 0.05821 0.00074 0.44815 0.00849 97 445.8 40.9 364.7 4.49 376 5.95

ACO-12-43 12-43-21 0.13079 0.00183 0.34664 0.00433 6.25032 0.09328 91 2108.6 24.4 1918.5 20.74 2011.5 13.06

ACO-12-43 12-43-22 0.05429 0.00097 0.06207 0.00078 0.46454 0.00844 100 382.9 39.43 388.2 4.75 387.4 5.85

ACO-12-43 12-43-23 0.06109 0.00095 0.09686 0.00118 0.81573 0.01313 98 642.2 33.19 596 6.94 605.7 7.34
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ACO-12-43 12-43-24 0.06052 0.00094 0.09583 0.00117 0.79957 0.01286 99 622.1 33.27 589.9 6.86 596.6 7.25

ACO-12-43 12-43-25 0.05928 0.00124 0.09521 0.00124 0.77816 0.01627 100 577.3 44.96 586.3 7.33 584.4 9.29

ACO-12-43 12-43-26 0.05491 0.00168 0.05836 0.00089 0.44182 0.01323 98 408.5 66.35 365.7 5.41 371.5 9.32

ACO-12-43 12-43-27 0.05423 0.00096 0.0576 0.0007 0.43066 0.00768 99 380.4 39.36 361 4.27 363.6 5.45

ACO-12-43 12-43-28 0.06122 0.00117 0.09653 0.00123 0.8148 0.01563 98 647.1 40.51 594 7.24 605.1 8.74

ACO-12-43 12-43-29 0.06229 0.00182 0.10072 0.00153 0.86497 0.02469 98 684.1 61.12 618.6 8.98 632.8 13.44

ACO-12-43 12-43-30 0.05617 0.00158 0.05777 0.00085 0.44735 0.01235 96 458.8 61.19 362.1 5.21 375.4 8.66

ACO-12-43 12-43-31 0.05871 0.00145 0.09878 0.00136 0.79963 0.0194 102 556.4 52.91 607.3 7.96 596.6 10.94

ACO-12-43 12-43-32 0.06138 0.0009 0.10406 0.00125 0.88065 0.01339 100 652.7 31.06 638.2 7.29 641.3 7.23

ACO-12-43 12-43-33 0.07861 0.00134 0.19416 0.00246 2.10419 0.03658 98 1162.2 33.39 1143.9 13.29 1150.2 11.96

ACO-12-43 12-43-34 0.05949 0.00106 0.09374 0.00116 0.76892 0.01377 100 585.2 38.09 577.6 6.83 579.1 7.91

ACO-12-43 12-43-35 0.06058 0.00108 0.10363 0.00128 0.86552 0.01556 100 624.2 38.02 635.7 7.5 633.1 8.47

ACO-12-43 12-43-36 0.07502 0.00129 0.05494 0.0007 0.5682 0.00999 75 1069 34.27 344.8 4.25 456.9 6.47

ACO-12-43 12-43-37 0.12842 0.00189 0.3712 0.00443 6.57216 0.09973 98 2076.4 25.66 2035.1 20.82 2055.6 13.37

ACO-12-43 12-43-38 0.06562 0.00118 0.12738 0.00162 1.15238 0.02112 99 794.3 37.4 772.9 9.29 778.4 9.96

ACO-12-43 12-43-39 0.05498 0.0012 0.0598 0.00078 0.45334 0.00979 99 411.4 47.21 374.4 4.76 379.6 6.84

ACO-12-43 12-43-40 0.05484 0.00111 0.0608 0.00077 0.45975 0.00928 99 405.9 44.43 380.5 4.69 384.1 6.46

ACO-12-43 12-43-41 0.08206 0.00158 0.06064 0.00078 0.68609 0.01306 72 1247 37 379.5 4.75 530.5 7.86

ACO-12-43 12-43-42 0.06001 0.00188 0.09659 0.00148 0.79915 0.02435 100 604 66.38 594.4 8.69 596.3 13.74

ACO-12-43 12-43-43 0.05647 0.00298 0.06842 0.00144 0.53264 0.02706 98 470 113.6 426.7 8.68 433.6 17.93

ACO-12-43 12-43-44 0.06024 0.00104 0.09986 0.00124 0.82933 0.01454 100 612.1 36.88 613.6 7.24 613.2 8.07

ACO-12-43 12-43-45 0.06111 0.00121 0.09999 0.00127 0.84249 0.01665 99 643.1 42.05 614.4 7.45 620.5 9.18

ACO-12-43 12-43-46 0.05457 0.00101 0.05915 0.00073 0.44498 0.00824 99 394.6 40.6 370.4 4.43 373.8 5.79

ACO-12-43 12-43-47 0.05405 0.00103 0.06021 0.00075 0.44867 0.00859 100 372.8 42.5 376.9 4.55 376.3 6.02

ACO-12-43 12-43-48 0.05656 0.00109 0.06251 0.0008 0.48744 0.00947 97 473.8 42.43 390.9 4.88 403.2 6.47

ACO-12-43 12-43-49 0.05361 0.00133 0.05967 0.00081 0.44107 0.01076 101 354.7 55.01 373.6 4.92 371 7.58

ACO-12-43 12-43-50 0.05569 0.00092 0.06249 0.00076 0.47975 0.00808 98 439.6 36.01 390.7 4.58 397.9 5.54

ACO-12-43 12-43-51 0.06279 0.00121 0.11231 0.00145 0.97217 0.01884 99 701.1 40.45 686.1 8.41 689.6 9.7

ACO-12-43 12-43-52 0.05417 0.001 0.06028 0.00075 0.45012 0.00836 100 377.8 40.87 377.3 4.58 377.4 5.85

ACO-12-43 12-43-53 0.0582 0.00132 0.09223 0.00122 0.74003 0.01658 101 536.7 49.5 568.7 7.2 562.4 9.67

ACO-12-43 12-43-54 0.05965 0.00145 0.1031 0.0014 0.84793 0.02028 101 591 51.94 632.5 8.21 623.5 11.14

ACO-12-43 12-43-55 0.17857 0.00357 0.07575 0.00104 1.86485 0.03619 44 2639.6 32.79 470.7 6.26 1068.7 12.83

ACO-12-43 12-43-56 0.06373 0.00115 0.10465 0.00133 0.91947 0.01684 97 732.7 37.76 641.6 7.78 662.1 8.91

ACO-12-43 12-43-57 0.15729 0.00218 0.44769 0.00533 9.70816 0.13987 98 2426.7 23.28 2385 23.72 2407.5 13.26

ACO-12-43 12-43-58 0.05459 0.0011 0.05863 0.00074 0.44128 0.00882 99 395.5 44.09 367.3 4.51 371.2 6.21

ACO-12-43 12-43-59 0.06191 0.00119 0.09431 0.00119 0.80497 0.01541 97 671 40.5 581 7.02 599.6 8.67

ACO-12-43 12-43-60 0.0946 0.0016 0.26138 0.00332 3.40898 0.05885 98 1520.1 31.6 1496.9 16.94 1506.5 13.55

ACO-12-43 12-43-61 0.06068 0.00105 0.09808 0.00121 0.82061 0.01441 99 628.1 36.97 603.1 7.1 608.4 8.04

ACO-12-43 12-43-62 0.0544 0.00098 0.05807 0.00071 0.43554 0.00789 99 387.8 39.8 363.9 4.32 367.1 5.58

ACO-12-43 12-43-63 0.13082 0.00246 0.36216 0.00492 6.53253 0.12479 94 2109.1 32.61 1992.4 23.27 2050.3 16.82

ACO-12-43 12-43-64 0.05742 0.00108 0.06683 0.00084 0.52904 0.00995 97 507.1 41.11 417 5.05 431.2 6.61

ACO-12-43 12-43-65 0.05632 0.00088 0.05854 0.0007 0.45455 0.00727 96 464.1 34.38 366.8 4.29 380.5 5.08

ACO-12-43 12-43-66 0.26717 0.00358 0.5472 0.0064 20.15569 0.28216 86 3289.5 20.9 2813.5 26.66 3098.9 13.54

ACO-12-43 12-43-67 0.12447 0.00189 0.34681 0.00421 5.95122 0.09208 95 2021.2 26.71 1919.3 20.16 1968.7 13.45

ACO-12-43 12-43-68 0.08048 0.00127 0.2051 0.00248 2.27556 0.03656 99 1208.7 30.81 1202.6 13.26 1204.7 11.33

ACO-12-43 12-43-69 0.05451 0.00132 0.05709 0.00076 0.42904 0.01021 99 392.1 53.19 357.9 4.63 362.5 7.25
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ACO-12-43 12-43-70 0.0604 0.00109 0.09628 0.0012 0.8018 0.01461 99 618 38.55 592.6 7.06 597.8 8.23

ACO-12-43 12-43-71 0.05694 0.0009 0.05923 0.00071 0.46497 0.00751 96 488.5 34.81 371 4.34 387.7 5.21

ACO-12-43 12-43-72 0.06337 0.00102 0.08747 0.00106 0.76423 0.0126 94 720.7 33.95 540.6 6.29 576.4 7.25

ACO-12-43 12-43-73 0.06177 0.00118 0.08476 0.00108 0.72185 0.01384 95 666.1 40.4 524.5 6.4 551.8 8.16

ACO-12-43 12-43-74 0.06392 0.00164 0.10413 0.00149 0.9177 0.02313 97 739 53.33 638.6 8.7 661.1 12.25

ACO-12-43 12-43-75 0.06254 0.00098 0.10069 0.00122 0.86819 0.01401 97 692.6 33.21 618.5 7.13 634.6 7.62

ACO-12-43 12-43-76 0.05421 0.00082 0.05735 0.00069 0.42857 0.00667 99 379.5 33.67 359.5 4.18 362.2 4.74

ACO-12-43 12-43-77 0.0621 0.00117 0.10227 0.00129 0.87555 0.0165 98 677.5 39.63 627.7 7.55 638.6 8.93

ACO-12-43 12-43-78 0.12927 0.0019 0.35477 0.00426 6.32283 0.09618 94 2088.1 25.64 1957.3 20.25 2021.6 13.34

ACO-12-43 12-43-79 0.07399 0.00124 0.15253 0.00189 1.55608 0.0266 96 1041.3 33.37 915.1 10.59 952.9 10.57

ACO-12-43 12-43-80 0.05695 0.00101 0.06305 0.00077 0.495 0.00885 97 488.8 39.09 394.2 4.68 408.3 6.01

ACO-12-
42B

12-42b-
01 0.08087 0.00143 0.1964 0.0024 2.18986 0.03824 95 1218.3 34.4 1155.9 12.91 1177.8 12.17

ACO-12-
42B

12-42b-
02 0.06111 0.00137 0.09675 0.00129 0.81515 0.018 98 642.9 47.33 595.3 7.57 605.3 10.07

ACO-12-
42B

12-42b-
03 0.06158 0.00091 0.10036 0.00117 0.85211 0.01283 99 659.4 31.23 616.5 6.87 625.8 7.03

ACO-12-
42B

12-42b-
04 0.05805 0.00084 0.06268 0.00072 0.50168 0.00741 95 531.3 31.96 391.9 4.36 412.8 5.01

ACO-12-
42B

12-42b-
05 0.13108 0.00191 0.37693 0.00463 6.81261 0.10261 98 2112.5 25.37 2061.9 21.7 2087.4 13.34

ACO-12-
42B

12-42b-
06 0.06309 0.00094 0.09962 0.00115 0.86659 0.01303 97 711.2 31.23 612.2 6.75 633.7 7.09

ACO-12-
42B

12-42b-
07 0.06212 0.00115 0.08484 0.00105 0.72672 0.01341 95 678.4 39.1 525 6.22 554.6 7.88

ACO-12-
42B

12-42b-
08 0.08538 0.00117 0.2151 0.00244 2.53202 0.03535 95 1324 26.49 1256 12.93 1281.3 10.16

ACO-12-
42B

12-42b-
09 0.07314 0.00172 0.08535 0.00114 0.86073 0.01961 84 1018 46.83 528 6.8 630.5 10.7

ACO-12-
42B

12-42b-
10 0.15427 0.00228 0.05792 0.00066 1.23199 0.01805 45 2393.8 24.95 363 4.05 815.2 8.21

ACO-12-
42B

12-42b-
11 0.05443 0.00084 0.05723 0.00067 0.42945 0.00669 99 388.8 33.99 358.7 4.08 362.8 4.75

ACO-12-
42B

12-42b-
12 0.22632 0.00394 0.06083 0.00073 1.89808 0.03185 35 3026.2 27.66 380.7 4.44 1080.4 11.16

ACO-12-
42B

12-42b-
13 0.06095 0.00107 0.09525 0.00115 0.80038 0.01399 98 637.4 37.26 586.5 6.75 597 7.89

ACO-12-
42B

12-42b-
14 0.1283 0.0019 0.35757 0.00428 6.32508 0.09533 95 2074.9 25.82 1970.7 20.32 2021.9 13.21

ACO-12-
42B

12-42b-
15 0.12186 0.00162 0.29922 0.00342 5.02717 0.06871 85 1983.6 23.43 1687.4 16.99 1823.9 11.58

ACO-12-
42B

12-42b-
16 0.13722 0.00188 0.0985 0.00113 1.8636 0.0261 57 2192.4 23.59 605.6 6.66 1068.3 9.25

ACO-12-
42B

12-42b-
17 0.14425 0.00227 0.24665 0.00283 4.90587 0.07653 62 2278.9 26.89 1421.2 14.64 1803.3 13.16

ACO-12-
42B

12-42b-
18 0.06115 0.00103 0.09803 0.00117 0.82649 0.01397 99 644.6 35.9 602.9 6.88 611.7 7.76

ACO-12-
42B

12-42b-
19 0.06142 0.00127 0.08302 0.00106 0.70303 0.01433 95 654 43.86 514.1 6.29 540.6 8.55

ACO-12-
42B

12-42b-
20 0.06227 0.00133 0.09685 0.00128 0.83155 0.01757 97 683.5 45.06 595.9 7.5 614.5 9.74

ACO-12-
42B

12-42b-
21 0.08785 0.00188 0.06267 0.00081 0.75905 0.01563 68 1379.2 40.61 391.9 4.9 573.5 9.02

ACO-12-
42B

12-42b-
22 0.06196 0.00119 0.09482 0.00115 0.80997 0.01529 97 672.9 40.56 584 6.77 602.4 8.58

ACO-12-
42B

12-42b-
23 0.12268 0.00209 0.34699 0.00447 5.86803 0.10183 96 1995.6 29.95 1920.2 21.4 1956.5 15.05

ACO-12-
42B

12-42b-
24 0.06955 0.00119 0.09214 0.00107 0.88337 0.0148 88 915.1 34.68 568.2 6.31 642.8 7.98

ACO-12-
42B

12-42b-
25 0.0636 0.00099 0.09981 0.00119 0.87525 0.0139 96 728.5 32.75 613.3 6.99 638.4 7.53

ACO-12-
42B

12-42b-
26 0.11756 0.00158 0.12347 0.00142 2.00101 0.02756 39 1919.4 23.9 750.5 8.13 1115.9 9.32
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ACO-12-
42B

12-42b-
27 0.06243 0.002 0.1012 0.00158 0.87098 0.02697 98 688.8 66.85 621.4 9.28 636.1 14.64

ACO-12-
42B

12-42b-
28 0.11208 0.00182 0.09379 0.00115 1.44925 0.02335 64 1833.4 29.19 577.9 6.8 909.6 9.68

ACO-12-
42B

12-42b-
29 0.05541 0.00122 0.05792 0.00078 0.44249 0.00968 98 428.4 47.86 363 4.73 372 6.82

ACO-12-
42B

12-42b-
30 0.0611 0.00144 0.08828 0.00115 0.74368 0.01709 97 642.9 49.93 545.4 6.82 564.6 9.95

ACO-12-
42B

12-42b-
31 0.14179 0.00192 0.37798 0.00431 7.38876 0.10233 92 2249.2 23.22 2066.9 20.18 2159.6 12.39

ACO-12-
42B

12-42b-
32 0.12657 0.00248 0.09547 0.0012 1.66545 0.03139 59 2050.8 34.16 587.8 7.05 995.5 11.96

ACO-12-
42B

12-42b-
33 0.10103 0.00145 0.08929 0.00104 1.24367 0.01815 67 1643.1 26.45 551.4 6.17 820.5 8.21

ACO-12-
42B

12-42b-
34 0.12965 0.00207 0.34057 0.00396 6.08678 0.09629 90 2093.3 27.83 1889.4 19.05 1988.4 13.8

ACO-12-
42B

12-42b-
35 0.06158 0.00132 0.09782 0.00125 0.83049 0.01742 98 659.5 45.14 601.6 7.34 613.9 9.66

ACO-12-
42B

12-42b-
36 0.14705 0.00306 0.37252 0.00501 7.54989 0.15615 88 2311.9 35.29 2041.2 23.55 2178.9 18.54

ACO-12-
42B

12-42b-
37 0.06488 0.00145 0.09605 0.0013 0.85912 0.01895 94 770.4 46.45 591.2 7.62 629.6 10.35

ACO-12-
42B

12-42b-
38 0.05922 0.00244 0.07084 0.0013 0.57833 0.02305 95 575.3 87.17 441.2 7.84 463.4 14.83

ACO-12-
42B

12-42b-
39 0.06106 0.00126 0.09985 0.00126 0.84056 0.01701 99 641.4 43.59 613.5 7.41 619.5 9.39

ACO-12-
42B

12-42b-
40 0.06049 0.00109 0.09298 0.00113 0.77535 0.01388 98 621 38.34 573.1 6.68 582.8 7.94

ACO-12-
42B

12-42b-
41 0.06117 0.00092 0.09985 0.00115 0.84209 0.01271 99 645.3 31.89 613.6 6.74 620.3 7.01

ACO-12-
42B

12-42b-
42 0.17295 0.00253 0.07658 0.0009 1.8262 0.02618 45 2586.4 24.19 475.7 5.39 1054.9 9.41

ACO-12-
42B

12-42b-
43 0.06134 0.00112 0.05828 0.00072 0.49284 0.00901 90 651.3 38.82 365.1 4.41 406.8 6.13

ACO-12-
42B

12-42b-
44 0.05862 0.00093 0.08838 0.00103 0.7142 0.01135 100 552.9 34.23 545.9 6.09 547.2 6.72

ACO-12-
42B

12-42b-
45 0.05869 0.00096 0.09651 0.00113 0.78089 0.01277 101 555.6 35.22 593.9 6.67 586 7.28

ACO-12-
42B

12-42b-
46 0.0599 0.00205 0.08896 0.00137 0.7346 0.02425 98 599.8 72.46 549.4 8.09 559.3 14.19

ACO-12-
42B

12-42b-
47 0.06016 0.00103 0.0919 0.00109 0.76227 0.01303 99 609.4 36.66 566.8 6.46 575.3 7.51

ACO-12-
42B

12-42b-
48 0.11984 0.00224 0.0569 0.00071 0.94001 0.0169 53 1953.9 32.99 356.7 4.35 672.9 8.84

ACO-12-
42B

12-42b-
49 0.06582 0.00107 0.11211 0.00136 1.01737 0.01677 96 800.7 33.81 685 7.87 712.6 8.44

ACO-12-
42B

12-42b-
50 0.06034 0.0014 0.10018 0.00131 0.83345 0.01884 100 615.9 49.17 615.5 7.68 615.5 10.43

ACO-12-
42B

12-42b-
51 0.06913 0.00109 0.08895 0.00106 0.84786 0.0135 88 902.7 32.14 549.3 6.28 623.5 7.42

ACO-12-
42B

12-42b-
52 0.06162 0.00108 0.10205 0.00127 0.86705 0.01541 99 660.9 37.28 626.4 7.45 634 8.38

ACO-12-
42B

12-42b-
53 0.08564 0.0018 0.09174 0.00121 1.08325 0.02218 76 1330 40.21 565.8 7.12 745.2 10.81

ACO-12-
42B

12-42b-
54 0.06608 0.00235 0.11752 0.0019 1.07043 0.03639 97 808.9 72.66 716.3 10.93 739 17.85

ACO-12-
42B

12-42b-
55 0.05587 0.00107 0.05928 0.00073 0.45664 0.00873 97 446.7 41.88 371.2 4.45 381.9 6.09

ACO-12-
42B

12-42b-
56 0.05542 0.00187 0.06305 0.00099 0.48187 0.01579 99 428.7 73.4 394.2 6.01 399.4 10.82

ACO-12-
42B

12-42b-
57 0.10915 0.00167 0.32109 0.00383 4.83246 0.07498 101 1785.3 27.65 1795.1 18.71 1790.6 13.05

ACO-12-
42B

12-42b-
58 0.05781 0.00139 0.06063 0.00079 0.48312 0.01133 95 522.3 52.08 379.4 4.82 400.2 7.75

ACO-12-
42B

12-42b-
59 0.06042 0.00101 0.10117 0.00121 0.84275 0.01419 100 618.6 35.65 621.2 7.09 620.7 7.82

ACO-12-
42B

12-42b-
60 0.06016 0.001 0.10176 0.00122 0.84419 0.0142 101 609.4 35.6 624.7 7.14 621.5 7.82

ACO-12-
42B

12-42b-
61 0.06196 0.00101 0.10482 0.00127 0.89551 0.01488 99 672.6 34.55 642.6 7.43 649.3 7.97

ACO-12-
42B

12-42b-
62 0.067 0.00093 0.10175 0.00119 0.93988 0.01357 93 837.7 28.78 624.6 6.95 672.8 7.1
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ACO-12-
42B

12-42b-
63 0.05593 0.00109 0.07035 0.00087 0.54252 0.01049 100 449.2 42.26 438.3 5.27 440.1 6.9

ACO-12-
42B

12-42b-
64 0.06164 0.00096 0.10472 0.00129 0.89013 0.01441 99 661.8 33.09 642 7.55 646.4 7.74

ACO-12-
42B

12-42b-
65 0.06428 0.00123 0.10032 0.00131 0.88934 0.01721 95 750.9 40.02 616.3 7.65 646 9.25

ACO-12-
42B

12-42b-
66 0.13057 0.00175 0.26514 0.00302 4.77213 0.06586 72 2105.6 23.32 1516.1 15.41 1780 11.59

ACO-12-
42B

12-42b-
67 0.21123 0.00284 0.28288 0.00342 8.23946 0.1148 55 2915 21.62 1605.8 17.2 2257.7 12.62

ACO-12-
42B

12-42b-
68 0.43785 0.00531 0.23095 0.00267 13.9424 0.1793 33 4044.5 17.97 1339.5 13.96 2745.8 12.18

ACO-12-
42B

12-42b-
69 0.12767 0.00185 0.1006 0.00122 1.77089 0.02617 60 2066.2 25.3 617.9 7.16 1034.8 9.59

ACO-12-
42B

12-42b-
70 0.07899 0.00162 0.09042 0.0012 0.98485 0.01992 80 1171.9 39.96 558 7.1 696.1 10.19

ACO-12-
42B

12-42b-
71 0.06481 0.00147 0.11338 0.00149 1.01305 0.0225 97 768.2 47 692.3 8.65 710.4 11.35

ACO-12-
42B

12-42b-
72 0.08216 0.00145 0.06725 0.00084 0.76177 0.01341 73 1249.4 33.94 419.6 5.08 575 7.73

ACO-12-
42B

12-42b-
73 0.06196 0.00122 0.10725 0.00134 0.91615 0.01783 99 672.6 41.46 656.8 7.81 660.3 9.45

ACO-12-
42B

12-42b-
74 0.16976 0.0022 0.22948 0.00266 5.37098 0.07327 52 2555.3 21.5 1331.8 13.96 1880.2 11.68

ACO-12-
42B

12-42b-
75 0.06252 0.00141 0.10137 0.00132 0.87368 0.01932 98 691.9 47.43 622.4 7.74 637.6 10.47

ACO-12-
42B

12-42b-
76 0.06038 0.00213 0.05991 0.00098 0.49875 0.01705 91 617.3 74.43 375.1 5.99 410.9 11.55

ACO-12-
42B

12-42b-
77 0.06198 0.00105 0.11102 0.00135 0.94868 0.0163 100 673.4 35.97 678.7 7.84 677.4 8.49

ACO-12-
42B

12-42b-
78 0.07339 0.00185 0.09552 0.00133 0.96646 0.02359 86 1024.7 50.11 588.1 7.85 686.6 12.18

ACO-12-
42B

12-42b-
79 0.08501 0.00126 0.09966 0.00117 1.16805 0.01766 78 1315.7 28.47 612.4 6.86 785.7 8.27

ACO-12-
42B

12-42b-
80 0.08495 0.00151 0.10067 0.00122 1.17896 0.02082 78 1314.3 34.19 618.3 7.16 790.8 9.7

ACO-12-51 12-51-01 0.14899 0.00195 0.31734 0.00388 6.517 0.09146 76 2334.3 22.25 1776.7 18.97 2048.2 12.35

ACO-12-51 12-51-02 0.07702 0.00162 0.09838 0.00134 1.04473 0.02182 83 1121.8 41.4 604.9 7.84 726.3 10.83

ACO-12-51 12-51-03 0.07424 0.00092 0.17073 0.00197 1.74758 0.02307 97 1048.1 24.88 1016.1 10.87 1026.3 8.53

ACO-12-51 12-51-04 0.06038 0.001 0.09623 0.00117 0.80112 0.01347 99 617.4 35.36 592.3 6.87 597.5 7.59

ACO-12-51 12-51-05 0.06359 0.00088 0.10192 0.00123 0.89352 0.01302 96 728.1 28.93 625.6 7.18 648.3 6.98

ACO-12-51 12-51-06 0.08461 0.00179 0.20593 0.00292 2.40125 0.05074 92 1306.4 40.66 1207.1 15.6 1243 15.15

ACO-12-51 12-51-07 0.06152 0.00122 0.09205 0.00121 0.78061 0.0156 97 657.4 42.03 567.7 7.14 585.8 8.9

ACO-12-51 12-51-08 0.16753 0.00208 0.46958 0.00549 10.84614 0.14281 98 2533.1 20.68 2481.7 24.06 2510 12.24

ACO-12-51 12-51-09 0.06514 0.00126 0.11412 0.00148 1.0247 0.0199 97 778.8 40.03 696.6 8.59 716.3 9.98

ACO-12-51 12-51-10 0.06155 0.00088 0.11076 0.00131 0.93997 0.01393 101 658.7 30.36 677.2 7.58 672.9 7.29

ACO-12-51 12-51-11 0.05899 0.00097 0.06838 0.00085 0.55606 0.00941 95 566.7 35.36 426.4 5.13 449 6.14

ACO-12-51 12-51-12 0.05948 0.00112 0.07039 0.00089 0.57717 0.01096 95 584.6 40.36 438.5 5.38 462.6 7.05

ACO-12-51 12-51-13 0.05721 0.0008 0.06867 0.00081 0.54163 0.00789 97 499.2 30.47 428.1 4.9 439.5 5.19

ACO-12-51 12-51-14 0.05518 0.00115 0.06195 0.00081 0.47119 0.00986 99 419.2 45.4 387.5 4.95 392 6.8

ACO-12-51 12-51-15 0.06214 0.00132 0.08959 0.0012 0.76752 0.01626 96 679.1 44.78 553.1 7.11 578.3 9.34

ACO-12-51 12-51-16 0.05358 0.0014 0.05489 0.00075 0.40544 0.01038 100 353.3 57.99 344.5 4.57 345.6 7.5

ACO-12-51 12-51-17 0.05616 0.00112 0.06099 0.0008 0.47218 0.00945 97 458.3 43.57 381.6 4.85 392.7 6.52

ACO-12-51 12-51-18 0.06988 0.00158 0.06443 0.00088 0.6207 0.01381 82 924.8 45.69 402.5 5.36 490.3 8.65

ACO-12-51 12-51-19 0.07298 0.00147 0.06999 0.00092 0.70421 0.01412 81 1013.5 39.82 436.1 5.55 541.3 8.41

ACO-12-51 12-51-20 0.06351 0.00115 0.10901 0.00138 0.9545 0.01752 98 725.5 37.91 667 8.04 680.4 9.1

ACO-12-51 12-51-21 0.06223 0.00179 0.09702 0.00139 0.83228 0.02295 97 682.1 60.28 596.9 8.16 614.9 12.72
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ACO-12-51 12-51-22 0.0654 0.0021 0.06937 0.00105 0.62547 0.01915 88 787.3 66.09 432.3 6.34 493.3 11.96

ACO-12-51 12-51-23 0.06151 0.00216 0.09837 0.00158 0.83413 0.02797 98 657.2 73.69 604.9 9.3 615.9 15.49

ACO-12-51 12-51-24 0.10871 0.00339 0.28463 0.0044 4.26457 0.126 91 1777.9 55.95 1614.7 22.08 1686.6 24.3

ACO-12-51 12-51-25 0.11431 0.00358 0.30883 0.00488 4.86683 0.14366 93 1869 55.5 1734.9 24.05 1796.5 24.86

ACO-12-51 12-51-26 0.06883 0.00247 0.0648 0.00106 0.61487 0.02087 83 893.7 72.39 404.7 6.43 486.6 13.12

ACO-12-51 12-51-27 0.05822 0.00248 0.0716 0.00128 0.57467 0.02322 97 537.5 91.28 445.8 7.68 461 14.97

ACO-12-51 12-51-28 0.06317 0.00206 0.09862 0.0015 0.85902 0.02663 96 714 67.96 606.3 8.78 629.6 14.54

ACO-12-51 12-51-29 0.09926 0.00231 0.05927 0.00076 0.81112 0.01779 62 1610.3 42.72 371.2 4.62 603.1 9.97

ACO-12-51 12-51-30 0.0597 0.00255 0.06353 0.00115 0.52322 0.02099 93 593.1 89.71 397.1 6.95 427.3 13.99

ACO-12-51 12-51-31 0.08955 0.00153 0.25316 0.00303 3.12571 0.05246 103 1415.8 32.29 1454.7 15.58 1439 12.91

ACO-12-51 12-51-32 0.05157 0.00122 0.06487 0.00086 0.46122 0.01055 105 266.2 53.3 405.2 5.22 385.1 7.33

ACO-12-51 12-51-33 0.05784 0.00101 0.08869 0.00105 0.70713 0.01212 101 523.4 38.15 547.8 6.19 543 7.21

ACO-12-51 12-51-34 0.05164 0.00191 0.06153 0.00102 0.43795 0.01555 104 269.4 82.79 384.9 6.17 368.8 10.98

ACO-12-51 12-51-35 0.05249 0.00199 0.05963 0.00101 0.43129 0.01566 103 306.6 84.28 373.4 6.12 364.1 11.11

ACO-12-51 12-51-36 0.0567 0.00112 0.072 0.00087 0.56266 0.01082 99 479.1 43.41 448.2 5.26 453.3 7.03

ACO-12-51 12-51-37 0.05443 0.00113 0.06584 0.00082 0.49381 0.01005 101 388.8 45.87 411 4.97 407.5 6.83

ACO-12-51 12-51-38 0.05766 0.00103 0.09407 0.00113 0.74744 0.01316 102 516.6 39.03 579.5 6.64 566.7 7.65

ACO-12-51 12-51-39 0.20704 0.00342 0.55581 0.00663 15.85921 0.2596 99 2882.5 26.56 2849.3 27.47 2868.4 15.63

ACO-12-51 12-51-40 0.05991 0.00125 0.09852 0.00123 0.81332 0.01654 100 600.2 44.38 605.7 7.2 604.3 9.26

ACO-12-51 12-51-41 0.05685 0.00111 0.08801 0.00108 0.68941 0.01325 102 484.9 42.74 543.8 6.41 532.4 7.97

ACO-12-51 12-51-42 0.05719 0.00125 0.08941 0.00114 0.70473 0.01515 102 498.5 48.05 552.1 6.72 541.6 9.02

ACO-12-51 12-51-43 0.06099 0.00189 0.0759 0.00117 0.63758 0.01908 94 638.8 65.15 471.6 7.01 500.8 11.83

ACO-12-51 12-51-44 0.1256 0.00228 0.31864 0.00393 5.51531 0.09976 88 2037.3 31.76 1783.1 19.23 1903 15.55

ACO-12-51 12-51-45 0.09987 0.002 0.29155 0.00371 4.01247 0.08004 102 1621.6 36.81 1649.3 18.51 1636.7 16.21

ACO-12-51 12-51-46 0.05433 0.00142 0.06424 0.00087 0.48105 0.01227 101 384.8 57.34 401.4 5.3 398.8 8.41

ACO-12-51 12-51-47 0.07757 0.00262 0.10577 0.00175 1.13061 0.03699 84 1135.8 65.9 648.2 10.21 768 17.63

ACO-12-51 12-51-48 0.06182 0.00167 0.09586 0.00136 0.8169 0.02159 97 668 56.72 590.1 7.98 606.3 12.06

ACO-12-51 12-51-49 0.06158 0.00146 0.09271 0.00124 0.78701 0.01841 97 659.6 50.02 571.5 7.29 589.5 10.46

ACO-12-51 12-51-50 0.06524 0.00248 0.09723 0.00167 0.87458 0.03214 94 782.1 77.93 598.2 9.83 638.1 17.41

ACO-12-51 12-51-51 0.06382 0.00143 0.10217 0.00133 0.89903 0.0197 96 735.8 46.84 627.1 7.79 651.2 10.53

ACO-12-51 12-51-52 0.06485 0.00233 0.08739 0.00147 0.78131 0.02695 92 769.6 73.75 540.1 8.74 586.2 15.36

ACO-12-51 12-51-53 0.09968 0.00416 0.06284 0.00123 0.8636 0.03356 62 1618.1 75.66 392.9 7.49 632.1 18.28

ACO-12-51 12-51-54 0.11018 0.00174 0.2421 0.00292 3.67812 0.05828 78 1802.3 28.42 1397.6 15.14 1566.6 12.65

ACO-12-51 12-51-55 0.07416 0.00112 0.04882 0.00057 0.49909 0.00758 75 1045.7 30.14 307.2 3.49 411.1 5.13

ACO-12-51 12-51-56 0.06102 0.00128 0.10338 0.0013 0.86973 0.01783 100 640 44.4 634.2 7.62 635.4 9.68

ACO-12-51 12-51-57 0.05983 0.00114 0.10023 0.00123 0.82682 0.01554 101 597.5 40.73 615.8 7.2 611.8 8.63

ACO-12-51 12-51-58 0.06131 0.00333 0.09927 0.0022 0.83883 0.04354 99 650 112.43 610.1 12.91 618.5 24.04

ACO-12-51 12-51-59 0.07 0.00183 0.14246 0.00207 1.37478 0.03514 98 928.3 52.7 858.6 11.69 878.2 15.02

ACO-12-51 12-51-60 0.07803 0.00167 0.07536 0.001 0.8107 0.01713 78 1147.7 41.94 468.4 6.01 602.8 9.61

ACO-12-51 12-51-61 0.06159 0.00147 0.10378 0.00139 0.88134 0.02051 99 659.9 50.4 636.5 8.09 641.7 11.07

ACO-12-51 12-51-62 0.08258 0.00189 0.10166 0.00138 1.15755 0.02582 80 1259.3 44.1 624.1 8.05 780.8 12.15

ACO-12-51 12-51-63 0.05951 0.00228 0.07901 0.00135 0.64825 0.02389 97 585.9 81 490.2 8.06 507.4 14.71

ACO-12-51 12-51-64 0.07608 0.00198 0.0607 0.00087 0.63663 0.01618 76 1097.1 51.35 379.9 5.27 500.2 10.04

ACO-12-51 12-51-65 0.08983 0.00213 0.25141 0.00348 3.11348 0.07229 102 1421.8 44.7 1445.7 17.92 1436 17.84

ACO-12-51 12-51-66 0.0774 0.00188 0.19893 0.00269 2.12245 0.04959 103 1131.4 47.52 1169.5 14.44 1156.1 16.12
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ACO-12-51 12-51-67 0.09859 0.0029 0.27015 0.00414 3.67186 0.10449 96 1597.6 53.94 1541.6 21.01 1565.3 22.71

ACO-12-51 12-51-68 0.06156 0.00125 0.10398 0.00128 0.88242 0.01747 99 658.7 42.96 637.7 7.49 642.3 9.43

ACO-12-51 12-51-69 0.06612 0.00323 0.10463 0.00214 0.95391 0.04453 94 810.3 99.01 641.5 12.49 680.1 23.14

ACO-12-51 12-51-70 0.05805 0.00195 0.0697 0.0011 0.55782 0.0181 96 531.3 72.3 434.3 6.65 450.1 11.8

ACO-12-51 12-51-71 0.06084 0.00213 0.10444 0.00168 0.87599 0.02959 100 633.4 73.52 640.4 9.81 638.8 16.02

ACO-12-51 12-51-72 0.06087 0.00143 0.10133 0.00135 0.85043 0.0196 100 634.8 49.83 622.2 7.89 624.9 10.76

ACO-12-51 12-51-73 0.06493 0.00167 0.10018 0.00142 0.89681 0.02257 95 772 53.15 615.5 8.34 650 12.08

ACO-12-51 12-51-74 0.05948 0.00172 0.09297 0.00133 0.76237 0.02136 100 584.8 61.55 573.1 7.87 575.4 12.3

ACO-12-51 12-51-75 0.05958 0.00139 0.09219 0.00124 0.75722 0.01742 99 588.2 49.89 568.5 7.3 572.4 10.07

ACO-12-51 12-51-76 0.0628 0.0014 0.10658 0.00139 0.92278 0.02018 98 701.6 46.73 652.8 8.09 663.8 10.66

ACO-12-51 12-51-77 0.06227 0.00131 0.10999 0.0014 0.94424 0.01955 100 683.3 44.26 672.7 8.15 675.1 10.21

ACO-12-51 12-51-78 0.06316 0.00156 0.12876 0.00178 1.12135 0.02724 102 713.8 51.7 780.8 10.18 763.6 13.04

ACO-12-51 12-51-79 0.12876 0.00228 0.38425 0.00479 6.82106 0.12115 101 2081.1 30.89 2096.1 22.31 2088.5 15.73

ACO-12-51 12-51-80 0.12733 0.00244 0.37337 0.00481 6.55398 0.12514 99 2061.4 33.45 2045.3 22.58 2053.2 16.82
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Sample no. No._# Pb207/Pb206 Pb206/U238 Pb207/U235 Conc Pb207/Pb206 Pb206/U238 Pb207/U235

BH-14-ERG 1 0.06 0.00 0.12 0.00 1.04 0.02 100 733.3 26.42 722.5 9.68 725.3 8.09

BH-14-ERG 2 0.06 0.00 0.12 0.00 1.04 0.02 100 724.4 26.07 726 9.72 725.8 8.01

BH-14-ERG 3 0.06 0.00 0.12 0.00 1.06 0.02 99 761.5 24.93 721.7 9.59 731.7 7.87

BH-14-ERG 4 0.07 0.00 0.12 0.00 1.15 0.02 92 965.9 28.96 711.5 9.8 776.2 9.23

BH-14-ERG 5 0.07 0.00 0.12 0.00 1.21 0.02 91 1011.2 24.51 730.9 10.03 804 8.69

BH-14-ERG 6 0.06 0.00 0.12 0.00 1.05 0.02 100 737.8 30.17 724.4 10.39 727.9 9.16

BH-14-ERG 7 0.06 0.00 0.12 0.00 1.07 0.02 98 771.3 42.31 727.4 11.47 738.6 11.85

BH-14-ERG 8 0.06 0.00 0.12 0.00 1.03 0.02 100 718.3 28.08 721.1 9.99 720.6 8.53

BH-14-ERG 9 0.06 0.00 0.12 0.00 1.07 0.02 99 758.1 30.06 733.7 10.62 740 9.31

BH-14-ERG 10 0.06 0.00 0.12 0.00 1.04 0.02 101 712.8 28.16 730.3 10.33 726.3 8.73

BH-14-ERG 11 0.08 0.00 0.12 0.00 1.32 0.02 87 1158.4 27.43 740 10.25 852.7 9.79

BH-14-ERG 12 0.06 0.00 0.12 0.00 1.06 0.02 100 744.4 28.61 732.4 10.47 735.5 8.98

BH-14-ERG 13 0.06 0.00 0.12 0.00 1.05 0.03 101 706.5 49.15 735.6 10.88 728.5 13

BH-14-ERG 14 0.07 0.00 0.12 0.00 1.08 0.02 99 775.2 29.14 731.5 10.65 742.5 9.29

BH-14-ERG 15 0.06 0.00 0.12 0.00 1.08 0.02 99 763.5 39.88 734.1 10.67 741.3 11.31

BH-14-ERG 16 0.06 0.00 0.12 0.00 1.04 0.02 100 719 28.95 728 10.76 725.7 9.07

BH-14-ERG 17 0.06 0.00 0.12 0.00 1.07 0.02 101 723.7 29.22 740.8 11 736.4 9.25

BH-14-ERG 18 0.06 0.00 0.12 0.00 1.07 0.02 100 736 26.77 739.3 10.74 738.4 8.77

BH-14-ERG 19 0.06 0.00 0.12 0.00 1.07 0.02 100 732.9 32.3 740.6 11.36 738.7 9.98

BH-14-ERG 20 0.06 0.00 0.12 0.00 1.08 0.02 99 756.9 29.13 738.5 11.06 743 9.39

BH-14-ERG 21 0.06 0.00 0.12 0.00 1.06 0.02 100 729.4 25.95 734.2 10.6 732.9 8.56

BH-14-ERG 22 0.07 0.00 0.13 0.00 1.19 0.02 96 879.1 29.07 765.5 11.6 795.1 9.97

BH-14-ERG 23 0.06 0.00 0.12 0.00 1.06 0.02 100 745.3 25.42 731.3 10.45 734.7 8.45

BH-14-ERG 24 0.06 0.00 0.12 0.00 1.05 0.02 100 726.1 28.53 731.4 10.83 730 9.07

BH-14-ERG 25 0.07 0.00 0.12 0.00 1.11 0.02 98 807 31.34 741.1 10.18 757.1 9.38

BH-14-ERG 26 0.07 0.00 0.12 0.00 1.09 0.02 98 802.8 33.9 733.4 11.58 750.8 10.61

BH-14-ERG 27 0.06 0.00 0.12 0.00 1.07 0.02 99 763.1 26.61 732 10.51 739.5 8.71

BH-14-ERG 28 0.07 0.00 0.13 0.00 1.15 0.02 99 806.5 24.13 766.1 10.81 776.3 8.54

BH-14-ERG 29 0.07 0.00 0.13 0.00 1.14 0.02 99 793.5 23.81 767.8 10.84 774.3 8.47

BH-14-ERG 30 0.07 0.00 0.12 0.00 1.12 0.03 94 889.9 44.1 721.6 11.96 763.9 12.97

BH-14-ERG 31 0.06 0.00 0.12 0.00 1.08 0.02 99 765.5 28.12 737.8 10.61 744.5 9.01

BH-14-ERG 32 0.06 0.00 0.12 0.00 1.09 0.02 99 767.2 29.56 742.2 10.81 748.4 9.37

BH-14-ERG 33 0.06 0.00 0.12 0.00 1.08 0.02 100 752 30.38 741 10.44 743.1 9.24

BH-14-ERG 34 0.07 0.00 0.12 0.00 1.10 0.02 98 797.2 29.75 736.3 10.89 751.5 9.54

BH-14-ERG 35 0.08 0.00 0.13 0.00 1.44 0.03 86 1217.9 27.39 781.5 11.15 904.2 10.42

BH-14-ERG 36 0.06 0.00 0.12 0.00 1.08 0.02 99 771.7 26.25 736.2 10.57 744.9 8.71

BH-14-ERG 37 0.06 0.00 0.12 0.00 1.07 0.02 102 693.9 25.93 752.5 10.68 737.7 8.47

BH-14-ERG 38 0.07 0.00 0.12 0.00 1.10 0.02 99 783.3 33.04 743.2 10.5 753.1 9.73

BH-14-ERG 39 0.06 0.00 0.12 0.00 1.07 0.02 100 726.3 30.74 740.5 11.05 736.9 9.56

BH-14-ERG 40 0.07 0.00 0.12 0.00 1.09 0.02 98 794.9 33.8 735.6 11.25 750.4 10.4

BH-14-ERG 41 0.06 0.00 0.12 0.00 1.06 0.02 101 717.4 29.77 736.8 10.86 732 9.31

BH-14-ERG 42 0.07 0.00 0.12 0.00 1.10 0.02 98 798.6 33.82 737.3 11.26 752.6 10.44

BH-14-ERG 43 0.06 0.00 0.12 0.00 1.07 0.02 99 751.9 28.77 735.5 10.56 739.5 9.05

BH-14-ERG 44 0.06 0.00 0.12 0.00 1.08 0.02 99 766.2 28 737.8 10.63 744.8 9.02

BH-14-ERG 45 0.06 0.00 0.12 0.00 1.07 0.02 99 755.9 27.3 730.9 10.39 737 8.74

BH-14-ERG 46 0.07 0.00 0.12 0.00 1.09 0.02 99 783.5 29.24 738.8 10.63 749.9 9.27

BH-14-ERG 47 0.06 0.00 0.12 0.00 1.07 0.02 100 747.2 33.49 737.5 11.1 739.9 10.14

BH-14-ERG 48 0.06 0.00 0.12 0.00 1.09 0.02 99 774 31.91 740.2 10.65 748.6 9.69

BH-14-ERG 49 0.06 0.00 0.12 0.00 1.07 0.02 101 720.6 35.03 742.8 11.27 737.3 10.4

BH-14-ERG 50 0.07 0.00 0.12 0.00 1.09 0.02 99 779.3 32.68 736.7 10.94 747.3 10.06

ACO-13-17 1 0.07 0.00 0.10 0.00 0.95 0.01 91 885.7 31 619.2 7.13 679.5 7.76

ACO-13-17 2 0.06 0.00 0.10 0.00 0.82 0.02 102 564.9 46.08 618.2 8.35 606.9 9.99

ACO-13-17 3 0.06 0.00 0.10 0.00 0.83 0.02 100 600.9 44.08 615.5 8.11 612.6 9.68

ACO-13-17 4 0.13 0.02 0.07 0.00 1.17 0.21 53 2080.7 291.82 418.9 27.58 788.8 98.55

Supplementary Table 2. U-Pb igneous zircon data 



286

Chapter 5 Evolution of the northern Appalachians

ACO-13-17 5 0.06 0.00 0.10 0.00 0.83 0.02 97 688.8 55.23 591.6 8.57 611.8 12.02

ACO-13-17 6 0.09 0.00 0.10 0.00 1.23 0.02 79 1324.9 32.64 639.5 7.65 813.5 9.69

ACO-13-17 7 0.06 0.00 0.10 0.00 0.81 0.02 101 590.6 47.76 609 8.04 605 10.21

ACO-13-17 8 0.06 0.00 0.10 0.00 0.84 0.01 96 712.2 35.73 595 7.02 619.9 8.02

ACO-13-17 9 0.06 0.00 0.10 0.00 0.80 0.02 101 580.7 41.69 599.4 7.33 595.4 8.79

ACO-13-17 10 0.06 0.00 0.10 0.00 0.86 0.02 97 700.6 40.74 608.6 7.54 628.4 9.15

ACO-13-17 11 0.06 0.00 0.10 0.00 0.85 0.04 97 694.2 103.08 605.2 11.91 624.1 22.34

ACO-13-17 12 0.06 0.00 0.10 0.00 0.82 0.02 99 624.8 54.73 601.6 8.28 606.6 11.58

ACO-13-17 13 0.06 0.00 0.10 0.00 0.81 0.01 102 567.6 36.99 615 7.34 604.9 8.04

ACO-13-17 14 0.06 0.00 0.10 0.00 0.80 0.01 101 577.2 34.13 602.1 6.89 596.9 7.34

ACO-13-17 15 0.06 0.00 0.10 0.00 0.82 0.02 101 594.3 43.41 610.3 7.74 607 9.36

ACO-13-17 16 0.06 0.00 0.10 0.00 0.82 0.01 100 617 37.82 605 7.11 607.5 8.19

ACO-13-17 17 0.06 0.00 0.10 0.00 0.82 0.01 99 633.1 34.76 604.3 6.96 610.4 7.63

ACO-13-17 18 0.06 0.00 0.10 0.00 0.88 0.02 96 726.3 45.54 617.6 8.07 641.4 10.44

ACO-13-17 19 0.06 0.00 0.10 0.00 0.84 0.02 100 628.9 49.25 617.8 8.32 619.9 10.82

ACO-13-17 20 0.18 0.00 0.09 0.00 2.31 0.04 48 2631.5 25.19 580 6.76 1214.4 11.04

ACO-13-17 21 0.06 0.00 0.10 0.00 0.84 0.02 96 710.2 37.08 597.4 7.01 621.5 8.29

ACO-13-17 22 0.14 0.00 0.11 0.00 2.00 0.04 58 2197.9 32.5 646.4 8.18 1116.1 13.06

ACO-13-17 23 0.08 0.00 0.10 0.00 1.08 0.02 80 1218.2 30.78 596.5 6.91 744.2 8.56

ACO-13-17 24 0.08 0.00 0.08 0.00 0.94 0.02 78 1216.2 33.64 521.4 6.28 672.1 8.67

ACO-13-17 25 0.06 0.00 0.10 0.00 0.79 0.02 102 545.1 44.65 604.4 7.69 592.1 9.39

ACO-13-17 26 0.06 0.00 0.10 0.00 0.85 0.02 98 678.3 51.88 610.2 8.41 624.8 11.53

ACO-13-17 27 0.06 0.00 0.10 0.00 0.87 0.03 96 720.8 66.33 608.9 8.67 633.5 14.63

ACO-13-17 28 0.06 0.00 0.10 0.00 0.82 0.02 101 590.1 42.09 614.5 7.61 609.4 9.11

ACO-13-17 29 0.06 0.00 0.10 0.00 0.83 0.02 100 615.7 54.25 612.7 8.37 613.3 11.68

ACO-13-17 30 0.06 0.00 0.10 0.00 0.86 0.02 97 700.9 47.17 611.6 7.79 631.1 10.49

ACO-13-21 1 0.05 0.00 0.06 0.00 0.47 0.01 102 345.9 45.87 400.3 4.77 392.3 6.63

ACO-13-21 2 0.06 0.00 0.07 0.00 0.61 0.01 97 559.2 41.97 465.4 5.69 481.5 7.49

ACO-13-21 3 0.06 0.00 0.08 0.00 0.58 0.02 100 471 67.1 466.8 6.72 467.5 11.3

ACO-13-21 4 0.06 0.00 0.07 0.00 0.58 0.02 100 471.9 68.59 466.2 6.84 467.3 11.54

ACO-13-21 5 0.06 0.00 0.07 0.00 0.55 0.02 100 433.6 62.53 443.3 6.03 441.7 10.1

ACO-13-21 6 0.06 0.00 0.07 0.00 0.59 0.02 98 512.8 60.77 464.3 6.27 472.6 10.37

ACO-13-21 7 0.05 0.00 0.06 0.00 0.47 0.01 102 346.2 69.86 395.6 5.45 388.5 9.91

ACO-13-21 8 0.06 0.00 0.09 0.00 0.75 0.02 99 598.3 55.58 563.1 7.64 570.2 11.27

ACO-13-21 9 0.06 0.00 0.08 0.00 0.61 0.01 98 525.9 48.74 471 6.06 480.4 8.58

ACO-13-21 10 0.10 0.00 0.28 0.00 3.79 0.07 100 1587.2 33.49 1592.7 17.51 1590.2 14.73

ACO-13-21 11 0.06 0.00 0.08 0.00 0.75 0.01 92 752.9 41.62 522 6.15 567.2 8.62

ACO-13-21 12 0.06 0.00 0.09 0.00 0.74 0.02 102 526 46 572.9 6.87 563.6 9.06

ACO-13-21 13 0.06 0.00 0.08 0.00 0.63 0.01 104 412.7 41.54 512.2 5.77 494.4 7.25

ACO-13-21 14 0.06 0.00 0.07 0.00 0.59 0.02 99 483.6 77.21 464.4 7.05 467.7 12.98

ACO-13-21 15 0.06 0.00 0.10 0.00 0.86 0.02 98 673.7 43.03 621.3 7.21 632.7 9.37

ACO-13-21 16 0.06 0.00 0.07 0.00 0.57 0.01 101 444.7 44.23 464.4 5.54 461.1 7.45

ACO-13-21 17 0.08 0.00 0.08 0.00 0.86 0.03 81 1082.9 64.41 511.1 7.15 629.7 14.62

ACO-13-21 18 0.06 0.00 0.08 0.00 0.63 0.02 95 618.3 64.97 470.3 6.83 496.3 11.8

ACO-13-21 19 0.06 0.00 0.07 0.00 0.59 0.01 99 498 47.83 464.4 5.76 470.1 8.12

ACO-13-16 1 0.06 0.00 0.04 0.00 0.30 0.00 85 641.6 32.81 226.5 2.91 267.1 3.88

ACO-13-16 2 0.05 0.00 0.06 0.00 0.47 0.01 103 335.9 46.19 404.1 5.46 394 6.97

ACO-13-16 3 0.05 0.00 0.06 0.00 0.47 0.01 101 366.7 40.1 393.8 5.11 389.8 6.1

ACO-13-16 4 0.06 0.00 0.06 0.00 0.48 0.01 99 413.7 63.46 396.3 5.9 398.7 9.58

ACO-13-16 5 0.05 0.00 0.06 0.00 0.48 0.01 101 375.4 66.32 398.8 6.09 395.3 9.82

ACO-13-16 6 0.05 0.00 0.06 0.00 0.47 0.01 101 377.3 45.71 391.1 5.19 389 6.81

ACO-13-16 7 0.05 0.00 0.06 0.00 0.47 0.02 101 374.7 86.86 390.1 6.38 388 12.47

ACO-13-16 8 0.06 0.00 0.06 0.00 0.48 0.01 99 421.7 44.48 390.4 5.07 394.9 6.82

ACO-13-16 9 0.05 0.00 0.06 0.00 0.47 0.01 101 375.5 60.56 395.3 5.76 392.3 8.93
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ACO-13-16 10 0.05 0.00 0.06 0.00 0.48 0.02 100 404.6 73.2 395.3 6.48 396.6 11.01

ACO-13-16 11 0.06 0.00 0.06 0.00 0.48 0.01 99 416.5 44.57 398.1 5.11 400.7 6.9

ACO-13-16 12 0.05 0.00 0.06 0.00 0.46 0.01 101 353.4 43.49 390 5.15 384.7 6.46

ACO-13-16 13 0.05 0.00 0.06 0.00 0.47 0.01 102 352.1 54.49 397.7 5.06 390.9 7.84

ACO-13-16 14 0.05 0.00 0.06 0.00 0.46 0.01 103 320.2 41.13 397.7 4.96 386.4 6.07

ACO-13-16 15 0.06 0.00 0.06 0.00 0.49 0.01 87 733 28.27 353.2 4.14 408.1 4.83

ACO-13-16 16 0.06 0.00 0.06 0.00 0.49 0.01 94 543.7 64.08 379.9 5.99 404 9.93

ACO-13-16 17 0.05 0.00 0.06 0.00 0.46 0.01 101 368.6 33.12 389.2 4.65 386.3 5.03

ACO-13-16 18 0.05 0.00 0.07 0.00 0.47 0.01 104 294.5 49.61 407.3 5.51 390.9 7.29

ACO-13-16 19 0.05 0.00 0.06 0.00 0.46 0.01 104 294.8 67.49 400.9 6.01 385.7 9.63

ACO-13-16 20 0.05 0.00 0.06 0.00 0.47 0.02 101 360.3 78.72 396.2 6.59 391 11.39

ACO-13-16 21 0.05 0.00 0.06 0.00 0.47 0.01 101 369.2 68.42 395 6.12 391.4 9.99

ACO-13-16 22 0.05 0.00 0.06 0.00 0.47 0.01 101 375.3 53.22 396.1 5.52 393.2 7.91

ACO-13-16 23 0.05 0.00 0.06 0.00 0.47 0.01 100 396.7 42.13 392.5 4.82 393.2 6.31

ACO-13-16 24 0.05 0.00 0.06 0.00 0.48 0.01 100 395.5 64.41 395.2 5.71 395.3 9.58

ACO-13-16 25 0.05 0.00 0.06 0.00 0.46 0.01 101 363.5 69.78 391.5 6.1 387.6 10.07

ACO-13-16 26 0.05 0.00 0.06 0.00 0.46 0.02 103 310.9 82.7 397.2 6.71 384.8 11.68

ACO-13-16 27 0.05 0.00 0.06 0.00 0.45 0.02 106 238.9 84.66 395.9 6.63 373.8 11.51

ACO-13-16 28 0.06 0.00 0.06 0.00 0.51 0.02 96 503 74.72 402.5 6.21 417.9 11.59

ACO-13-16 29 0.05 0.00 0.06 0.00 0.45 0.01 103 316.2 64.86 389.8 5.89 379.4 9.13

ACO-13-16 30 0.05 0.00 0.06 0.00 0.48 0.01 100 407.4 58.71 397 5.66 398.6 8.82

ACO-13-16 31 0.05 0.00 0.06 0.00 0.48 0.01 100 405 59.37 398.6 5.21 399.5 8.78

ACO-13-16 32 0.06 0.00 0.06 0.00 0.48 0.01 97 471.6 57.1 385.8 5.24 398.4 8.51

ACO-13-16 33 0.07 0.00 0.06 0.00 0.58 0.01 84 843.8 34.37 389.8 4.67 462.8 6.35

ACO-13-16 34 0.05 0.00 0.06 0.00 0.47 0.01 100 380.1 56.2 389.6 5.43 388.3 8.22

ACO-13-16 35 0.05 0.00 0.06 0.00 0.47 0.01 99 403.3 50.32 387 4.85 389.3 7.38

ACO-13-16 36 0.05 0.00 0.06 0.00 0.47 0.01 100 400.1 67.47 391.3 5.93 392.6 10.03

ACO-13-16 37 0.06 0.00 0.06 0.00 0.48 0.02 98 449.9 76.64 393.1 6.58 401.5 11.47

ACO-13-16 38 0.06 0.00 0.06 0.00 0.48 0.02 99 426.2 74.8 391.6 6.44 396.6 11.12

ACO-13-16 39 0.05 0.00 0.06 0.00 0.45 0.01 100 367.9 54.08 375.6 4.95 374.5 7.57

ACO-13-16 40 0.06 0.00 0.06 0.00 0.47 0.01 99 426.3 60.65 387.3 5.5 392.9 8.97

BH002/003 1 0.06 0.00 0.06 0.00 0.51 0.01 95 535.8 26.57 395.7 5.96 417 5.62

BH002/003 2 0.06 0.00 0.12 0.00 1.06 0.02 99 749 32.43 728.2 10.75 733.3 9.73

BH002/003 3 0.06 0.00 0.10 0.00 0.85 0.01 99 643.7 26.4 616.8 9.01 622.6 7.66

BH002/003 4 0.06 0.00 0.06 0.00 0.51 0.01 94 553.6 40.44 394.6 6.66 418.4 7.6

BH002/003 5 0.12 0.00 0.35 0.01 5.89 0.09 96 1997.1 21.7 1925.5 24.36 1960.1 13.68

BH002/003 6 0.06 0.00 0.07 0.00 0.52 0.01 100 413.1 31.29 424.7 6.68 422.9 6.36

BH002/003 7 0.08 0.00 0.22 0.00 2.53 0.04 102 1262 24.78 1291.8 18.42 1280.6 12.41

BH002/003 8 0.13 0.00 0.39 0.01 7.20 0.12 99 2143.6 22.82 2130.2 26.76 2137 14.5

BH002/003 9 0.07 0.00 0.06 0.00 0.60 0.01 79 999.6 29.69 378.1 5.44 479.5 6.66

BH002/003 10 0.13 0.00 0.34 0.01 6.27 0.10 87 2155.4 20.01 1878.5 24.66 2013.8 13.8

BH002/003 11 0.06 0.00 0.08 0.00 0.69 0.01 94 684.3 27.27 500.6 7.12 534.8 6.77

BH002/003 12 0.07 0.00 0.15 0.00 1.38 0.03 102 841.3 34.95 896.4 13.47 880.6 11.76

BH002/003 13 0.06 0.00 0.10 0.00 0.85 0.02 95 738.1 34.25 595.1 8.79 625.8 8.91

BH002/003 14 0.06 0.00 0.11 0.00 0.94 0.02 97 745.4 34.25 653.4 10.25 674.6 9.79

BH002/003 15 0.24 0.00 0.58 0.01 19.50 0.33 93 3150.2 20.77 2942 35.91 3067.1 16.13

BH002/003 16 0.09 0.00 0.10 0.00 1.28 0.02 76 1416 22.08 637.2 9.07 838.1 8.9

BH002/003 17 0.09 0.00 0.07 0.00 0.78 0.01 69 1359.6 22.55 406.4 5.98 585.5 7.07

BH002/003 18 0.06 0.00 0.10 0.00 0.82 0.02 98 659.7 55.93 591.7 9.38 605.9 12.44

BH002/003 19 0.16 0.00 0.19 0.00 4.11 0.06 47 2417.2 19.36 1124 15.77 1655.7 12.9

BH002/003 20 0.06 0.00 0.06 0.00 0.52 0.01 95 537.5 33.17 404.3 6.53 424.7 6.63

BH002/003 21 0.06 0.00 0.07 0.00 0.50 0.01 99 430.3 28.77 407.8 6.31 411.1 5.9

BH002/003 22 0.06 0.00 0.11 0.00 0.87 0.02 103 580.1 31.49 654.4 9.67 637.9 8.5

BH002/003 23 0.06 0.00 0.07 0.00 0.52 0.01 96 510.6 34.04 407.2 6.55 422.8 6.69

BH002/003 24 0.06 0.00 0.10 0.00 0.87 0.02 100 632.8 36.69 635.2 9.56 634.5 9.41
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BH002/003 25 0.06 0.00 0.10 0.00 0.90 0.02 97 715.4 31.47 631.5 9.71 650 8.96

BH002/003 26 0.11 0.00 0.31 0.00 4.64 0.08 100 1757.7 23.58 1756.4 23.49 1756.7 13.96

BH002/003 27 0.07 0.01 0.00 0.00 0.04 0.00 69 848.8 223.96 26.3 0.86 37.9 4.2

BH-005 1 0.13 0.00 0.36 0.01 6.26 0.10 96 2052.2 22.63 1976.6 24.99 2013 14.05

BH-005 2 0.06 0.00 0.10 0.00 0.86 0.01 99 656.5 29.83 621.9 8.35 629.4 7.76

BH-005 3 0.08 0.00 0.10 0.00 1.05 0.02 84 1114.4 41.44 607.8 8.7 727.2 11.41

BH-005 4 0.06 0.00 0.09 0.00 0.78 0.02 99 603.8 37.34 577.8 8.19 583.1 8.64

BH-005 5 0.06 0.00 0.12 0.00 1.02 0.02 99 725.4 29.45 707.3 9.46 711.8 8.47

BH-005 6 0.06 0.00 0.09 0.00 0.77 0.01 96 682 31.26 554.2 7.88 579.8 7.78

BH-005 7 0.07 0.00 0.10 0.00 0.97 0.02 89 954.5 31.88 610.5 8.99 688.8 9.31

BH-005 8 0.06 0.00 0.09 0.00 0.77 0.02 99 607.5 58.71 574.8 8.9 581.6 12.48

BH-005 9 0.08 0.00 0.07 0.00 0.83 0.03 72 1308 71.95 444.9 8.34 616.3 17.01

BH-005 10 0.06 0.00 0.10 0.00 0.84 0.02 99 636.6 39.38 612.9 9.08 617.9 9.6

BH-005 11 0.06 0.00 0.06 0.00 0.48 0.01 97 465.3 50.36 385.5 6.05 397.2 8.04

BH-005 12 0.06 0.00 0.10 0.00 0.85 0.02 99 647.6 38.16 618.4 8.97 624.8 9.4

BH-005 13 0.06 0.00 0.08 0.00 0.73 0.01 94 684 33.76 524.3 7.89 555.2 8.17

BH-005 14 0.06 0.00 0.09 0.00 0.77 0.02 98 621.1 48.58 569.4 8.66 579.9 10.72

BH-005 15 0.08 0.00 0.07 0.00 0.74 0.02 72 1254 36.9 406.7 6.59 561.8 9.46

BH-005 16 0.06 0.00 0.06 0.00 0.48 0.01 94 550.5 48.35 374.4 6 399.9 8.05

BH-005 17 0.05 0.00 0.07 0.00 0.48 0.01 102 344.5 54.31 407.6 6.31 398.3 8.46

BH-005 18 0.06 0.00 0.06 0.00 0.51 0.01 94 559.5 41 390.1 5.81 415.7 7.28

BH-005 19 0.06 0.00 0.07 0.00 0.52 0.01 98 458.9 33.7 415 6 421.8 6.33

BH-005 20 0.06 0.00 0.08 0.00 0.68 0.01 98 578.3 40.86 513.5 7.81 525.6 8.81

BH-005 21 0.06 0.00 0.07 0.00 0.53 0.01 94 564.9 54.76 408.2 6.92 432.6 9.56

BH-005 22 0.06 0.00 0.09 0.00 0.75 0.01 97 649.4 24.91 549.2 7.95 569.1 6.9

BH-005 23 0.09 0.00 0.08 0.00 1.08 0.02 70 1498.4 22.97 519.1 7.61 744.3 8.54

BH-005 24 0.06 0.00 0.10 0.00 0.84 0.01 98 653.6 26.27 606.5 8.68 616.5 7.46

BH-005 25 0.12 0.00 0.11 0.00 1.76 0.03 63 1948.7 25.1 654.6 9.79 1031.2 11.35

BH-005 26 0.06 0.00 0.08 0.00 0.69 0.01 97 593.1 27.24 517.7 7.5 531.8 6.85

BH-005 27 0.09 0.00 0.08 0.00 1.04 0.02 72 1409.5 25.4 523.3 7.84 724.2 8.9

BH-005 28 0.06 0.00 0.09 0.00 0.78 0.01 95 700.3 29.47 557.2 8.1 586.1 7.73

BH-005 29 0.06 0.00 0.09 0.00 0.75 0.02 100 571.5 58.33 564.2 9.39 565.7 12.39

BH-005 30 0.06 0.00 0.10 0.00 0.90 0.02 97 714.2 40.67 631.3 9.59 649.7 10.34

BH-005 31 0.11 0.00 0.32 0.00 4.82 0.08 101 1780.9 22.63 1795.8 24.25 1788.8 13.97

BH-005 32 0.09 0.00 0.06 0.00 0.77 0.02 67 1422.1 53.59 391.1 6.8 582.5 12.74

BH-005 33 0.06 0.00 0.09 0.00 0.75 0.01 98 614 35.56 555.8 8.11 567.4 8.33

BH-005 34 0.06 0.00 0.09 0.00 0.69 0.01 103 455.3 34.97 549.3 8.21 531.4 7.91

BH-005 35 0.06 0.00 0.10 0.00 0.84 0.02 95 744.2 31.06 586.4 8.63 619.8 8.4

BH-005 36 0.06 0.00 0.09 0.00 0.79 0.02 93 750.2 56.81 548.7 9.52 589.5 12.83

BH-005 37 0.10 0.00 0.21 0.00 2.88 0.05 77 1605.5 27.23 1234.5 17.62 1377 13.59

BH-005 38 0.13 0.00 0.20 0.00 3.61 0.06 56 2110.5 21.67 1176.5 16.52 1552.7 13.11

BH-005 39 0.06 0.00 0.06 0.00 0.49 0.01 98 445.2 50.81 396.6 6.4 403.8 8.36

BH-005 40 0.08 0.00 0.10 0.00 1.11 0.02 78 1279.1 38.7 594.4 9.29 758.7 11.8

BH-005 41 0.06 0.00 0.09 0.00 0.72 0.02 100 552.3 45.61 553.3 8.62 553.1 9.93

BH-005 42 0.09 0.00 0.08 0.00 0.96 0.02 71 1410.7 22.87 481.8 7.15 680.9 8.08

BH-005 43 0.06 0.00 0.09 0.00 0.72 0.01 102 514.1 36.41 561.9 8.45 552.5 8.33

BH-005 44 0.06 0.00 0.06 0.00 0.50 0.01 89 670.6 37.91 370.6 5.73 415.1 7.02

BH-005 45 0.06 0.00 0.08 0.00 0.66 0.01 97 585.1 36.84 498.2 7.62 513.9 8.08

BH-005 46 0.06 0.00 0.09 0.00 0.82 0.01 93 771.4 23.93 563.8 8.19 606.9 7.22

BH-005 47 0.13 0.00 0.37 0.01 6.55 0.10 99 2066.4 20.21 2040 26.75 2053.1 14.02

BH-005 48 0.06 0.00 0.09 0.00 0.73 0.02 100 556.9 54.84 555 8.98 555.3 11.57

BH-005 49 0.20 0.00 0.55 0.01 15.33 0.25 99 2853.2 18.98 2811.5 34.93 2835.8 15.3

BH-005 50 0.06 0.00 0.10 0.00 0.87 0.02 96 726.7 30.39 607.1 9.11 633 8.52

BH-005 51 0.06 0.00 0.09 0.00 0.71 0.01 101 526.7 36.12 547.3 8.22 543.3 8.19

BH-005 52 0.06 0.00 0.09 0.00 0.78 0.02 95 703.8 55.9 557.3 9.27 587 12.49
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BH-005 53 0.08 0.00 0.11 0.00 1.11 0.02 85 1111.4 33.94 646.1 9.55 759.8 10.49

BH-005 54 0.06 0.00 0.11 0.00 0.99 0.02 97 758.5 28.94 681.5 9.97 699.7 8.81

BH-005 55 0.15 0.00 0.44 0.01 9.21 0.17 98 2380.9 25.17 2335.1 32.41 2359.4 17.15

BH-005 56 0.07 0.00 0.09 0.00 0.90 0.02 88 928.9 48.55 577.5 9.42 654.2 12.37

BH-005 57 0.06 0.00 0.11 0.00 0.89 0.02 100 638 39.92 650.9 10.05 647.8 10.25

BH-005 58 0.07 0.00 0.13 0.00 1.34 0.03 93 1025.9 38.57 800.8 11.99 862.7 12.44

BH-005 59 0.13 0.00 0.40 0.01 7.39 0.13 100 2160.5 22.98 2159.1 28.92 2159.7 15.45

BH-005 60 0.08 0.00 0.19 0.00 2.07 0.04 101 1132.4 30.59 1141.9 17.02 1138.5 13.1
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Scherer et al., 2001 - 176Lu decay constant (1.865x10-11)  

Hfi epsilon 1se T(DM) T(DM)   

Sample 
No. No. Hf176/Hf177 1 S.D.

Lu176/
Hf177 Yb176/Hf177

U/Pb 
AGE (Ga) (crustal) Hf Chur (t) Hf DM (t)

12-37 35 0.2825856 7.981E-05 0.0029951 0.0997791 387 0.282564 0.8 2.8 1.00 1.30 0.282541 0.282973

12-37 44 0.2826322 9.413E-05 0.0016552 0.0556247 440 0.282619 3.9 3.3 0.89 1.15 0.282508 0.282934

12-37 61 0.2825632 0.0001161 0.0018234 0.0542532 444 0.282548 1.5 4.1 1.00 1.30 0.282505 0.282931

12-37 47 0.2826205 4.941E-05 0.0009037 0.0343452 545 0.282611 6.0 1.7 0.89 1.10 0.282442 0.282859

12-37 16 0.2820735 0.0001087 0.0014947 0.0418492 632 0.282056 -11.7 3.9 1.68 2.27 0.282387 0.282796

12-37 52 0.2820017 7.399E-05 0.0011434 0.0363569 647 0.281988 -13.8 2.6 1.77 2.41 0.282377 0.282785

12-37 23 0.2821081 0.0001438 0.001696 0.051276 659 0.282087 -10.0 5.1 1.64 2.18 0.282369 0.282776

12-37 13 0.2822526 3.048E-05 0.0007244 0.0269286 691 0.282243 -3.8 1.1 1.40 1.82 0.282350 0.282753

12-37 46 0.2824167 7.666E-05 0.0023693 0.0755185 708 0.282385 1.7 2.7 1.23 1.50 0.282338 0.282740

12-37 53 0.2821758 5.722E-05 0.0014772 0.0548852 715 0.282156 -6.3 2.0 1.54 2.00 0.282334 0.282736

12-37 10 0.2817076 3.421E-05 0.0009724 0.0327839 726 0.281694 -22.4 1.2 2.17 2.99 0.282327 0.282727

12-37 30 0.2826385 0.0002794 0.0011784 0.0303714 742 0.282622 10.8 9.9 0.87 0.95 0.282317 0.282716

 12-37 57 0.282277 6.158E-05 0.0017163 0.0691772 767 0.282252 -1.7 2.2 1.40 1.75 0.282301 0.282698

12-37 18 0.2822038 9.017E-05 0.0008782 0.0284439 783 0.282191 -3.5 3.2 1.47 1.87 0.282291 0.282686

12-37 27 0.2818901 9.461E-05 0.0016283 0.0480548 836 0.281864 -13.9 3.4 1.95 2.55 0.282257 0.282647

12-37 49 0.2822332 4.725E-05 0.0008581 0.0341794 934 0.282218 0.8 1.7 1.43 1.72 0.282194 0.282576

12-37 66 0.2820974 0.0001241 0.0027113 0.0657186 942 0.282049 -5.0 4.4 1.70 2.09 0.282189 0.282570

12-37 8 0.2820138 5.263E-05 0.0008288 0.0236877 970 0.281999 -6.1 1.9 1.74 2.18 0.282171 0.282550

12-37 43 0.2817112 0.0001666 0.0024479 0.0567934 971 0.281666 -17.9 5.9 2.25 2.90 0.282171 0.282549

12-37 50 0.2820816 6.074E-05 0.0007384 0.0256841 984 0.282068 -3.4 2.2 1.64 2.02 0.282163 0.282540

12-37 2 0.2821574 5.609E-05 0.0028822 0.0857217 999 0.282103 -1.8 2.0 1.62 1.94 0.282153 0.282529

12-37 17 0.2821307 0.0001087 0.0012453 0.0351811 1025 0.282107 -1.1 3.9 1.59 1.91 0.282137 0.282510

12-37 69 0.2821656 7.664E-05 0.0008726 0.025402 1053 0.282148 1.0 2.7 1.53 1.80 0.282119 0.282490

12-37 65 0.2821996 0.0001785 0.0022554 0.0718219 1060 0.282155 1.4 6.3 1.54 1.78 0.282114 0.282485

12-37 60 0.2822217 0.0001014 0.0011641 0.0341615 1073 0.282198 3.3 3.6 1.46 1.68 0.282106 0.282475

12-37 15 0.2819757 0.0001399 0.0029399 0.0781258 1154 0.281912 -5.0 5.0 1.89 2.25 0.282054 0.282416

12-37 62 0.2819657 0.000139 0.0011324 0.0333941 1198 0.281940 -3.0 4.9 1.82 2.17 0.282026 0.282383

12-37 9 0.2821171 2.508E-05 0.0005065 0.0202562 1236 0.282105 3.7 0.9 1.58 1.78 0.282001 0.282355

12-37 11 0.2820873 3.676E-05 0.0009608 0.0390489 1263 0.282064 2.9 1.3 1.64 1.86 0.281984 0.282335

12-37 73 0.2819785 0.0001426 0.0016287 0.049164 1363 0.281937 0.6 5.1 1.82 2.07 0.281920 0.282263

12-37 71 0.2818856 6.956E-05 0.0018123 0.0538361 1396 0.281838 -2.2 2.5 1.96 2.26 0.281899 0.282238

12-37 39 0.2816207 7.066E-05 0.0016185 0.0642186 1755 0.281567 -3.6 2.5 2.32 2.63 0.281667 0.281973

12-37 41 0.2814016 8.438E-05 0.000997 0.023563 1834 0.281367 -8.8 3.0 2.59 3.01 0.281616 0.281915

12-37 42 0.2815411 9.068E-05 0.0012423 0.0334185 1892 0.281496 -2.9 3.2 2.41 2.70 0.281578 0.281872

12-37 74 0.2814903 0.00025 0.0040276 0.1096635 1900 0.281345 -8.1 8.9 2.68 3.01 0.281573 0.281866

12-37 78 0.2815821 7.201E-05 0.0014207 0.0467033 1920 0.281530 -1.1 2.6 2.37 2.61 0.281560 0.281851

12-37 80 0.281271 0.0002264 0.0030422 0.0904847 1951 0.281158 -13.5 8.0 2.92 3.37 0.281540 0.281828

12-37 7 0.2810818 3.167E-05 0.0005171 0.0206381 2034 0.281062 -15.1 1.1 2.98 3.52 0.281486 0.281766

12-37 29 0.2812939 0.0001045 0.0006337 0.0133956 2073 0.281269 -6.8 3.7 2.71 3.14 0.281460 0.281737

12-37 34 0.2812742 0.0001111 0.0025329 0.072259 2199 0.281168 -7.5 3.9 2.88 3.28 0.281378 0.281643

33 1 0.2824297 6.774E-05 0.0035835 0.1272305 425 0.282401 -4.1 2.4 1.25 1.64 0.282517 0.282945

33 3 0.2825509 0.0003375 0.0039141 0.1117401 398 0.282522 -0.5 11.9 1.08 1.39 0.282535 0.282965

33 5 0.2825533 8.714E-05 0.0026801 0.084479 399 0.282533 0.0 3.1 1.04 1.37 0.282534 0.282964

33 2 0.2819027 0.0005727 0.0015714 0.0457829 590 0.281885 -18.7 20.3 1.93 2.68 0.282413 0.282826

33 10 0.2824547 8.416E-05 0.0024098 0.0739736 413 0.282436 -3.2 3.0 1.17 1.57 0.282526 0.282954

33 6 0.2820637 0.000156 0.0024456 0.0746209 450 0.282043 -16.2 5.5 1.74 2.38 0.282502 0.282928

33 7 0.2825134 0.0003562 0.0026938 0.0786544 581 0.282484 2.3 12.6 1.09 1.35 0.282419 0.282833

33 14 0.2821249 0.0001225 0.00247 0.0670815 927 0.282082 -4.2 4.3 1.65 2.05 0.282199 0.282581

33 17 0.2820966 0.0001242 0.0008961 0.0289597 955 0.282081 -3.6 4.4 1.62 2.02 0.282181 0.282561

33 19 0.2824263 0.0001929 0.0031622 0.0955676 418 0.282402 -4.3 6.8 1.24 1.62 0.282522 0.282950

33 23 0.2826389 0.0003908 0.002554 0.0744258 620 0.282609 7.6 13.8 0.91 1.03 0.282394 0.282804

Hafnium data tables for detrital zircons
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33 22 0.2821718 8.139E-05 0.0006462 0.0199949 1111 0.282158 2.7 2.9 1.51 1.76 0.282082 0.282447

33 21 0.2814352 8.713E-05 0.0014267 0.041265 2537 0.281366 7.4 3.1 2.57 2.59 0.281157 0.281391

33 28 0.2823711 4.585E-05 0.0008495 0.0308568 589 0.282362 -1.9 1.6 1.24 1.62 0.282414 0.282827

33 27 0.2821297 5.681E-05 0.0008306 0.0232187 958 0.282115 -2.3 2.0 1.58 1.95 0.282179 0.282559

33 35 0.2823647 5.373E-05 0.0022428 0.0745749 719 0.282334 0.1 1.9 1.30 1.55 0.282332 0.282733

33 39 0.2823878 4.072E-05 0.0011376 0.037509 425 0.282379 -4.9 1.4 1.23 1.69 0.282518 0.282945

33 40 0.2810425 6.434E-05 0.0009749 0.0326384 2741 0.280991 -1.1 2.3 3.07 3.29 0.281023 0.281237

33 42 0.2827043 6.086E-05 0.0023041 0.0732871 471 0.282684 6.9 2.2 0.80 0.97 0.282488 0.282912

33 44 0.2826514 0.0001926 0.0022363 0.0574611 512 0.282630 5.9 6.8 0.88 1.08 0.282463 0.282883

33 41 0.2818612 5.602E-05 0.0020491 0.0696303 1669 0.281796 2.6 2.0 2.01 2.22 0.281723 0.282037

33 46 0.2824905 3.52E-05 0.0011419 0.0398389 409 0.282482 -1.6 1.2 1.08 1.49 0.282528 0.282957

30 6 0.2826401 2.661E-05 0.0024625 0.1045134 399 0.282622 3.1 0.9 0.90 1.17 0.282534 0.282964

30 12 0.282524 1.873E-05 0.0008416 0.0298796 522 0.282516 2.1 0.7 1.03 1.32 0.282456 0.282875

30 8 0.2825439 2.169E-05 0.0012892 0.0440071 553 0.282530 3.3 0.8 1.01 1.26 0.282436 0.282853

30 13 0.282361 2.662E-05 0.0021094 0.0789118 600 0.282337 -2.5 0.9 1.30 1.68 0.282407 0.282819

30 18 0.2821647 2.086E-05 0.0005302 0.0190976 1059 0.282154 1.4 0.7 1.52 1.80 0.282115 0.282485

30 19 0.282441 1.792E-05 0.000569 0.0187288 523 0.282435 -0.7 0.6 1.13 1.48 0.282456 0.282875

30 17 0.2827047 2.914E-05 0.0011023 0.0363789 598 0.282692 10.1 1.0 0.78 0.89 0.282408 0.282820

30 23 0.2819812 2.461E-05 0.0007827 0.0302303 1424 0.281960 2.8 0.9 1.78 2.00 0.281881 0.282218

30 21 0.2825004 3.012E-05 0.0010672 0.0424465 418 0.282492 -1.1 1.1 1.07 1.44 0.282522 0.282950

30 25 0.2824818 3.805E-05 0.0012357 0.0484932 480 0.282471 -0.4 1.3 1.10 1.46 0.282483 0.282906

30 24 0.2823495 1.916E-05 0.0007534 0.0299405 604 0.282341 -2.2 0.7 1.27 1.66 0.282404 0.282816

30 26 0.2825122 3.093E-05 0.0007147 0.029527 406 0.282507 -0.8 1.1 1.04 1.42 0.282530 0.282959

30 27 0.282451 3.215E-05 0.0017652 0.0656534 514 0.282434 -1.0 1.1 1.16 1.52 0.282462 0.282881

30 29 0.2825066 3.586E-05 0.0009877 0.035062 542 0.282497 1.9 1.3 1.06 1.36 0.282444 0.282861

30 31 0.2824979 2.894E-05 0.0009278 0.036595 426 0.282490 -0.9 1.0 1.07 1.41 0.282517 0.282945

30 32 0.2826355 4.486E-05 0.0025936 0.0899304 561 0.282608 6.2 1.6 0.91 1.10 0.282432 0.282847

30 35 0.2817361 2.991E-05 0.0005757 0.0212614 1517 0.281720 -3.6 1.1 2.10 2.48 0.281821 0.282149

30 37 0.2825669 3.131E-05 0.0009633 0.0378136 412 0.282560 1.2 1.1 0.97 1.30 0.282526 0.282955

30 40 0.282492 2.86E-05 0.0012602 0.0495163 409 0.282482 -1.6 1.0 1.08 1.47 0.282528 0.282957

30 41 0.282487 4.162E-05 0.0013103 0.0459693 403 0.282477 -1.9 1.5 1.09 1.49 0.282532 0.282962

30 42 0.2825564 6.07E-05 0.0029204 0.1085791 413 0.282534 0.3 2.1 1.04 1.36 0.282525 0.282954

30 45 0.2824436 4.731E-05 0.001545 0.0585551 405 0.282432 -3.5 1.7 1.16 1.59 0.282530 0.282960

30 44 0.2824187 2.672E-05 0.0009447 0.036491 412 0.282411 -4.0 0.9 1.18 1.62 0.282526 0.282955

30 43 0.2823217 2.706E-05 0.0006517 0.0255239 445 0.282316 -6.7 1.0 1.30 1.82 0.282505 0.282931

30 46 0.2825782 3.303E-05 0.0017268 0.0517582 531 0.282561 3.9 1.2 0.97 1.22 0.282451 0.282869

30 48 0.2825703 2.827E-05 0.0010876 0.0405102 411 0.282562 1.3 1.0 0.97 1.29 0.282526 0.282955

30 51 0.2825448 4.215E-05 0.0020757 0.0642072 432 0.282528 0.5 1.5 1.03 1.34 0.282513 0.282940

30 50 0.2823739 4.088E-05 0.0009897 0.0328075 593 0.282363 -1.7 1.4 1.24 1.62 0.282411 0.282824

30 52 0.2819501 2.32E-05 0.0006775 0.0261812 1001 0.281937 -7.6 0.8 1.82 2.31 0.282152 0.282528

30 53 0.2824601 3.097E-05 0.0015835 0.0528907 523 0.282445 -0.4 1.1 1.14 1.48 0.282456 0.282875

30 55 0.2822698 5.307E-05 0.0021391 0.0790059 582 0.282246 -6.1 1.9 1.43 1.88 0.282418 0.282832

30 56 0.2824445 2.914E-05 0.0011564 0.0436265 540 0.282433 -0.4 1.0 1.15 1.50 0.282445 0.282862

30 57 0.2827017 2.055E-05 0.0004612 0.0159023 606 0.282696 10.4 0.7 0.77 0.87 0.282403 0.282815

30 58 0.2822243 4.404E-05 0.0012464 0.0503542 620 0.282210 -6.5 1.6 1.46 1.97 0.282394 0.282804

30 59 0.2826274 4.305E-05 0.0018844 0.0716595 572 0.282607 6.5 1.5 0.91 1.10 0.282425 0.282839

32c 6 0.2824529 3.958E-05 0.001270 0.041905 415 0.282443 -2.9 1.4 1.14 1.56 0.282524 0.282953

32c 7 0.2823988 0.0003494 0.0040054 0.1198388 411 0.282368 -5.6 12.4 1.31 1.73 0.282527 0.282956

32c 10 0.2824822 5.488E-05 0.0011201 0.0390365 394 0.282474 -2.2 1.9 1.09 1.50 0.282537 0.282968

32c 13 0.2825985 7.559E-05 0.0012473 0.0509967 385 0.282589 1.6 2.7 0.93 1.25 0.282543 0.282974

32c 18 0.2821346 3.756E-05 0.0012571 0.0497288 491 0.282123 -12.5 1.3 1.59 2.21 0.282476 0.282898

32c 22 0.2825579 7.496E-05 0.0020075 0.0775694 406 0.282543 0.5 2.7 1.01 1.34 0.282530 0.282959

32c 24 0.2825806 3.859E-05 0.0009078 0.0298567 459 0.282573 2.7 1.4 0.95 1.24 0.282496 0.282921
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32c 30 0.2821985 4.654E-05 0.0006154 0.0247523 469 0.282193 -10.5 1.6 1.47 2.07 0.282490 0.282914

32c 31 0.2824979 7.9E-05 0.0016208 0.0568091 414 0.282485 -1.4 2.8 1.09 1.46 0.282524 0.282953

32c 43 0.2825882 4.484E-05 0.0016644 0.054329 495 0.282573 3.5 1.6 0.96 1.22 0.282473 0.282895

32c 49 0.2826083 9.879E-05 0.0022788 0.0913216 344 0.282594 0.9 3.5 0.94 1.26 0.282569 0.283004

32c 51 0.2824892 4.001E-05 0.0014039 0.0565105 352 0.282480 -3.0 1.4 1.09 1.51 0.282564 0.282998

32c 58 0.2824969 5.437E-05 0.0010896 0.0423448 493 0.282487 0.4 1.9 1.07 1.41 0.282475 0.282896

32c 60 0.2826767 0.0001057 0.0013859 0.0551691 409 0.282666 4.9 3.7 0.82 1.06 0.282528 0.282957

32c 63 0.2825196 5.515E-05 0.000484 0.0155892 378 0.282516 -1.1 2.0 1.02 1.42 0.282547 0.282979

32c 64 0.2826314 3.845E-05 0.0009202 0.0344334 449 0.282624 4.3 1.4 0.88 1.13 0.282502 0.282928

32c 65 0.2824665 4.55E-05 0.0012133 0.0534593 404 0.282457 -2.6 1.6 1.12 1.53 0.282531 0.282961

32c 66 0.2824035 5.916E-05 0.0022279 0.0828057 424 0.282386 -4.7 2.1 1.24 1.68 0.282518 0.282946

32c 67 0.282462 4.755E-05 0.0011195 0.0420789 415 0.282453 -2.5 1.7 1.12 1.53 0.282524 0.282952

32c 69 0.2824501 3.911E-05 0.0008202 0.0333939 414 0.282444 -2.9 1.4 1.13 1.57 0.282525 0.282953

32c 71 0.2819221 6.662E-05 0.0011578 0.0383817 475 0.281912 -20.3 2.4 1.88 2.71 0.282486 0.282910

12-42b
12-42b-

11 0.2825521 3.056E-05 0.0013454 0.057242 359 0.282543 -0.6 1.1 1.00 1.37 0.282559 0.282993

12-42b
12-42b-

29 0.2825745 3.784E-05 0.0016606 0.0714702 363 0.282563 0.2 1.3 0.98 1.32 0.282557 0.282990

12-42b
12-42b-

55 0.2824456 2.553E-05 0.0012345 0.0513587 371 0.282437 -4.1 0.9 1.15 1.60 0.282552 0.282984

12-42b
12-42b-

58 0.2824661 2.397E-05 0.0011953 0.0501488 379 0.282458 -3.1 0.8 1.12 1.55 0.282546 0.282978

12-42b
12-42b-

04 0.2824525 3.155E-05 0.0008754 0.0323315 392 0.282446 -3.3 1.1 1.13 1.56 0.282539 0.282969

12-42b
12-42b-

56 0.2825638 3.727E-05 0.0018428 0.0734481 394 0.282550 0.5 1.3 1.00 1.33 0.282537 0.282968

12-42b
12-42b-

63 0.2825754 3.076E-05 0.0010074 0.0450742 438 0.282567 2.0 1.1 0.96 1.26 0.282509 0.282936

12-42b
12-42b-

38 0.2825356 2.85E-05 0.0006865 0.0290194 441 0.282530 0.8 1.0 1.01 1.34 0.282507 0.282934

12-42b
12-42b-

19 0.282432 4.92E-05 0.0022804 0.0886253 514 0.282410 -1.8 1.7 1.20 1.57 0.282461 0.282881

12-42b
12-42b-

07 0.2825605 2.679E-05 0.0005756 0.0228553 525 0.282555 3.6 0.9 0.97 1.24 0.282454 0.282873

12-42b
12-42b-

30 0.2824238 2.603E-05 0.0009972 0.0399082 545 0.282414 -1.0 0.9 1.17 1.54 0.282441 0.282858

12-42b
12-42b-

52 0.2825259 2.763E-05 0.0012976 0.0493442 626 0.282511 4.3 1.0 1.04 1.27 0.282390 0.282800

12-42b
12-42b-

64 0.2822291 3.064E-05 0.0005968 0.0181137 642 0.282222 -5.6 1.1 1.43 1.90 0.282380 0.282788

12-42b
12-42b-

61 0.2824781 3.705E-05 0.0012106 0.0471776 643 0.282463 3.0 1.3 1.10 1.37 0.282380 0.282788

12-42b
12-42b-

73 0.2819245 2.575E-05 0.0007724 0.029689 657 0.281915 -16.1 0.9 1.86 2.56 0.282371 0.282778

12-42b
12-42b-

77 0.2824495 2.287E-05 0.0006764 0.0259873 679 0.282441 3.0 0.8 1.13 1.39 0.282357 0.282762

12-42b
12-42b-

49 0.2820927 9.468E-05 0.0019644 0.0717356 685 0.282067 -10.1 3.4 1.68 2.21 0.282353 0.282757

12-42b
12-42b-

71 0.2826649 2.949E-05 0.0011577 0.0365817 692 0.282650 10.7 1.0 0.84 0.92 0.282348 0.282752

12-42b
12-42b-

54 0.2827573 2.724E-05 0.0005746 0.0250506 716 0.282750 14.7 1.0 0.69 0.68 0.282333 0.282735

12-42b
12-42b-

08 0.2820145 2.998E-05 0.0011297 0.0437012 1324 0.281986 1.5 1.1 1.75 1.98 0.281945 0.282291

12-42b
12-42b-

57 0.2815415 2.294E-05 0.0005914 0.0218227 1785 0.281521 -4.5 0.8 2.37 2.70 0.281647 0.281951

12-42b
12-42b-

23 0.2816329 2.416E-05 0.000995 0.0378976 1996 0.281595 3.0 0.9 2.27 2.42 0.281511 0.281795

12-42b
12-42b-

14 0.2815903 1.968E-05 0.000416 0.0150941 2075 0.281574 4.1 0.7 2.29 2.44 0.281459 0.281736

12-42b
12-42b-

05 0.2815115 2.038E-05 8.249E-05 0.0042988 2113 0.281508 2.6 0.7 2.38 2.57 0.281435 0.281708

12-43
1 2 - 4 3 -

69 0.2825423 1.916E-05 0.0009526 0.036789 358 0.282536 -0.9 0.7 1.00 1.39 0.282560 0.282994
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12-43
1 2 - 4 3 -

12 0.2826 2.834E-05 0.0012636 0.051024 358 0.282592 1.1 1.0 0.93 1.26 0.282560 0.282994

12-43
1 2 - 4 3 -

06 0.282566 3.265E-05 0.002032 0.081173 359 0.282552 -0.3 1.2 1.00 1.35 0.282560 0.282993

12-43
1 2 - 4 3 -

76 0.2825365 2.803E-05 0.0019385 0.0723395 360 0.282523 -1.3 1.0 1.04 1.41 0.282559 0.282993

12-43
1 2 - 4 3 -

09 0.2825604 2.762E-05 0.0008835 0.0412907 361 0.282554 -0.1 1.0 0.98 1.34 0.282558 0.282992

12-43
1 2 - 4 3 -

27 0.2825775 3.123E-05 0.0018025 0.0711035 361 0.282565 0.3 1.1 0.98 1.32 0.282558 0.282992

12-43
1 2 - 4 3 -

04 0.2825818 5.526E-05 0.00151 0.0695244 362 0.282572 0.5 2.0 0.96 1.30 0.282558 0.282991

12-43
1 2 - 4 3 -

30 0.2825381 7.025E-05 0.0032952 0.0968719 362 0.282516 -1.5 2.5 1.08 1.43 0.282557 0.282991

12-43
1 2 - 4 3 -

62 0.2824901 1.985E-05 0.0004538 0.0193406 364 0.282487 -2.4 0.7 1.06 1.49 0.282556 0.282990

12-43
1 2 - 4 3 -

20 0.2825533 3.065E-05 0.0014114 0.0554213 365 0.282544 -0.4 1.1 1.00 1.36 0.282556 0.282989

12-43
1 2 - 4 3 -

26 0.2825815 3.273E-05 0.0018662 0.072707 366 0.282569 0.5 1.2 0.97 1.31 0.282555 0.282988

12-43
1 2 - 4 3 -

07 0.2825165 2.963E-05 0.0006001 0.0241728 366 0.282512 -1.5 1.0 1.03 1.43 0.282555 0.282988

12-43
1 2 - 4 3 -

65 0.2824958 7.148E-05 0.002063 0.0642689 367 0.282482 -2.6 2.5 1.10 1.50 0.282554 0.282987

12-43
1 2 - 4 3 -

58 0.2825323 2.96E-05 0.0015565 0.060853 367 0.282522 -1.1 1.0 1.03 1.41 0.282554 0.282987

12-43
1 2 - 4 3 -

08 0.2825652 2.349E-05 0.0013267 0.0529026 369 0.282556 0.1 0.8 0.98 1.33 0.282553 0.282986

12-43
1 2 - 4 3 -

46 0.2826158 8.186E-05 0.0026544 0.1186753 370 0.282597 1.6 2.9 0.94 1.24 0.282552 0.282985

12-43
1 2 - 4 3 -

71 0.2824636 4.119E-05 0.0020504 0.0827773 371 0.282449 -3.6 1.5 1.15 1.57 0.282552 0.282984

12-43
1 2 - 4 3 -

49 0.2825909 3.013E-05 0.0016539 0.0644561 374 0.282579 1.0 1.1 0.95 1.28 0.282550 0.282983

12-43
1 2 - 4 3 -

39 0.2825693 3.186E-05 0.0022628 0.0903718 374 0.282553 0.1 1.1 1.00 1.34 0.282550 0.282982

12-43
1 2 - 4 3 -

47 0.2825722 3.138E-05 0.0014827 0.0612297 377 0.282562 0.5 1.1 0.98 1.32 0.282548 0.282980

12-43
1 2 - 4 3 -

52 0.2824716 2.367E-05 0.0011756 0.0482343 377 0.282463 -3.0 0.8 1.11 1.53 0.282548 0.282980

12-43
1 2 - 4 3 -

40 0.2825476 3.182E-05 0.0013903 0.0558277 381 0.282538 -0.3 1.1 1.01 1.37 0.282546 0.282978

12-43
1 2 - 4 3 -

22 0.2825414 3.241E-05 0.0018552 0.0679882 388 0.282528 -0.5 1.1 1.03 1.38 0.282541 0.282972

12-43
1 2 - 4 3 -

50 0.2825439 3.271E-05 0.0015851 0.068896 391 0.282532 -0.2 1.2 1.02 1.37 0.282539 0.282970

12-43
1 2 - 4 3 -

48 0.2825004 2.101E-05 0.0004431 0.016658 391 0.282497 -1.5 0.7 1.05 1.45 0.282539 0.282970

12-43
1 2 - 4 3 -

64 0.2824793 2.621E-05 0.0005943 0.0262569 417 0.282475 -1.7 0.9 1.08 1.48 0.282523 0.282951

12-43
1 2 - 4 3 -

43 0.2816623 2.107E-05 0.0003284 0.0116583 427 0.281660 -30.3 0.7 2.19 3.24 0.282517 0.282944

12-43
1 2 - 4 3 -

74 0.2821589 3.026E-05 0.0008473 0.0265994 639 0.282149 -8.3 1.1 1.54 2.06 0.282382 0.282791

12-43
1 2 - 4 3 -

56 0.2822049 3.477E-05 0.0015042 0.0635734 642 0.282187 -6.9 1.2 1.50 1.97 0.282381 0.282789

12-43
1 2 - 4 3 -

51 0.2823218 3.672E-05 0.0014522 0.0560219 686 0.282303 -1.7 1.3 1.33 1.68 0.282352 0.282756

12-43
1 2 - 4 3 -

38 0.2820545 2.684E-05 0.0010682 0.0434346 773 0.282039 -9.1 1.0 1.69 2.21 0.282297 0.282693

12-43
1 2 - 4 3 -

19 0.2817503 1.972E-05 0.0005483 0.0207839 1029 0.281740 -14.0 0.7 2.08 2.70 0.282134 0.282507

12-43
1 2 - 4 3 -

79 0.2817265 3.503E-05 0.0017049 0.0591774 1041 0.281693 -15.3 1.2 2.18 2.79 0.282126 0.282498

12-43
1 2 - 4 3 -

33 0.2821655 2.411E-05 0.0001006 0.0044722 1162 0.282163 4.1 0.9 1.50 1.70 0.282049 0.282410

12-43
1 2 - 4 3 -

68 0.2821061 1.748E-05 0.0004998 0.0191364 1209 0.282095 2.7 0.6 1.59 1.81 0.282019 0.282376

12-43
1 2 - 4 3 -

60 0.2819443 2.764E-05 0.0007215 0.0287589 1520 0.281924 3.7 1.0 1.83 2.00 0.281819 0.282147
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12-43
1 2 - 4 3 -

67 0.2813283 1.783E-05 0.0004408 0.0167825 2021 0.281311 -6.5 0.6 2.65 3.01 0.281494 0.281776

12-43
1 2 - 4 3 -

05 0.2815128 1.753E-05 0.0004109 0.0113389 2041 0.281497 0.5 0.6 2.40 2.60 0.281482 0.281761

12-43
1 2 - 4 3 -

37 0.2814496 1.678E-05 0.0003561 0.0135396 2076 0.281436 -0.8 0.6 2.48 2.76 0.281458 0.281735

12-43
1 2 - 4 3 -

57 0.2810356 2.481E-05 0.0006025 0.0257557 2427 0.281008 -7.9 0.9 3.05 3.48 0.281229 0.281473

12-51
1 2 - 5 1 -

16 0.2825111 8.082E-05 0.0011443 0.0399261 345 0.282504 -2.3 2.9 1.05 1.46 0.282568 0.283003

12-51
1 2 - 5 1 -

17 0.2825492 4.206E-05 0.0013823 0.0554469 382 0.282539 -0.2 1.5 1.01 1.36 0.282545 0.282977

12-51
1 2 - 5 1 -

46 0.2827297 4.188E-05 0.0008941 0.0322719 401 0.282723 6.7 1.5 0.74 0.94 0.282533 0.282962

12-51
1 2 - 5 1 -

37 0.2824972 3.833E-05 0.0011204 0.044199 411 0.282489 -1.3 1.4 1.07 1.46 0.282526 0.282956

12-51
1 2 - 5 1 -

11 0.2824601 4.358E-05 0.0018173 0.0602294 426 0.282446 -2.5 1.5 1.15 1.54 0.282517 0.282944

12-51
1 2 - 5 1 -

13 0.2824124 5.297E-05 0.0013086 0.0470046 428 0.282402 -4.0 1.9 1.20 1.64 0.282516 0.282943

12-51
1 2 - 5 1 -

70 0.2823881 4.271E-05 0.0006508 0.0259856 434 0.282383 -4.6 1.5 1.21 1.68 0.282512 0.282939

12-51
1 2 - 5 1 -

12 0.2823818 5.789E-05 0.0013473 0.0536086 439 0.282371 -4.9 2.1 1.24 1.70 0.282509 0.282936

12-51
1 2 - 5 1 -

36 0.2823941 4.646E-05 0.0016457 0.0596044 448 0.282380 -4.3 1.6 1.23 1.67 0.282503 0.282929

12-51
1 2 - 5 1 -

41 0.2823197 4.926E-05 0.0012456 0.0466191 544 0.282307 -4.8 1.7 1.33 1.77 0.282442 0.282860

12-51
1 2 - 5 1 -

33 0.2824413 8.93E-05 0.00201 0.0632337 548 0.282421 -0.7 3.2 1.18 1.52 0.282440 0.282857

12-51
1 2 - 5 1 -

42 0.2824502 4.097E-05 0.0010114 0.0403602 552 0.282440 0.1 1.5 1.13 1.48 0.282437 0.282854

12-51
1 2 - 5 1 -

49 0.2823945 4.186E-05 0.0020775 0.0780237 572 0.282372 -1.9 1.5 1.25 1.61 0.282425 0.282840

12-51
1 2 - 5 1 -

74 0.2825631 5.588E-05 0.0010806 0.034822 573 0.282552 4.5 2.0 0.98 1.21 0.282424 0.282838

12-51
1 2 - 5 1 -

48 0.2821647 4.793E-05 0.0007048 0.0233007 590 0.282157 -9.1 1.7 1.52 2.07 0.282413 0.282826

12-51
1 2 - 5 1 -

04 0.2825244 4.635E-05 0.0007952 0.0296996 592 0.282516 3.7 1.6 1.02 1.28 0.282412 0.282824

12-51
1 2 - 5 1 -

40 0.282593 7.285E-05 0.0018261 0.0555071 606 0.282572 6.0 2.6 0.95 1.15 0.282403 0.282815

12-51
1 2 - 5 1 -

72 0.2825331 5.349E-05 0.0015327 0.0502911 622 0.282515 4.3 1.9 1.03 1.26 0.282393 0.282803

12-51
1 2 - 5 1 -

56 0.2824102 4.515E-05 0.0015429 0.0522308 634 0.282392 0.2 1.6 1.21 1.53 0.282385 0.282794

12-51
1 2 - 5 1 -

71 0.2821113 8.428E-05 0.0005407 0.015541 640 0.282105 -9.8 3.0 1.59 2.16 0.282381 0.282790

12-51
1 2 - 5 1 -

77 0.2822596 4.324E-05 0.0006528 0.0219865 673 0.282251 -3.9 1.5 1.39 1.82 0.282361 0.282766

12-51
1 2 - 5 1 -

10 0.2821817 8.992E-05 0.0005854 0.0169935 677 0.282174 -6.5 3.2 1.49 1.98 0.282358 0.282763

12-51
1 2 - 5 1 -

09 0.2826515 3.926E-05 0.0002186 0.0067066 697 0.282649 10.7 1.4 0.83 0.92 0.282346 0.282749

12-51
1 2 - 5 1 -

78 0.2821091 3.432E-05 0.0008502 0.0282811 781 0.282097 -6.9 1.2 1.60 2.06 0.282292 0.282688

12-51
1 2 - 5 1 -

03 0.2821331 3.622E-05 0.0001523 0.0055969 1048 0.282130 0.3 1.3 1.54 1.83 0.282122 0.282493

12-51
1 2 - 5 1 -

65 0.2820818 9.547E-05 0.0014745 0.0546495 1422 0.282042 5.7 3.4 1.67 1.80 0.281882 0.282219

12-51
1 2 - 5 1 -

67 0.2817766 4.547E-05 0.000985 0.0380987 1598 0.281747 -0.8 1.6 2.07 2.33 0.281769 0.282090

12-51
1 2 - 5 1 -

80 0.2816177 5.584E-05 0.0007777 0.0226398 2061 0.281587 4.2 2.0 2.28 2.40 0.281468 0.281746

12-51
1 2 - 5 1 -

79 0.2815541 4.114E-05 0.0001753 0.0066096 2081 0.281547 3.3 1.5 2.33 2.47 0.281455 0.281731

12-51
1 2 - 5 1 -

08 0.2811729 4.517E-05 0.0004918 0.0183225 2533 0.281149 -0.4 1.6 2.86 3.09 0.281160 0.281393
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12-51
1 2 - 5 1 -

39 0.2808941 5.968E-05 0.0015482 0.0496382 2883 0.280809 -4.3 2.1 3.32 3.61 0.280929 0.281130

56b 56B_3 0.2825352 5.045E-05 0.0018402 0.0701485 371 0.282522 -1.0 1.8 1.04 1.41 0.282551 0.282984

56b 56B_5 0.2825555 3.111E-05 0.0011613 0.0402477 369 0.282548 -0.2 1.1 0.99 1.35 0.282553 0.282986

56b
 
56B_31 0.2825362 4.769E-05 0.0028041 0.0880515 358 0.282517 -1.5 1.7 1.06 1.41 0.282560 0.282994

56b 56B_40 0.2825265 2.222E-05 0.0012632 0.0498223 396 0.282517 -0.7 0.8 1.03 1.41 0.282536 0.282966

56b 56B_47 0.2826306 1.948E-05 0.0005605 0.0198809 767 0.282623 11.4 0.7 0.87 0.94 0.282301 0.282698

56b 56B_51 0.2825267 2.47E-05 0.0010297 0.0380795 339 0.282520 -1.8 0.9 1.03 1.44 0.282572 0.283008

44a 150 0.2825563 2.147E-05 0.0004488 0.0150873 308 0.282554 -1.3 0.8 0.97 1.38 0.282591 0.283030

44a 44a-17 0.282569 3.953E-05 0.0011653 0.0506029 312 0.282562 -0.9 1.4 0.97 1.35 0.282589 0.283027

44a 123 0.2824852 3.057E-05 0.0010826 0.0522473 384 0.282477 -2.3 1.1 1.09 1.50 0.282543 0.282975

44a 158 0.2824382 2.372E-05 0.0007007 0.0263178 388 0.282433 -3.8 0.8 1.14 1.59 0.282541 0.282972

44a 128 0.2824448 4.12E-05 0.0017445 0.0680236 393 0.282432 -3.7 1.5 1.17 1.59 0.282538 0.282969

44a 129 0.2824597 5.745E-05 0.0014724 0.0506813 404 0.282449 -2.9 2.0 1.14 1.55 0.282531 0.282961

44a 132 0.282429 5.652E-05 0.001736 0.0584825 407 0.282416 -4.0 2.0 1.19 1.62 0.282529 0.282958

44a 125 0.2824633 2.313E-05 0.0008535 0.0289998 411 0.282457 -2.5 0.8 1.11 1.53 0.282526 0.282956

44a 142 0.2825721 2.984E-05 0.0011285 0.0493624 411 0.282563 1.3 1.1 0.97 1.29 0.282526 0.282955

44a 44a-27 0.2824536 2.564E-05 0.0010683 0.0375311 417 0.282445 -2.7 0.9 1.13 1.55 0.282523 0.282951

44a 146 0.2825202 6.747E-05 0.0028957 0.0944666 424 0.282497 -0.8 2.4 1.09 1.43 0.282519 0.282946

44a 140 0.2825357 5.544E-05 0.0020145 0.0654373 426 0.282520 0.1 2.0 1.04 1.38 0.282517 0.282945

44a 138 0.2824496 2.002E-05 0.0008777 0.0302981 432 0.282443 -2.5 0.7 1.13 1.55 0.282513 0.282940

44a 44a-45 0.2825578 2.089E-05 0.0013302 0.0498722 444 0.282547 1.4 0.7 0.99 1.31 0.282506 0.282932

44a 44a-13 0.282631 0.0001033 0.0034933 0.1142507 444 0.282602 3.4 3.7 0.94 1.18 0.282506 0.282932

44a 44a-10 0.2824253 3.45E-05 0.001387 0.0445208 446 0.282414 -3.2 1.2 1.18 1.60 0.282504 0.282930

44a 44a-35 0.2824311 2.792E-05 0.001115 0.0451092 447 0.282422 -2.9 1.0 1.16 1.58 0.282504 0.282930

44a 44a-25 0.2825852 2.306E-05 0.0003885 0.0153255 451 0.282582 2.9 0.8 0.93 1.22 0.282501 0.282927

44a 135 0.2824723 2.268E-05 0.0011485 0.0431066 452 0.282463 -1.3 0.8 1.11 1.49 0.282500 0.282926

44a 44a-24 0.282478 4.686E-05 0.0008633 0.0302654 455 0.282471 -1.0 1.7 1.09 1.47 0.282499 0.282924

44a 44a-2 0.282499 3.755E-05 0.0013774 0.0613203 457 0.282487 -0.4 1.3 1.08 1.43 0.282497 0.282922

44a 44a-53 0.2825343 2.672E-05 0.0012225 0.050086 459 0.282524 1.0 0.9 1.02 1.35 0.282496 0.282921

44a 44a-86 0.2824824 1.973E-05 0.0006808 0.0259442 462 0.282477 -0.6 0.7 1.08 1.45 0.282494 0.282919

44a 44a-85 0.2820447 2.061E-05 0.0008862 0.0273531 496 0.282036 -15.4 0.7 1.70 2.39 0.282473 0.282894

44a 44a-98 0.2823607 2.421E-05 0.0010402 0.0415272 549 0.282350 -3.2 0.9 1.26 1.67 0.282439 0.282856

44a 44a-80 0.2824926 5.163E-05 0.0020713 0.0819737 561 0.282471 1.4 1.8 1.11 1.40 0.282432 0.282847

44a 44a-44 0.2825907 2.211E-05 0.0009065 0.0348091 640 0.282580 7.0 0.8 0.93 1.11 0.282381 0.282790

44a 44a-54 0.2824262 1.755E-05 0.000916 0.0313219 642 0.282415 1.2 0.6 1.17 1.47 0.282381 0.282789

44a 44a-43 0.2824526 2.178E-05 0.0009928 0.0305516 652 0.282440 2.4 0.8 1.13 1.41 0.282374 0.282781

44a 44a-30 0.2825565 3.626E-05 0.0027469 0.1003992 661 0.282522 5.5 1.3 1.03 1.22 0.282368 0.282774

44a 44a-28 0.282529 3.235E-05 0.0021483 0.0716141 679 0.282502 5.1 1.1 1.06 1.25 0.282357 0.282761

44a 44a-75 0.2822557 3.63E-05 0.0012456 0.0404308 696 0.282239 -3.8 1.3 1.42 1.81 0.282346 0.282749

44a 44a-40 0.282238 2.29E-05 0.0006651 0.0276169 1037 0.282225 3.4 0.8 1.42 1.67 0.282129 0.282501

44a 44a-51 0.2821598 2.015E-05 0.0006465 0.0244492 1213 0.282145 4.6 0.7 1.53 1.73 0.282016 0.282373

20 20_43 0.282352 0.000011 0.000905 0.0396092 545 0.2823428 -3.505 0.39 1.269 1.612 0.2824417 0.2828587

20 20_11 0.282135 0.000016 0.0011401 0.0538385 575 0.2821227 -10.624 0.567 1.581 2.159 0.2824227 0.282837

20 20_72 0.282389 0.0000069 0.001317 0.0633386 585 0.2823746 -1.482 0.244 1.231 1.553 0.2824164 0.2828298

20 20_14 0.282226 0.0000095 0.0009449 0.0384846 593 0.2822155 -6.935 0.337 1.446 1.854 0.2824113 0.282824

20 20_30 0.282631 0.000011 0.001746 0.0794413 604 0.2826112 7.325 0.389 0.898 1.038 0.2824044 0.282816

20 20_30 0.282631 0.000011 0.001746 0.0794413 604 0.2826112 7.325 0.389 0.898 1.038 0.2824044 0.282816

20 20_25 0.28189 0.0000073 0.0004092 0.0184138 622 0.2818852 -17.98 0.259 1.886 2.613 0.282393 0.282803

20 20_60 0.282405 0.0000088 0.0017336 0.0716185 637 0.2823843 0.029 0.312 1.222 1.544 0.2823835 0.2827921

20 20_24 0.282503 0.00001 0.0005072 0.0228132 658 0.2824967 4.484 0.354 1.047 1.274 0.2823701 0.2827769

20 20_65 0.282731 0.000009 0.0007791 0.0359503 683 0.282721 12.989 0.318 0.735 0.766 0.2823543 0.2827587

20 20_63 0.282478 0.0000092 0.0004656 0.0204897 700 0.2824719 4.548 0.326 1.08 1.313 0.2823435 0.2827464
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20 20_62 0.282686 0.000013 0.0035294 0.149497 761 0.2826356 11.719 0.46 0.86 0.904 0.2823047 0.2827021

20 20_40 0.282407 0.000011 0.0006458 0.031024 780 0.2823975 3.716 0.39 1.184 1.431 0.2822926 0.2826883

20 20_1 0.282347 0.0000088 0.0004763 0.0205508 870 0.2823392 3.679 0.312 1.262 1.491 0.2822354 0.2826229

20 20_7 0.28219 0.000013 0.0017224 0.088791 1146 0.2821528 3.32 0.461 1.528 1.706 0.2820591 0.2824214

20 20_27 0.282086 0.0000071 0.0002778 0.0128902 1190 0.2820798 1.73 0.252 1.613 1.855 0.282031 0.2823892

20 20_27 0.282086 0.0000071 0.0002778 0.0128902 1190 0.2820798 1.73 0.252 1.613 1.882 0.282031 0.2823892

20 20_12 0.281614 0.0000086 0.0002988 0.0137735 1314 0.2816066 -12.23 0.305 2.254 2.784 0.2819514 0.2822983

20 20_50 0.281944 0.000011 0.0010428 0.0518586 1418 0.2819161 1.117 0.39 1.842 2.073 0.2818846 0.2822219

20 20_29 0.281333 0.0000078 0.0001235 0.0055409 1943 0.2813284 -7.696 0.277 2.62 3.068 0.2815451 0.281834

20 20_19 0.281467 0.000009 0.0008977 0.0410314 2027 0.2814324 -2.063 0.32 2.491 2.783 0.2814905 0.2817716

20 20_59 0.281127 0.0000075 0.0004235 0.020411 2037 0.2811106 -13.265 0.267 2.917 3.481 0.281484 0.2817641

20 20_64 0.281601 0.0000095 0.0009665 0.0491946 2087 0.2815626 3.952 0.337 2.311 2.427 0.2814514 0.2817269

20 20_45 0.281543 0.00001 0.0007996 0.0382364 2090 0.2815112 2.194 0.355 2.381 2.556 0.2814495 0.2817247

20 20_58 0.281288 0.000015 0.000682 0.0315074 2123 0.2812605 -5.952 0.533 2.719 3.102 0.281428 0.2817001

20 20_78 0.281503 0.0000074 0.0005519 0.0253342 2180 0.2814801 3.174 0.263 2.42 2.578 0.2813908 0.2816576

20 20_78 0.281503 0.0000074 0.0005519 0.0253342 2180 0.2814801 3.174 0.263 2.42 2.576 0.2813908 0.2816576

20 20_36 0.281089 0.000014 0.0012124 0.0520354 2399 0.2810335 -7.61 0.498 3.029 3.365 0.2812476 0.2814939

20 20_32 0.281117 0.0000084 0.0002191 0.0101138 2451 0.2811068 -3.795 0.299 2.915 3.188 0.2812135 0.281455

20 20_32 0.281117 0.0000084 0.0002191 0.0101138 2451 0.2811068 -3.795 0.299 2.915 3.225 0.2812135 0.281455

20 20_42 0.280741 0.000008 0.0007815 0.0321756 2638 0.2807016 -13.839 0.285 3.462 3.941 0.2810906 0.2813145

20 20_21 0.280916 0.00001 0.0013024 0.0577142 2936 0.2808427 -1.822 0.356 3.272 3.489 0.2808939 0.2810897

20 20_74 0.280948 0.0000063 0.0003154 0.0139847 2967 0.2809301 2.019 0.224 3.147 3.258 0.2808734 0.2810663

20 20_48 0.280706 0.000012 0.0014615 0.0645937 3075 0.2806197 -6.482 0.427 3.571 3.853 0.2808018 0.2809844

20 20_66 0.280713 0.0000085 0.0013828 0.0668241 3305 0.2806251 -0.845 0.303 3.554 3.719 0.2806488 0.2808096

22a 22A_1 0.282598 0.000016 0.0026603 0.120504 571 0.2825695 5.107 0.566 0.969 1.178 0.2824253 0.2828399

22a 22A_10 0.282127 0.0000064 0.00083 0.0361996 721 0.2821158 -7.593 0.227 1.579 2.086 0.2823301 0.2827312

22a 22A_11 0.282366 0.0000065 0.0014615 0.068088 504 0.2823522 -4.089 0.23 1.268 1.698 0.2824677 0.2828884

22a 22A_13 0.28251 0.000016 0.0011613 0.0482818 640 0.2824961 4.055 0.566 1.055 1.296 0.2823815 0.2827899

22a 22A_16 0.281551 0.000014 0.0025251 0.116302 560 0.2815245 -32.141 0.497 2.481 3.281 0.2824322 0.2828478

22a 22A_18 0.282102 0.000008 0.0009944 0.041332 661 0.2820897 -9.865 0.284 1.621 2.18 0.2823682 0.2827747

22a 22A_2 0.281025 0.0000076 0.0008309 0.0373544 2751 0.2809813 -1.241 0.27 3.085 3.283 0.2810161 0.2812294

22a 22A_21 0.281551 0.0000075 0.0003498 0.0123125 600 0.2815471 -30.447 0.266 2.342 3.39 0.2824069 0.2828189

22a 22A_22 0.281461 0.000012 0.0008458 0.0369657 2042 0.2814282 -1.867 0.426 2.495 2.784 0.2814807 0.2817604

22a 22A_23 0.282392 0.000012 0.0016346 0.0705182 577 0.2823743 -1.67 0.425 1.237 1.56 0.2824215 0.2828355

22a 22A_26 0.282312 0.000012 0.002455 0.105331 605 0.2822841 -4.235 0.425 1.381 1.722 0.2824037 0.2828153

22a 22A_27 0.281617 0.0000099 0.0006428 0.0296524 2097 0.2815914 5.204 0.352 2.27 2.385 0.2814449 0.2817195

22a 22A_28 0.281104 0.000014 0.000654 0.0266154 2505 0.2810727 -3.745 0.498 2.965 3.267 0.281178 0.2814145

22a 22A_3 0.282359 0.000014 0.0025497 0.116153 548 0.2823328 -3.79 0.496 1.316 1.703 0.2824398 0.2828565

22a 22A_31 0.282197 0.000011 0.0014144 0.0596014 643 0.2821799 -7.072 0.39 1.505 1.938 0.2823796 0.2827877

22a 22A_34 0.282431 0.00001 0.0019687 0.0880662 898 0.2823978 6.386 0.354 1.192 1.355 0.2822175 0.2826025

22a 22A_4 0.28157 0.0000054 0.001364 0.0590018 2011 0.2815179 0.603 0.192 2.379 2.607 0.2815009 0.2817835

22a 22A_48 0.281908 0.000021 0.0021993 0.105509 743 0.2818773 -15.545 0.745 1.952 2.58 0.2823162 0.2827152

22a 22A_51 0.282355 0.000013 0.0035321 0.159324 499 0.282322 -5.27 0.46 1.359 1.764 0.2824708 0.282892

22a 22A_7 0.282516 0.0000054 0.0012283 0.0501874 887 0.2824955 9.601 0.191 1.048 1.145 0.2822245 0.2826105

22a 22A_72 0.282132 0.0000092 0.0010137 0.0344522 658 0.2821195 -8.877 0.326 1.58 2.054 0.2823701 0.2827769

22a 22A_74 0.282318 0.0000084 0.0026961 0.121046 551 0.2822902 -5.233 0.298 1.382 1.808 0.2824379 0.2828544

22a 22A_75 0.281429 0.0000097 0.0001879 0.0077613 2095 0.2814215 -0.877 0.345 2.496 2.765 0.2814462 0.2817209

22a 22A_8 0.282332 0.00001 0.0009892 0.0377156 538 0.282322 -4.395 0.354 1.3 1.742 0.2824462 0.2828638

26b 26B_15 0.282541 0.000011 0.0007251 0.0274714 599 0.2825329 4.437 0.389 1 1.239 0.2824075 0.2828196

26b 26B_2 0.282437 0.0000083 0.000876 0.0373079 627 0.2824267 1.307 0.294 1.149 1.456 0.2823898 0.2827993

26b 26B_27 0.282525 0.0000097 0.0005312 0.0197765 693 0.2825181 6.027 0.343 1.017 1.213 0.2823479 0.2827515

26b 26B_33 0.282347 0.0000092 0.0022984 0.0979101 696 0.282317 -1.029 0.326 1.325 1.658 0.282346 0.2827493

26b 26B_34 0.282456 0.00001 0.0009011 0.0352025 748 0.2824433 4.617 0.354 1.123 1.347 0.282313 0.2827116

26b 26B_35 0.282503 0.0000087 0.0019283 0.0762958 653 0.2824794 3.756 0.308 1.087 1.324 0.2823733 0.2827805
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26b 26B_41 0.282549 0.000011 0.0007793 0.0314111 671 0.2825392 6.279 0.389 0.99 1.181 0.2823619 0.2827674

26b 26B_42 0.28256 0.0000095 0.0008178 0.0354636 733 0.2825487 8.013 0.336 0.976 1.122 0.2823225 0.2827225

26b 26B_45 0.28243 0.0000077 0.0006946 0.0288292 645 0.2824216 1.53 0.273 1.154 1.46 0.2823784 0.2827863

26b 26B_47 0.282587 0.00001 0.0010361 0.0377395 654 0.2825743 7.14 0.354 0.943 1.113 0.2823727 0.2827798

26b 26B_48 0.282537 0.000011 0.0011783 0.0508252 583 0.2825241 3.769 0.389 1.017 1.269 0.2824177 0.2828312

26b 26B_50 0.282564 0.0000086 0.0015713 0.0397375 698 0.2825434 7.036 0.304 0.99 1.154 0.2823447 0.2827479

26b 26B_56 0.282585 0.0000091 0.0016578 0.0659294 603 0.2825663 5.71 0.322 0.962 1.163 0.282405 0.2828167

26b 26B_67 0.282182 0.00001 0.001536 0.069177 723 0.2821611 -5.941 0.354 1.531 1.933 0.2823289 0.2827297

26b 26B_68 0.282589 0.000022 0.003349 0.106873 621 0.28255 5.538 0.779 1.002 1.188 0.2823936 0.2828037

26b 26B_70 0.281317 0.000014 0.001175 0.05451 2063 0.2812709 -6.968 0.498 2.714 3.119 0.2814671 0.2817448

26b 26B_76 0.282429 0.0000085 0.0008025 0.0348144 639 0.2824194 1.317 0.301 1.158 1.464 0.2823822 0.2827906

26b 26B_77 0.282535 0.0000091 0.0018152 0.0822422 581 0.2825152 3.409 0.322 1.038 1.291 0.2824189 0.2828326

26b 26B_8 0.282401 0.00001 0.0010007 0.0379294 756 0.2823868 2.794 0.354 1.204 1.47 0.2823079 0.2827057

27 27_1 0.282689 0.000009 0.0007453 0.0309136 552 0.2826813 8.638 0.318 0.793 0.939 0.2824373 0.2828536

27 27_10 0.282567 0.000013 0.0010414 0.0475767 564 0.282556 4.471 0.46 0.971 1.208 0.2824297 0.282845

27 27_14 0.282559 0.000012 0.0008191 0.0344214 572 0.2825502 4.446 0.425 0.977 1.218 0.2824246 0.2828392

27 27_15 0.28223 0.00001 0.0008754 0.0387902 702 0.2822185 -4.383 0.354 1.438 1.874 0.2823422 0.282745

27 27_19 0.282637 0.0000088 0.0004889 0.0204326 600 0.2826315 7.953 0.311 0.86 1.019 0.2824069 0.2828189

27 27_2 0.2826 0.0000078 0.0007655 0.0332957 577 0.2825917 6.028 0.276 0.918 1.122 0.2824215 0.2828355

27 27_23 0.282497 0.000009 0.0003562 0.0127221 680 0.2824925 4.827 0.319 1.051 1.28 0.2823562 0.2827609

27 27_28 0.282576 0.00001 0.0005667 0.0259661 639 0.2825692 6.623 0.354 0.947 1.134 0.2823822 0.2827906

27 27_3 0.282629 0.0000086 0.00048 0.0207907 653 0.2826231 8.847 0.304 0.871 1.006 0.2823733 0.2827805

27 27_32 0.282457 0.000012 0.0004849 0.0223858 664 0.282451 2.997 0.425 1.11 1.382 0.2823663 0.2827725

27 27_38 0.28236 0.0000095 0.0006419 0.0271885 621 0.2823525 -1.454 0.336 1.249 1.626 0.2823936 0.2828037

27 27_43 0.282585 0.000011 0.0005059 0.0232185 611 0.2825792 6.348 0.389 0.933 1.129 0.2823999 0.2828109

27 27_51 0.282587 0.0000097 0.00047 0.0201725 624 0.2825815 6.721 0.343 0.929 1.116 0.2823917 0.2828015

27 27_60 0.282547 0.000011 0.0004662 0.0212967 639 0.2825414 5.639 0.389 0.985 1.196 0.2823822 0.2827906

27 27_62 0.282569 0.0000053 0.0003245 0.0139085 616 0.2825653 5.966 0.188 0.951 1.157 0.2823968 0.2828073

27 27_63 0.282532 0.0000092 0.0008969 0.0403576 644 0.2825212 5.034 0.326 1.017 1.239 0.282379 0.282787

27 27_64 0.28248 0.0000095 0.0007516 0.0331456 634 0.2824711 3.035 0.336 1.086 1.332 0.2823854 0.2827943

27 27_9 0.28254 0.0000081 0.0004146 0.0124612 590 0.2825354 4.326 0.287 0.993 1.219 0.2824132 0.2828261

25 25-41 0.2817376 3.118E-05 0.0010819 0.0367957 511 0.281727 -26.1 1.1 2.13 3.06 0.282463 0.282884

25 25-64 0.2821903 3.239E-05 0.0008469 0.0322144 513 0.282182 -9.9 1.1 1.49 2.07 0.282462 0.282882

25 25-40 0.2822468 3.061E-05 0.0006035 0.0206499 513 0.282241 -7.8 1.1 1.40 1.94 0.282462 0.282882

25 25-15 0.282296 4.881E-05 0.0013309 0.0539476 541 0.282282 -5.7 1.7 1.36 1.83 0.282444 0.282862

25 25-69 0.2823212 4.323E-05 0.0009231 0.0362112 563 0.282311 -4.2 1.5 1.31 1.75 0.282431 0.282846

25 25-12 0.2822744 3.597E-05 0.0011669 0.0432241 571 0.282262 -5.8 1.3 1.39 1.85 0.282425 0.282840

25 25-47 0.2820324 2.545E-05 0.0009006 0.035812 617 0.282022 -13.2 0.9 1.71 2.35 0.282396 0.282807

25 25-55 0.281539 5.04E-05 0.0009354 0.0281402 624 0.281528 -30.6 1.8 2.39 3.40 0.282392 0.282802

25 25-58 0.2818433 3.144E-05 0.0008985 0.0347334 669 0.281832 -18.8 1.1 1.97 2.72 0.282363 0.282769

25 25-13 0.2823267 3.368E-05 0.0009047 0.0323827 741 0.282314 -0.1 1.2 1.30 1.63 0.282317 0.282716

25 25-32 0.2814609 3.224E-05 0.0007871 0.0272463 906 0.281447 -27.1 1.1 2.49 3.40 0.282213 0.282597

25 25-42 0.2822086 3.554E-05 0.0012624 0.0400963 951 0.282186 0.1 1.3 1.48 1.78 0.282184 0.282564

25 25-72 0.2822611 2.177E-05 0.0009182 0.0353216 1088 0.282242 5.2 0.8 1.40 1.57 0.282096 0.282464

25 25-62 0.2821022 2.198E-05 0.0007031 0.0266185 1215 0.282086 2.5 0.8 1.61 1.83 0.282015 0.282371

25 25-48 0.2824969 5.415E-05 0.0007766 0.0278231 1302 0.282478 18.4 1.9 1.06 0.93 0.281959 0.282307

25 25-59 0.2815947 4.113E-05 0.0007635 0.0312284 1537 0.281573 -8.4 1.5 2.31 2.73 0.281808 0.282135

25 25-70 0.281661 3.28E-05 0.0010883 0.0386378 1766 0.281625 -1.2 1.2 2.24 2.49 0.281660 0.281965

25 25-33 0.281915 3.298E-05 0.0008084 0.0314895 2060 0.281883 14.7 1.2 1.87 1.77 0.281469 0.281747

25 25-38 0.2813324 2.123E-05 0.000327 0.0111458 2066 0.281320 -5.2 0.8 2.63 2.97 0.281465 0.281743

25 25-25 0.2815791 3.648E-05 0.0008305 0.0293893 2114 0.281546 4.0 1.3 2.33 2.46 0.281434 0.281706

25 25-60 0.2823717 2.344E-05 0.0006551 0.0241322 2119 0.282345 32.5 0.8 1.23 0.74 0.281431 0.281703

25 25-26 0.2814527 4.77E-05 0.0012014 0.046961 2162 0.281403 0.0 1.7 2.53 2.77 0.281402 0.281671

25 25-44 0.2813459 3.01E-05 0.0003032 0.0108809 2508 0.281331 5.5 1.1 2.62 2.69 0.281176 0.281412
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28 28A-6 0.2822538 4.105E-05 0.0013784 0.0440118 579 0.282239 -6.4 1.5 1.42 1.85 0.282420 0.282834

28 28A-7 0.2810445 6.605E-05 0.0009153 0.0252906 2068 0.281009 -16.2 2.4 3.07 3.69 0.281464 0.281741

28 28A-12 0.280961 5.499E-05 0.0010423 0.0374533 2002 0.280921 -20.8 2.0 3.19 3.91 0.281507 0.281790

28 28A-16 0.2821629 6.816E-05 0.0016722 0.0488575 586 0.282145 -9.6 2.4 1.56 2.11 0.282416 0.282829

28 28A-14 0.2824884 2.956E-05 0.0009483 0.0385023 776 0.282475 6.3 1.0 1.08 1.26 0.282296 0.282692

28 28A-17 0.2820962 6.579E-05 0.0014109 0.0377022 585 0.282081 -11.9 2.3 1.65 2.24 0.282417 0.282830

28 28A-21 0.2824606 4.21E-05 0.0022475 0.0923838 579 0.282436 0.6 1.5 1.16 1.47 0.282420 0.282834

28 28A-22 0.2824606 4.21E-05 0.0022475 0.0923838 597 0.282435 0.9 1.5 1.16 1.46 0.282409 0.282821

28 28A-25 0.2814362 3.565E-05 0.0002194 0.0071607 563 0.281434 -35.3 1.3 2.49 3.66 0.282431 0.282846

28 28A-28 0.2822318 6.599E-05 0.0022463 0.0605991 605 0.282206 -7.0 2.3 1.49 1.96 0.282403 0.282815

28 28A-30 0.281618 3.137E-05 0.000597 0.0196391 524 0.281612 -29.9 1.1 2.27 3.29 0.282455 0.282874

28 28A-32 0.2822909 3.367E-05 0.0011533 0.0400465 562 0.282279 -5.4 1.2 1.36 1.82 0.282431 0.282846

28 28A-33 0.2822227 2.245E-05 0.0003651 0.0143037 584 0.282219 -7.0 0.8 1.43 1.95 0.282417 0.282830

28 28A-31 0.2822179 3.43E-05 0.0012145 0.035095 606 0.282204 -7.1 1.2 1.47 1.96 0.282403 0.282815

28 28A-37 0.2821326 6.213E-05 0.0016331 0.072664 539 0.282116 -11.7 2.2 1.61 2.19 0.282445 0.282863

28 28A-45 0.2820248 5.43E-05 0.0016279 0.0388248 552 0.282008 -15.2 1.9 1.76 2.43 0.282437 0.282853

28 28A-47 0.2823923 3.382E-05 0.0008016 0.0288504 729 0.282381 2.0 1.2 1.21 1.50 0.282325 0.282725

28 28A-59 0.2823241 5.193E-05 0.001336 0.0559831 496 0.282312 -5.7 1.8 1.32 1.79 0.282473 0.282894

28 28A-64 0.2823134 2.938E-05 0.0006514 0.0216322 585 0.282306 -3.9 1.0 1.31 1.75 0.282416 0.282829

28 28A-71 0.2820754 7.16E-05 0.0007983 0.0236334 574 0.282067 -12.6 2.5 1.65 2.31 0.282424 0.282838

28 28A-75 0.2823095 6.74E-05 0.0006636 0.0224479 572 0.282302 -4.3 2.4 1.32 1.79 0.282424 0.282839
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Scherer et al., 2001 - 176Lu decay constant (1.865x10-11)  

Hfi epsilon 1se T(DM) T(DM)   

Sample 
No. no. Hf176/Hf177  1 S.D. Lu176/Hf177 Yb176/Hf177

U / P b 
AGE    (Ga) (crustal)

Hf Chur 
(t) Hf DM (t)

BH-14-
002/003 4 0.28246877 5.442E-05 0.0020283 0.0712019 395 0.282454 -2.9 1.9 1.14 1.54 0.282537 0.282967

BH-14-
002/003 1 0.282546596 3.155E-05 0.0015489 0.0571944 396 0.282535 0.0 1.1 1.01 1.36 0.282536 0.282967

BH-14-
002/003 20 0.282544813 7.199E-05 0.0026721 0.0976674 404 0.282525 -0.2 2.5 1.05 1.38 0.282531 0.282960

BH-14-
002/003 23 0.282520794 8.31E-05 0.003725 0.128221 407 0.282492 -1.3 2.9 1.12 1.45 0.282529 0.282958

BH-14-
002/003 21 0.282500368 6.493E-05 0.0036627 0.1408421 408 0.282472 -2.0 2.3 1.14 1.49 0.282528 0.282958

BH-14-
002/003 18 0.282474329 2.152E-05 0.0004511 0.0148831 592 0.282469 2.0 0.8 1.08 1.39 0.282412 0.282825

BH-14-
002/003 13 0.282040984 3.08E-05 0.0007484 0.0295474 595 0.282033 -13.4 1.1 1.69 2.34 0.282410 0.282822

BH-14-
002/003 3 0.282048592 3.728E-05 0.0011278 0.0443292 617 0.282036 -12.8 1.3 1.70 2.32 0.282396 0.282807

BH-14-
002/003 25 0.282517108 3.663E-05 0.0011443 0.0401757 632 0.282504 4.1 1.3 1.04 1.28 0.282387 0.282796

BH-14-
002/003 24 0.282090335 2.183E-05 0.0006948 0.0234097 635 0.282082 -10.7 0.8 1.62 2.21 0.282385 0.282793

BH-14-
002/003 14 0.28235576 3.627E-05 0.0017697 0.0544743 653 0.282334 -1.4 1.3 1.29 1.64 0.282373 0.282780

BH-14-
002/003 22 0.282447229 2.619E-05 0.0009406 0.0290952 654 0.282436 2.2 0.9 1.14 1.42 0.282372 0.282779

BH-14-
002/003 2 0.282404218 2.173E-05 0.0006114 0.0210157 728 0.282396 2.5 0.8 1.19 1.45 0.282326 0.282726

BH-14-
002/003 12 0.282451345 2.241E-05 0.0005277 0.0158732 896 0.282442 7.9 0.8 1.12 1.25 0.282219 0.282604

BH-14-
002/003 7 0.282022771 3.63E-05 0.0008917 0.0324296 1262 0.282002 0.6 1.3 1.73 1.98 0.281985 0.282336

BH-14-
002/003 26 0.28179333 2.521E-05 0.0007342 0.0238285 1758 0.281769 3.7 0.9 2.03 2.19 0.281665 0.281971

BH-14-
002/003 5 0.281680582 2.605E-05 0.0008142 0.0293144 1997 0.281650 5.0 0.9 2.19 2.33 0.281510 0.281794

BH-14-
002/003 8 0.281560369 2.191E-05 0.0007437 0.0245394 2144 0.281530 4.1 0.8 2.35 2.50 0.281415 0.281685

BH-14-
005 11 0.282576719 2.414E-05 0.0008525 0.0306114 386 0.282571 1.0 0.9 0.95 1.29 0.282543 0.282974

BH-14-
005 39 0.282576171 1.853E-05 0.0002987 0.0124062 397 0.282574 1.4 0.7 0.94 1.28 0.282536 0.282966

BH-14-
005 17 0.282599485 1.365E-05 6.058E-05 0.0028756 408 0.282599 2.5 0.5 0.90 1.21 0.282529 0.282958

BH-14-
005 19 0.282605548 3.329E-05 0.0014215 0.0541433 415 0.282595 2.5 1.2 0.93 1.22 0.282524 0.282953

BH-14-
005 45 0.28236691 4.578E-05 0.0024436 0.0940887 498 0.282344 -4.5 1.6 1.30 1.72 0.282471 0.282893

BH-14-
005 20 0.282467434 2.157E-05 0.0013609 0.0499056 514 0.282454 -0.3 0.8 1.12 1.47 0.282462 0.282881

BH-14-
005 26 0.282345951 2.862E-05 0.000711 0.0271398 518 0.282339 -4.2 1.0 1.27 1.72 0.282459 0.282878

BH-14-
005 51 0.282556759 2.173E-05 0.0016696 0.0581954 547 0.282540 3.5 0.8 1.00 1.26 0.282440 0.282857

BH-14-
005 22 0.282694164 2.866E-05 0.0014894 0.055846 549 0.282679 8.5 1.0 0.80 0.95 0.282439 0.282856

BH-14-
005 34 0.282560771 1.698E-05 0.0011923 0.0456013 549 0.282548 3.9 0.6 0.98 1.24 0.282439 0.282856

BH-14-
005 41 0.282523192 2.829E-05 0.001113 0.0417397 553 0.282512 2.7 1.0 1.04 1.32 0.282436 0.282853

BH-14-
005 48 0.282416744 2.107E-05 0.0019015 0.0672456 555 0.282397 -1.4 0.7 1.21 1.57 0.282435 0.282851

BH-14-
005 14 0.282325708 2.26E-05 0.0012919 0.0480178 569 0.282312 -4.0 0.8 1.32 1.75 0.282426 0.282841

Hafnium data tables for igneous zircons
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BH-14-
005 8 0.282396741 3.775E-05 0.0012112 0.0364746 575 0.282384 -1.4 1.3 1.22 1.58 0.282423 0.282837

BH-14-
005 50 0.282640337 2.181E-05 0.0010833 0.0340992 607 0.282628 8.0 0.8 0.87 1.02 0.282402 0.282814

BH-14-
005 12 0.282655107 2.217E-05 0.001112 0.0303919 618 0.282642 8.7 0.8 0.85 0.98 0.282395 0.282806

BH-14-
005 30 0.282666383 2.56E-05 0.0008554 0.0296271 631 0.282656 9.5 0.9 0.83 0.94 0.282387 0.282796

BH-14-
005 57 0.282622155 2.387E-05 0.0005904 0.0207279 651 0.282615 8.5 0.8 0.88 1.02 0.282375 0.282782

BH-14-
005 54 0.282357875 2.495E-05 0.0011837 0.0440573 682 0.282343 -0.4 0.9 1.27 1.58 0.282355 0.282760

BH-14-
005 5 0.282209149 2.256E-05 0.0009497 0.0343598 707 0.282197 -5.0 0.8 1.47 1.87 0.282339 0.282741

BH-14-
005 31 0.281720293 2.85E-05 0.0007994 0.0257234 1781 0.281693 1.5 1.0 2.14 2.34 0.281650 0.281954

BH-14-
005 1 0.281976456 3.512E-05 0.0004634 0.0156218 2052 0.281958 17.2 1.2 1.77 1.61 0.281474 0.281753

BH-14-
005 47 0.281367571 1.841E-05 0.0004709 0.0152723 2066 0.281349 -4.1 0.7 2.60 2.90 0.281465 0.281742

BH-14-
005 59 0.281313357 2.448E-05 0.0003749 0.013404 2161 0.281298 -3.8 0.9 2.66 2.94 0.281403 0.281672

BH-14-
005 55 0.280889626 1.691E-05 0.0005007 0.0183288 2381 0.280867 -14.0 0.6 3.24 3.83 0.281259 0.281507

BH-14-
005 49 0.280961262 2.177E-05 0.0004326 0.0136132 2853 0.280938 -0.4 0.8 3.14 3.34 0.280949 0.281152

ACO-14-
ERG 23 0.282441051 1.584E-05 0.0005343 0.0123081 731 0.282434 3.9 0.6 1.13 1.38 0.282324 0.282724

ACO-14-
ERG 8 0.28244221 1.891E-05 0.0005987 0.0153939 721 0.282434 3.7 0.7 1.13 1.38 0.282330 0.282731

ACO-14-
ERG 19 0.282453195 2.592E-05 0.0008032 0.0197209 741 0.282442 4.4 0.9 1.12 1.35 0.282318 0.282717

ACO-14-
ERG 29 0.282498457 3.294E-05 0.0038913 0.0945103 768 0.282442 5.0 1.2 1.16 1.34 0.282300 0.282697

ACO-14-
ERG 32 0.282452467 2.136E-05 0.0006546 0.0155099 742 0.282443 4.5 0.8 1.12 1.35 0.282317 0.282716

ACO-14-
ERG 20 0.282454431 2.248E-05 0.0007924 0.0192353 739 0.282443 4.4 0.8 1.12 1.35 0.282319 0.282718

ACO-14-
ERG 33 0.282451199 1.844E-05 0.0004437 0.0100357 741 0.282445 4.5 0.7 1.12 1.35 0.282317 0.282717

ACO-14-
ERG 41 0.282455334 2.283E-05 0.0006597 0.0153801 737 0.282446 4.5 0.8 1.12 1.35 0.282320 0.282720

ACO-14-
ERG 13 0.282454367 1.901E-05 0.0005416 0.013939 736 0.282447 4.5 0.7 1.12 1.35 0.282321 0.282721

ACO-14-
ERG 39 0.282458524 2.291E-05 0.0005899 0.0134336 741 0.282450 4.7 0.8 1.11 1.33 0.282318 0.282717

ACO-14-
ERG 12 0.282463238 1.722E-05 0.0008804 0.0228736 732 0.282451 4.5 0.6 1.11 1.34 0.282323 0.282723

ACO-14-
ERG 17 0.282462691 2.152E-05 0.000773 0.0184857 741 0.282452 4.8 0.8 1.11 1.33 0.282318 0.282717

ACO-14-
ERG 6 0.282462439 1.946E-05 0.0005878 0.0136044 724 0.282454 4.5 0.7 1.11 1.34 0.282328 0.282729

ACO-14-
ERG 2 0.282468056 1.978E-05 0.000745 0.0180962 726 0.282458 4.6 0.7 1.10 1.33 0.282327 0.282728

ACO-14-
ERG 18 0.282468157 2.287E-05 0.000716 0.0164231 739 0.282458 4.9 0.8 1.10 1.32 0.282319 0.282718

ACO-14-
ERG 16 0.282468524 2.698E-05 0.0006103 0.0151616 728 0.282460 4.8 1.0 1.10 1.32 0.282326 0.282726

ACO-14-
ERG 24 0.282476587 2.428E-05 0.0010414 0.0231352 731 0.282462 4.9 0.9 1.10 1.31 0.282324 0.282724

ACO-14-
ERG 9 0.282473111 1.907E-05 0.0007316 0.0182691 734 0.282463 5.0 0.7 1.09 1.31 0.282322 0.282722

ACO-14-
ERG 10 0.282484207 1.733E-05 0.0008691 0.0225349 730 0.282472 5.2 0.6 1.08 1.29 0.282324 0.282724

ACO-14-
ERG 1 0.282482395 1.867E-05 0.0006729 0.0167643 723 0.282473 5.1 0.7 1.08 1.31 0.282329 0.282730

ACO-14-
ERG 21 0.282492984 1.814E-05 0.0012174 0.0321889 734 0.282476 5.5 0.6 1.08 1.29 0.282322 0.282722
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ACO-
13-17 21 0.282578645 5.681E-05 0.0042918 0.1444085 597 0.282531 4.3 2.0 1.05 1.25 0.282409 0.282821

ACO-
13-17 7 0.282545706 2.417E-05 0.0010639 0.0382309 609 0.282534 4.7 0.9 1.00 1.23 0.282401 0.282812

ACO-
13-17 8 0.282570976 7.642E-05 0.0029984 0.0864642 595 0.282538 4.5 2.7 1.02 1.23 0.282410 0.282823

ACO-
13-17 18 0.282563109 3.026E-05 0.0019597 0.0715375 618 0.282540 5.1 1.1 1.00 1.21 0.282396 0.282806

ACO-
13-17 25 0.282558075 3.199E-05 0.0015451 0.0555505 604 0.282541 4.8 1.1 1.00 1.22 0.282404 0.282816

ACO-
13-17 28 0.28256603 2.821E-05 0.0016912 0.059185 615 0.282547 5.3 1.0 0.99 1.20 0.282398 0.282808

ACO-
13-17 15 0.282570664 3.543E-05 0.0017682 0.0538505 610 0.282550 5.3 1.3 0.99 1.19 0.282400 0.282811

ACO-
13-17 19 0.28257761 3.658E-05 0.0023323 0.0826645 618 0.282551 5.5 1.3 0.99 1.19 0.282396 0.282806

ACO-
13-17 16 0.28258589 3.501E-05 0.0023304 0.0851454 605 0.282559 5.5 1.2 0.98 1.18 0.282404 0.282815

ACO-
13-17 17 0.282582196 3.248E-05 0.0015088 0.049275 604 0.282565 5.7 1.1 0.96 1.17 0.282404 0.282816

ACO-
13-17 12 0.282586719 2.452E-05 0.0010881 0.0391013 602 0.282574 6.0 0.9 0.94 1.15 0.282406 0.282818

ACO-
13-17 14 0.282590566 3.418E-05 0.00125 0.0432152 602 0.282576 6.1 1.2 0.94 1.14 0.282406 0.282817

ACO-
13-17 9 0.28260173 3.144E-05 0.001335 0.0495904 599 0.282587 6.4 1.1 0.93 1.12 0.282407 0.282819

ACO-
13-17 5 0.28260664 8.461E-05 0.001755 0.0716805 592 0.282587 6.2 3.0 0.93 1.12 0.282412 0.282825

ACO-
13-17 30 0.282601246 2.557E-05 0.0011957 0.0421267 612 0.282588 6.7 0.9 0.93 1.11 0.282400 0.282810

ACO-
13-17 13 0.282612947 4.808E-05 0.0016943 0.0488585 615 0.282593 6.9 1.7 0.92 1.10 0.282397 0.282808

ACO-
13-17 3 0.282616844 4.712E-05 0.0017218 0.053675 616 0.282597 7.1 1.7 0.92 1.09 0.282397 0.282808

ACO-
13-17 26 0.282619241 3.835E-05 0.0019266 0.0690638 610 0.282597 7.0 1.4 0.92 1.09 0.282400 0.282812

ACO-
13-17 10 0.282618483 4.49E-05 0.0018529 0.0720897 609 0.282597 6.9 1.6 0.92 1.09 0.282401 0.282813

ACO-
13-17 11 0.28261505 2.652E-05 0.0014158 0.0506481 605 0.282599 6.9 0.9 0.91 1.10 0.282404 0.282815

ACO-
13-17 27 0.282650481 7.701E-05 0.0041864 0.1459285 609 0.282603 7.1 2.7 0.93 1.09 0.282401 0.282812

13-21 6 0.282683206 3.074E-05 0.0016495 0.0722398 464 0.282669 6.2 1.1 0.82 1.02 0.282493 0.282917

13-21 14 0.282655942 4.062E-05 0.0018238 0.0631101 464 0.282640 5.2 1.4 0.86 1.09 0.282493 0.282917

13-21 16 0.282612734 0.0001744 0.0034009 0.0837601 464 0.282583 3.2 6.2 0.97 1.21 0.282493 0.282917

13-21 19 0.282674699 0.0001529 0.0068789 0.2310536 464 0.282615 4.3 5.4 0.97 1.14 0.282493 0.282917

13-21 2 0.282621998 5.21E-05 0.0025382 0.104588 465 0.282600 3.8 1.8 0.93 1.18 0.282492 0.282916

13-21 4 0.282672394 0.0003269 0.0066443 0.259078 466 0.282614 4.3 11.6 0.97 1.14 0.282492 0.282916

13-21 3 0.28264522 3.435E-05 0.0019442 0.0868046 467 0.282628 4.9 1.2 0.88 #REF! 0.282491 0.282915

13-21 18 0.282606591 8.791E-05 0.0042953 0.1522636 470 0.282569 2.8 3.1 1.00 1.24 0.282489 0.282913

13-21 13 0.282722375 5.787E-05 0.0040998 0.1978198 512 0.282683 7.8 2.0 0.82 0.96 0.282462 0.282882

13-21 8 0.282371801 5.269E-05 0.0013088 0.0428268 563 0.282358 -2.6 1.9 1.25 1.65 0.282430 0.282846

13-21 12 0.282644163 6.441E-05 0.0051014 0.2062816 573 0.282589 5.9 2.3 0.97 1.11 0.282424 0.282839

13-21 15 0.282551585 0.0001074 0.0034802 0.1058276 621 0.282511 4.2 3.8 1.06 1.29 0.282393 0.282803

13-21 10 0.282644134 0.000118 0.0039271 0.1603535 1587 0.282526 26.6 4.2 0.93 0.60 0.281776 0.282097

13-16 31 0.282498614 4.002E-05 0.0010294 0.0342517 369 0.282492 -1.82 1.4 1.07 1.48 0.282543 0.282986

13-16 45 0.28252442 7.109E-05 0.0018851 0.0610335 391 0.282511 -0.65 2.5 1.06 1.42 0.282529 0.282970

13-16 13 0.282458122 4.974E-05 0.0015402 0.0552428 391 0.282447 -2.90 1.7 1.14 1.56 0.282529 0.282970

13-16 23 0.282479004 4.019E-05 0.0014334 0.0536467 393 0.282468 -2.10 1.4 1.11 1.51 0.282528 0.282968

13-16 42 0.2825011 6.109E-05 0.001419 0.0546671 394 0.282491 -1.30 2.1 1.07 1.46 0.282527 0.282968

13-16 10 0.282524048 4.732E-05 0.0016281 0.0614607 401 0.282512 -0.38 1.7 1.05 1.41 0.282523 0.282962

13-16 46 0.282313281 4.765E-05 0.0011974 0.0462642 403 0.282304 -7.70 1.7 1.33 1.87 0.282522 0.282962
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13-16 17 0.28241912 5.317E-05 0.0014828 0.0531363 405 0.282408 -3.98 1.9 1.19 1.64 0.282520 0.282960

13-16 5 0.282409616 6.625E-05 0.0021246 0.0659279 405 0.282393 -4.48 2.3 1.23 1.67 0.282520 0.282960

13-16 3 0.28248976 8.949E-05 0.0019256 0.0677222 414 0.282475 -1.41 3.1 1.11 1.49 0.282515 0.282953

13-16 41 0.282453349 6.928E-05 0.0018099 0.0630354 429 0.282439 -2.35 2.4 1.15 1.56 0.282505 0.282942

13-16 21 0.282398835 8.689E-05 0.0028794 0.0948706 431 0.282376 -4.54 3.0 1.27 1.69 0.282504 0.282941

13-16 18 0.282073663 6.621E-05 0.0017412 0.072767 457 0.282059 -15.18 2.3 1.69 2.37 0.282488 0.282922

13-16 49 0.282290109 9.557E-05 0.0024615 0.0821642 470 0.282268 -7.47 3.3 1.41 1.91 0.282480 0.282913

13-16 12 0.282477006 4.224E-05 0.0015399 0.0542675 478 0.282463 -0.41 1.5 1.11 1.47 0.282475 0.282907

13-16 16 0.282598679 4.633E-05 0.0015933 0.0503829 482 0.282584 3.97 1.6 0.94 1.20 0.282472 0.282904

13-16 25 0.282198005 4.388E-05 0.0011548 0.0411182 880 0.282179 -1.54 1.5 1.49 1.85 0.282222 0.282615

13-16 15 0.282201625 4.4E-05 0.0009379 0.0294689 977 0.282184 0.80 1.5 1.48 1.77 0.282162 0.282545

13-16 1 0.282256339 7.94E-05 0.0010833 0.0351293 1075 0.282234 4.78 2.8 1.41 1.60 0.282099 0.282473

13-16 51 0.282367149 8.536E-05 0.0043254 0.1616867 1087 0.282279 6.61 3.0 1.37 1.50 0.282092 0.282465

13-16 8 0.282101461 0.0001155 0.0018263 0.0514346 1087 0.282064 -0.98 4.0 1.66 1.97 0.282092 0.282464

13-16 2 0.281915125 3.279E-05 0.0009438 0.0303805 1486 0.281889 1.77 1.1 1.88 2.10 0.281839 0.282172

13-16 11 0.281715639 6.155E-05 0.0017827 0.0618906 1642 0.281660 -2.83 2.2 2.20 2.50 0.281740 0.282057

13-16 19 0.281839638 7.813E-05 0.0017818 0.0621386 1685 0.281783 2.50 2.7 2.03 2.21 0.281712 0.282025
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Evolution of Variscan Europe from a Hf isotope perspective: 
implications for Wilson and supercontinental cycles

ABSTRACT
Combined U-Pb-Hf isotope studies of zircons provide new insights into the evolution of large-
scale, long-term orogenic systems. The distinct inverted U-shape of some Hf evolutionary 
arrays has been interpreted as the ocean-closure phase of a Wilson cycle. A compilation of new 
and existing Hf isotope data from the Variscan-Mediterranean orogenic system of Phanerozoic 
Europe is used to test the sensitivity of the hafnium isotopic array against a successive 
Wilson cycles. Remarkably, an inverted U-shaped εHf “reworking” array extends from 600 
Ma to present-day, not at the 150-200 Ma time-scales expected for consecutive Wilson cycles 
associated with evolution of presumed Atlantic-type Paleozoic oceans. The hafnium isotopic 
array does not record the Variscan orogenic events that resulted in the amalgamation of Pangea; 
instead the event recycles the Neoproterozoic arc crust that dominates the “peri-Gondwanan” 
terranes.  Geological constraints, as well as a comparison with circum-Pacifi c Hf isotopic arrays, 
indicate that the northern peri-Gondwanan margin was part of a vast retreating accretionary 
orogen between 600-450 Ma. The hafnium isotopic record of 450-300 Ma magmatism in 
Variscan Europe indicates continuous recycling of ~1.8 Ga Paleoproterozoic and juvenile peri-
Gondwanan crust (0.75-0.55 Ga) along a typical crustal evolution path (Lu/Hf=0.015).  The 
hafnium array was generated via back-arc opening-closing events on the Laurussian upper 
plate that have continued until the present-day, including the events that produced the Variscan 
Orogeny. The protracted opening-closing events generated the dominantly supra-subduction-
related ophiolites that now comprise the Paleozoic allochthonous terranes in the Variscan belt 
of Europe. A strong negative εHf excursion at 30 Ma indicates subduction and melting of 
Gondwanan cratonic lithosphere for the fi rst time since 600 Ma. 
The ~600-300 Ma isotopic record of the Canadian Appalachians is remarkably similar to the 
European array. Both regions record a similar transition towards increasingly radiogenic hafnium 
values between ~600-450 Ma, indicating subduction roll back and retreat of amagmatic arc 
from the northern Gondwanan margin.  Tectonic switching between retreating and advancing 
subduction episodes led to the homogenisation of the juvenile Late Neoproterozoic arc crust and 
Grenvillian-type basement in the Appalachians, whereas Variscan Europe has been dominated 
by the closure of ephemeral basins during slow northward convergence of  the African plate.    
The inverted U-shaped European εHf isotopic array records the 600 million year closure 
phase of a supercontinental cycle. Lower and upper εHf model age limits on the post-450 
Ma Phanerozoic array corresponds to Nuna and Rodinia breakup events, suggesting that Hf 
isotopic arrays provide temporal and spatial constraints on supercontinental cycles, which can 
be reconstructed at a cratonic scale. 

1. INTRODUCTION

 The Wilson cycle is typically cast in 
terms of opening and closing of wide ocean 
basins, based on actualistic models of the 
Atlantic Ocean, rather than of (marginal) 
back-arc basins (Worsley et al., 1984). The 
opening and closing of the Iapetus, Rheic 
and two Tethyan oceans between Laurentia, 

Baltica and Gondwana are considered classic 
Wilson cycles involving successive rifting 
of Gondwanan ribbons, which then migrated 
across large oceans (Stampfl i et al., 2013). 
Such models require that each ocean-opening 
event generates rifts that bite deeper into the 
continental interior, and the ribbons ultimately 
accrete to the opposing continental margin 
during ocean closure. Underthrust ancient 
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Gondwanan crust should then either exhume 
or partially melt during each ensuing post-
collisional magmatic stage. Thus, post-
collisional Variscan magmatism following 
Pangean amalgamation should produce a 
signifi cant negative εHf excursion at ~300 
Ma (Fig. 1a), which would rapidly terminate 
after slab breakoff. Repeated Wilson cycles 
produce a strongly fanning εHf evolutionary 
array (Fig. 1b), as recorded by the complex 
Mesozoic collisional orogens of east Asia, 
driven by the semi-continuous under thrusting 
and partial melting of Gondwanan fragments 
beneath Eurasia (Collins et al., 2011). In this 
contribution, it shown that the European εHf 
isotopic array does not fan as predicted during 
a classical Wilson cycle, instead defi ning an 
inverted “U-shaped” array and a trajectory 
of crustal reworking (Fig. 1b), for almost the 
entire Phanerozoic. 

 The data presented here have 
implications for understanding Phanerozoic 
European geology, classical Wilson cycles, 
and the broader implications for cyclicity of 
tectonic cycles. An alternative evolutionary 
model for Phanerozoic Europe is proposed 
that meets the existing geological constraints 
and accommodates the hafnium isotopic array 
presented here. 

2. GEOLOGICAL EVOLUTION OF 
PHANEROZOIC EUROPE AND 
NORTHERN AFRICA

 Neoproterozoic arc-back-arc systems 
that fringed West Gondwana, collectively 
termed the “peri-Gondwanan” terranes, are 
presently scattered throughout the Paleozoic 
Caledonian, Variscan and Appalachian orogens 
(Murphy et al., 2006). They include the massifs 
of Variscan Europe (Iberian, Armorican, 
Massif Central and Bohemian; (Linnemann et 
al., 2013; Ballèvre et al., 2014), the Pontides 
of eastern Europe,, and “composite Avalonia” 
in North America. Vestiges of oceanic arc 
magmatism are recognised between ~750-
650 Ma in most of the  terranes (Murphy 

et al., 2006), followed by a major phase of 
continental arc magmatism between ~650-
550 Ma with subduction directed beneath 
the periphery of West Gondwana (Murphy 
et al., 2006). Composite Avalonia separated 
from Gondwana by the early Ordovician 
opening the Rheic Ocean in its wake, and by 
the late Ordovician, had docked with Baltica 
consuming the Tornquist Ocean (Cocks and 
Torsvik, 2005). This collage then collided 
with Laurentia in the Silurian, consuming the 
Iapetus Ocean to form Laurussia during the 
Salinic-Scandian-Caledonide Orogeny (Cocks 
and Torsvik, 2005; Chapter 4, this thesis). In 
the Devonian, the Rheic Ocean lay between 
Laurussia and Gondwana, and Devonian 
ophiolites in central and Western Europe are 
commonly linked to its closure phase (Murphy 
et al., 2006; Martínez et al., 2011; Arenas et 
al., 2014).   

 The Mid Devonian-Carboniferous 
Variscan Orogeny involved the accretion of 
the peri-Gondwanan passive margin to the 
Laurussian continent (Stampfl i et al., 2013). 
By the late Carboniferous, Gondwana collided 
with Laurussia assembling the Pangean 
supercontinent. Some workers (Stampfl i et 
al., 2013) propose that the closure of a second 
Paleozoic ocean, Paleo-Tethys, preceded the 
major continent-continent collision in western 
Europe, but others suggest it was, at most, a 
narrow, ephemeral basin (Robardet, 2003). 
Subsequently, Neo-Tethys opened in the 
Early Permian-mid Triassic separating the 
Cimmerian ribbon from northern Gondwana 
(Stampfl i et al., 2013). Triassic-Jurassic 
ophiolites in central and eastern Europe record 
supra-subduction signatures (Robertson et al., 
2012), suggesting formation in oceanic arc or 
back-arc settings (Table 1).

 Late Cretaceous to Recent events in the 
Mediterranean are associated with N-dipping 
subduction of Africa beneath Europe (Jolivet 
and Brun, 2010). Back-arc extension, bimodal 
volcanism and exhumation occurred during 
southward retreat at the leading edge of the 
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slow-moving African plate (Rosenbaum et al., 
2002)
 The northern African margin was 
mostly passive throughout the Phanerozoic, 
preserving a broadly conformable sequence of 
mostly clastic Paleozoic strata (e.g. Guiraud 
et al., 2005 and references therein). Some 
fault reactivation in the Devonian produced 
intra-platform highs, but no evidence exists 
for Paleo-Tethys opening. A Variscan-aged 
unconformity separates the Gondwanan 
and Tethyan supercycles, with the latter 
characterised by Permian-Carboniferous 
continental deposits overlain by an onlapping 

sequence of Mesozoic continental clastics, 
evaporites and carbonates (Guiraud et al., 
2005). 

3. EUROPEAN OPHIOLITES

 A review of >35 Ordovician-
Cretaceous putative ophiolite occurrences 
across Europe and Turkey (Table 1) indicates 
that the vast majority have supra-subduction 
(SSZ) signatures; few have MORB-like 
affi nities. This geochemical variety is typical 
of modern-day oceanic back-arc systems (e.g. 
Pearce et al., 1984; Ewart et al., 1998), not 

Figure 1
A) Hafnium array (εHf) and U-Pb spectra of detrital, magmatic, ophiolitic and lamproitic zircon grains 
from Phanerozoic Europe (supplementary data fi le A). For TDM constraints, we use the most evolved 
point within the array during the U-shaped excursion (600-550 Ma) for the older TDM limit, and the 
least evolved portion as the younger limit. These limits were projected to the depleted mantle using 
Lu/Hf ratio of average crust (0.015, Griffi n et al., 2004), CHUR= chondritic uniform reservoir. The 
fi eld defi ned for the depleted mantle array and MORB is from Dhuime et al. (2011) and Griffi n et al. 
(2004). B) A schematic overview of the typical “fanning” (Collins et al., 2011) and inverted “U-shaped” 
hafnium isotopic arrays. 
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the MORB-like signatures expected if the 
ophiolites were preserved Rheic or Tethyan 
ocean fl oor. Paleozoic ophiolites are typically 
restricted to regional-scale domains, and 
are commonly grouped as “allochthonous” 
terranes (Fig. 2), but with Gondwanan 
lithostratigraphic units containing Cambrian-
Ordovician rocks on either side of the inferred 
ocean, including the Early Ordovician 
Armorican quartzite (Ballèvre et al., 2009; 
Ballèvre et al., 2014). This suggests a back-
arc, or peripheral narrow oceanic tract, origin 
for the ophiolites, consistent with their SSZ 
signatures. 

 Intracontinental basins were common 

on the southern margin of the eastern Europe 
and Turkey in the Jurassic and Cretaceous, 
and are interpreted to have been rooted in 
coeval Neo-Tethyan oceanic basins separated 
by continental fragments (Robertson, 2002). 
However, the typical SSZ signature of the 
ophiolites generated in these basins also 
suggests a dominant back-arc, rather than a 
classic Neo-Tethyan origin.

4. THE EUROPEAN ZIRCON HAFNIUM 
ISOTOPE ARRAY
 
 A compilation (n=3660) of new detrital 
and magmatic U-Pb-Hf zircon data is presented 
in conjunction with published data from 
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Figure 2
Simplifi ed map of Europe and northern Africa showing the location of samples used for the Hf isotope 
array in Fig. 1, and the location and ages of Phanerozoic ophiolites in Europe. A review of >35 
Ordovician-Cretaceous ophiolite occurrences across Europe and Turkey (Table 1) indicates that the 
majority have supra-subduction (SSZ) signatures; few have MORB-like affi nities. Following Ballevre 
et al., (2014), peri-Gondwana in Western Europe is divided into four terranes, but the “external thrust 
belt” is included in Avalonia (4). Also, the “Early Ordovician magmatic belt” is included within the 
peri-Gondwanan realm, as all measured Ordovician zircons are signifi cantly more juvenile (εHf >-10) 
than evolved Neoproterozoic grains. 
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No. Name Location Ocean Geochemistry Age Reference 
1 Careon ophiolite Spain Rheic SSZ 395 (Martínez et al., 2007) 

2 

Internal Ossa-Morena 
Zone ophiolite 
Sequences Spain/Portugal Rheic 

N-MORB/E-
MORB 

479 
+/- 5  (Ribeiro et al., 2010) 

3 
Beja-Acebuches 
Complex Spain-Portugal 

Rheic or 
Paleo-
Tethys SSZ 380 (Azor et al., 2008; Ribeiro et al., 2010) 

4 Moeche Ophiolite Spain Rheic SSZ 400 (Arenas et al., 2013) 

5 Purrido Ophiolite Spain Rheic SSZ 400 (Martínez et al., 2011) 

6 
Montgenevre ophiolite 
(Chenaillat) France 

Alpine 
Tethys embryonic MOR 165 (Costa and Caby, 2001; Li et al., 2013) 

7 
Krivaja-Konjuh 
Ophiolite Bosnia 

Neo-
Tethys SSZ 160 (Lanphere et al., 1975) 

8 Mt Kalnik Bosnia/Montenegro 
Neo-
Tethys MORB 185 (Pamić and Jurković, 1997) 

9 Zlatibor Serbia 
Paleo-
Tethys SSZ 175 (Lanphere et al., 1975) (Bazylev et al., 2009) 

10 
W. Albanian 
ophiolites Albania 

Pindos 
(Neo-
Tethys) MOR 170 (Robertson and Shallo, 2000) 

11 Pindos Greece 
Neo-
Tethys MOR and SSZ 170 

(Thuizat et al., 1981)  (Spray and Roddick, 1980); (Roddick 
et al., 1979) 

12 
Lycian Nappes 
(Muglya ophiolite) Turkey 

Neo-
Tethys MOR trans to SSZ 88 (Thuizat et al., 1981) (Uysal et al., 2012) 

13 
Antalya (Godene and 
Tekirova) Turkey 

Neo-
Tethys MORB 100 (Bağcı and Parlak, 2009; Robertson and Waldron, 1990) 

14 Pozanti-Karsanti Turkey 
Neo-
Tethys SSZ 90 (Thuizat et al., 1981) 

15 Mersin Turkey 
Neo-
Tethys SSZ 95 (Thuizat et al., 1981)  (PARLAK and ROBERTSON, 2004) 

16 Bear Bassit Turkey 
Neo-
Tethys SSZ 90 (Thuizat et al., 1981)   

17 Troodos Cyprus 
Neo-
Tethys? SSZ 90 (Rautenschlein et al., 1985), (Robinson et al., 1983) 

18 E.Albanian ophiolites Albania 

Pindos 
(Neo-
Tethys) 

intraoceanic 
subduction 160 (Robertson and Shallo, 2000) 

19 Vourinos ophiolite Greece 
Neo-
Tethys 

intraoceanic 
subduction 160 (Jones and Robertson, 1991) 

21 Pontides ophiolites  Turkey 
Neo-
Tethys SSZ 65 (Elmas and Yiğitbaş, 2001) 

22 Kure Ophiolite Turkey 
Paleo-
Tethys SSZ 230 (Ustaomer and Robertson, 1997) 

23 Elekdag ophiolite Turkey 
Paleo-
Tethys SSZ 230 (Ustaomer and Robertson, 1997) 

24 Guvgueli ophiolite Greece 
Neo-
Tethys SSZ 160 (Robertson, 2002) 

25 Lizard Ophiolite England Rheic MOR 397 (Kirby, 1984; Roberts et al., 1993) 

26 Sleza Ophiolite Poland Rheic MOR 400 (Kryza et al., 2011) 

27 
Internal Liguride 
Ophiolite Italy 

Alpine 
Tethys MOR 165 (Rampone et al., 1998) 

28 Bazar Ophiolite Spain/Portugal Rheic 
N-MORB/E-
MORB 

495 
+/- 2  (Martínez et al., 2012) 

29 Ybbsitz zone Austria 
Alpine 
Tethys MORB? 160 (Ozvoldova and Faupl, 1993) 

30 Izmir-Ankara zone Turkey 
Paleo-
Tethys MOR  to SSZ 228 (Göncüoglu et al., 2010) 

31 
Eastern Pontide 
Ophiolitic Melanges Turkey 

Neo-
Tethys SSZ 100 (Eyuboglu et al., 2007) 

32 Apuseni mountains Romania 
Neo-
Tethys   140 (Nicolae et al., 1992) 

33 Kizildag Turkey 
Neo-
Tethys SSZ 90 (Dilek and Thy, 2009), (KARAOĞLAN et al., 2013) 

34 Sarikaraman ophiolite Turkey  
Paleo-
Tethys SSZ to MORB 65 (Alinz et al., 1996) 

35 
Mirdita Ophiolite 
Complex Serbia 

Pindos 
(Neo-
Tethys) SSZ 165 (Dilek et al., 2008) 

36 Mt. Medvednica  Croatia 

Vardar 
(Paleo-
Tethys) MORB 165 (Slovenec and Lugović, 2012) 

Table 1
Compilation of ophiolites from Variscan Europe including the name, age and tectonic and 
geochemical affi nities. 
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Europe, Africa, Arabia and Turkey (Figure 
2, data tables in supplementary data). The 
new data are from fi ve clastic Carboniferous-
Permian rocks from the Cantabrian Zone in 
Iberia (Pastor-Galán et al., 2013). We use the 
mounts from Pastor-Galan et al., (2013) for 
the Lu-Hf isotopic analyses in the method 
following Henderson et al (2016)  (A full 
description of the methods is included in the 
supplementary data. 

 Evolved Early Neoproterozoic-aged 
zircons (εHf< -5) refl ect sediment dispersal 
from Pan-African terranes across Gondwana 
(Zlatkin et al., 2013). These Pan-African 
derived zircon grains are excluded from 
the major dataset (Fig. 1a) to highlight the 
initiation of arc magmatism on the northern 
margin of cratonic Gondwana, as constrained 
by geological evidence (Murphy et al., 2006). 
Without these and outlier data-points, the 
hafnium isotope array defi ned by zircons 
that crystallized between 900 Ma and the 
present day, is a surprisingly simple inverted 
“U-shaped” array that records only three 
major excursions of signifi cance (Fig. 1b). The 
fi rst excursion is a strongly developed spike 
to negative εHf values (0<εHf<-35) between 
700-600 Ma, and the second is a return to more 
juvenile values (εHf >-10) between ~600-450 
Ma. Thereafter to ~30 Ma, the εHf isotopic 
array is typical of crustal reworking (Lu/
Hf=0.15) with upper and lower bounds (Fig. 
1a) intersecting TDM (depleted mantle model 
age) at ~750 Ma and ~1.8 Ga respectively. An 
excursion towards negative εHf values in the 
mid Cenozoic (~30 Ma) marks the end of the 
“U-shaped” reworking array, and is consistent 
with the introduction of ancient crustal 
material into the Alpine orogenic system 

 The negative εHf excursion between 
~700-600 Ma can be explained by either 
reworking of West African crust, or mixing 
of Eburnian and/or Late Archean crust with 
juvenile material, (see also Linnemann et 
al., 2014), which is attributed to continental 
arc magmatism (Linnemann et al., 2014) 
following accretion of composite Avalonia to 

the Gondwanan margin (Chapter 5). 

 The period between 600-450 Ma is 
characterised by a marked shift toward a 
more juvenile isotopic character (εHf +5 to 
-10). Such shifts refl ect the transition from 
continental to oceanic arc magmatism, and 
typically associated with a retreating orogenic 
system, where arcs and ribbons migrated 
outboard (Kemp et al., 2009). 

 Between ~450 Ma and ~30 Ma, the 
zircon εHf record across Europe follows a 
typical crustal evolution path (Lu/Hf=0.015) 
indicating repeated reworking of this crust 
during tectonic events in this interval. With 
TDM ages ranging from ~1.8 to 0.75 Ga, 
the majority of the zircons indicate that 
the reworked crust was a mix of ~1.8 Ga 
Paleoproterozoic (probably younger than 
Eburnian), and juvenile peri-Gondwanan 
crust (0.75-0.55 Ga). Evolved εHf signatures 
in some Paleozoic ophiolites indicate that 
peri-Gondwanan sub-continental mantle 
lithospheric mantle (SCLM), possibly of 
Mesoproterozoic age (Martínez et al., 2011), 
was also reworked. However, most other 
ophiolites have high positive εHf values (Fig. 
1a) indicating an asthenospheric source, and 
limited mixing with contemporaneous crust.

 A trend to negative εHf values (-15 
to -25) began in the Oligocene, and includes 
granitic rocks from Greece (Bolhar et al., 
2012) and lamproitic rocks (Fig. 2) from Spain 
and Italy (Prelević et al., 2010), suggesting 
that ancient cratonic Gondwanan continental 
and mantle lithosphere became involved in 
subduction-related magmatism associated 
with back-arc  basin retreat (Rosenbaum 
et al., 2002). Lamproites from Macedonia 
and Serbia have more positive εHf values, 
but also show evidence of mixing between 
ancient Gondwanan SCLM and asthenosphere 
(Prelević et al., 2010). 

5. REVISED GEODYNAMIC MODEL OF 
EUROPE
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 The Hf isotopic data require that the 
Neoproterozoic active margin of northern 
Gondwana migrated outboard from ~600-
450 Ma, resulting in a vast, extended peri-
Gondwanan terrane that became the substrate 
to Variscan Europe.   The negative εHf spike 
(Fig. 1a) at ~700-600 Ma is consistent with the 
development of a continental arc at ~650-640 
Ma (Murphy et al., 2006) along the northern 
Gondwanan margin following accretion 
of Avalonia (Chapter 5). The subsequent 
major Hf isotopic shift toward more juvenile 
compositions between 600-450 Ma (Fig. 
1a) is consistent with geological evidence 
for opening and closing of back-arc basins, 
including the ‘Cadomian back-arc basin’, 
which closed by ~540 Ma (Linnemann et al., 
2014).

 Ongoing arc magmatism throughout 
the Cambrian is sporadically recorded in the 
allochthonous complexes of Iberia, which 
progressively became more mafi c and juvenile 
(Arenas et al., 2014), consistent with outboard 
arc migration. Late Cambrian high temperature 
metamorphism, Early Ordovician extension, 
and the emplacement of the widespread S-type 
Ollo de Sapo magmatism throughout Iberia 
(Díez, Fernández et al., 2012) provides critical 
evidence for  alternating episodes of extension 
and contraction similar to the periodic 
emplacement of widespread S-type granites 
in the Tasmanides of eastern Australia, which 
herald new retreat phases (Collins & Richards, 
2008). 

 460-450 Ma old bimodal volcanic 
rocks of Portugal may represent the external 
shelf of the peri-Gondwanan margin (Dias da 
Silva et al., 2014) and the opening of an oceanic 
tract. This oceanic tract is preserved in the 
allochthonous mafi c units in Variscan Europe 
(Fig. 2), and the Early Ordovician Armorican 
Quartzite in Iberia and Brittany may represent 
remnants of the passive margin on either side 
of this tract (Ballèvre et al., 2014). The tract 
can be interpreted as a back-arc, consistent 
with the pervasive SSZ signature of most 

Paleozoic ophiolites (Table 1). In this model, 
the Cambrian to Carboniferous passive margin 
in northern Africa (Guiraud et al., 2005) and 
in the Cantabrian zone of Iberia (Pastor-Galán 
et al., 2013) are the inboard side of the back-
arc rift (Ballèvre et al., 2014). 

 By the early Silurian, eastern Avalonia 
had docked with Baltica (Cocks and Torsvik, 
2005), apparently triggering subduction 
beneath Variscan Europe and initiating closure 
of the Rheic Ocean (Murphy et al., 2006). 
Similarly, Avalonia docking in the northern 
Appalachians triggered subduction of Rheic 
oceanic crust beneath Laurentia (Chapter 3, 
van Staal et al. 2009; Torsvik and Rehnström 
2003). Deep seismic and petrological evidence 
suggests S-dipping subduction beneath the 
Bohemian massif of central Europe from 
~420 Ma (e.g Schulmann et al., 2014). Rare 
direct evidence for the arc and southward 
subduction is the 400-390 Ma Plounévez-
Lochrist orthogneiss complex of NW France 
(Ballèvre et al., 2014). By contrast, Devonian 
SSZ ophiolites in Iberia refl ect N-dipping 
subduction and subsequent accretion of the 
Paleozoic massifs to the inboard passive margin 
of peri-Gondwana (e.g., Arenas et al., 2014; 
Ballèvre et al., 2014).  Similarly, N-directed 
subduction under Laurentia occurred farther 
along the orogen in the Appalachians.

 The Late Paleozoic Variscan Orogeny 
was associated with widespread, voluminous 
syn-and post-collisional magmatism in 
Europe, but remarkably, did not signifi cantly 
change the character of Hf isotopic array 
(Fig. 1a).  Indeed, the abundant 400-250 Ma 
zircons cluster occurs within, and defi nes, the 
entire Phanerozoic reworking array. Thus, 
despite Pangean amalgamation, only the 
peri-Gondwanan terranes were reworked, 
consistent with relamination in the back-
arc region (Hacker et al., 2011), producing a 
diffuse cryptic suture zone (Schulmann et al., 
2014). The Hf isotopic data suggest that the 
Variscan Orogeny was closure of back-arc 
basins and/or limited oceanic tracts, which 
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juxtaposed Gondwana and Laurussia. 

 Early-Middle Triassic magmatic 
activity related to the opening of Neo-Tethys 
is recorded locally along the African margin 
(Guiraud et al., 2005), when the “Cimmerian 
ribbon” separated from northern Africa 
(Stampfl i et al., 2013). The Jurassic magmatic 
gap (Fig. 1) is the expected hiatus as Neo-
Tethys widened westward and the Central 
Atlantic Ocean opened (Guiraud et al., 2005).
Numerous Jurassic ophiolite complexes 
developed in SE Europe (Table 1, Robertson 
et al., 2012) during ongoing dominantly 
N-directed subduction (Stampfl i et al., 2013, 
Fig. 2), and have SSZ signatures consistent 
with a dominantly back-arc origin. The 
presence of peri-Gondwanan basement 
throughout Greece and northern Turkey, albeit 
dissected by Triassic-Jurassic back-arc rifts, 
implies that these terranes were part of the 
peri-Gondwanan ribbon (Zlatkin et al., 2013). 
N-directed subduction of the “Cimmerian” 
ribbon began in the Cretaceous and resulted, 
among other effects, in the Neogene lamproitic 
rocks of the Mediterranean region (Prelević 
et al., 2010). Lamproites are fi rst-generation 
melts derived from volatile-rich mantle 
lithosphere, and their εHf values (Fig. 1a) 
indicate that ancient Gondwanan lithospheric 
mantle was underthrust and melted for the fi rst 
time since the Neoproterozoic.

6. COMPARISONS WITH THE 
APPALACHIAN OROGEN 

 The ~600-300 Ma isotopic record of 
the Canadian Appalachians has remarkable 
similarities to the European array (Fig. x), with 
both orogens recording a transition towards 
increasingly radiogenic hafnium (εHf) values 
between ~600-450 Ma. The Hf isotopic 
arrays indicate that the “peri-Gondwanan” 
arc terranes of Variscan Europe and eastern 
Canada were part of a vast, retreating 
continental arc that was removed from the 
Gondwanan margin during subduction roll 
back in the Ediacaran (~600 Ma). The scale is 

similar to that of present-day Zealandia in the 
SW Pacifi c, which is a >4000 km long ribbon 
of highly extended continental crust, <10% of 
which is emergent (e.g., Grobys et al., 2008). 
Nonetheless, the lateral extension of the peri- 
Gondwanan terranes as part of a singular 
continental ribbon is not a new concept 
(Nance and Murphy et al., 1996; Stampfl i et 
al., 2002; Keppie and Keppie 2014) and the 
hafnium isotopic record strongly supports this 
hypothesis. 

 The hafnium isotopic arrays of the 
Appalachian and Variscan orogens both 
indicate that crustal recycling processes 
occurred between ~450-300 Ma, in an upper-
plate setting. Post-Variscan Europe has hosted 
predominantly N-dipping subduction regimes 
(see Stampfl i et al., 2013) during the slow 
convergence of the African plate, which 
has led to the protracted opening-closing of 
ephemeral basins during intervals of extension 
and compression that have continued until 
the present day (Rosembaum et al., 2002; 
Jolivet and Brun 2010). The Appalachian 
margin also experienced protracted intervals 
of compression and extension, but only until 
Pangean amalgamation. They are interpreted 
as tectonic switching episodes between 
advancing and retreating subduction during 
closure of the Rheic Ocean (see Chapter 5). 
Such episodes are diffi cult to decipher in the 
Variscan orogenic record, due to subsequent 
Alpine reworking, but although the suggested 
“relamination” events in central Europe 
during the Devonian (e.g., Schulmann et al., 
2014) could be the deep crustal expression of 
this process, it does not show the degree of 
homogenisation as indicated by the northern 
Appalachian array, as discussed below.

 Magmatism associated with the 
Paleozoic assembly of Pangea in Variscan 
Europe (~450-300 Ma) records crustal 
recycling of the basement (~1.8-0.75 Ga) 
along a typical evolutionary array (Fig. 1, Lu/
Hf= 0.015), anchored by the intersection with 
DM of the upper bound of the array at 750 
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Ma. Mafi c complexes, termed ophiolites in the 
European literature, indicate that mantle input 
was occurring throughout, and continued up 
to the present-day. Nonetheless, zircons with 
primitive (high εHf) signatures are extremely 
rare, and non-existent in the detrital dataset, 
showing the dominance of crustal reworking, 
but apparently without crustal homogenisation.  
By contrast, although the northern Appalachians 
εHf array falls within the Paleozoic European 
array, it differs because it ‘telescopes’ around 
CHUR by ~300 Ma (see Fig. 15, Chapter 5). 
Thus, Paleozoic magmatism in the northern 
Appalachians is recorded by homogenisation 
of the late Neoproterozoic basement (TDM 
= 1.0-2.0 Ga).  Accordingly, the Hf isotopic 
arrays of both regions can be broadly 
considered as ‘reworking’ arrays (i.e. Smits et 
al. 2014). In both orogenic systems, mantle-
derived magmas did not mix signifi cantly with 
the crustally derived melts that dominate the 
Hf record.  

 Interestingly, the beginning of both 
arrays are anchored at ~750 Ma, which 
is when the opening of proto-Iapetus is 
proposed (Chapter 5). It is melting of this 
juvenile proto-Iapetian arc crust that controls 
the Phanerozoic reworking arrays of both 
orogens, and it confi rms the importance of 
proto-Iapetian opening in the evolution of 
the Iapetian Wilson cycle, and more broadly, 
in the establishment of the Gondwanan and 
Pangean supercontinental cycles.

 Crustal reworking versus crustal 
homogenisation arrays suggests that the 
same section of crust was not involved in 
the subsequent reworking events, or that the 
conditions of melting were different, such 
as water fl uxed melting versus dehydration 
melting. Water fl uxing probably is confi ned 
to magmatic arcs and proximal back-arcs, 
producing relatively low-temperature S- and 
I-type granitic magmas (e.g. Frost et al., 
2001, Collins and Richards 2008), whereas 
dehydration melting is generally confi ned to 
distal back-arcs and continental rifts, producing 

relatively hot A-type magmas (Collins et al., 
2016). This difference might help explain the 
differences between the Variscan and northern 
Appalachian εHf arrays, particularly given the 
occurrence of Silurian-Early Devonian A-type 
magmatism in the latter. However, a detailed 
explanation of such petrological processes is 
beyond the scope of this thesis. 

7. GLOBAL TECTONIC CYCLES 

 The inverted “U-shaped” European Hf 
isotopic reworking array (Fig. 1b) contrasts 
with the two fundamentally distinct Hf arrays 
evident from Phanerozoic orogenic systems 
recognised elsewhere on Earth (Collins et al., 
2011) and requires a fundamental change in 
tectonic conditions (e.g. Smits et al., 2014); 
which is suggested to be a switch from an active 
continental arc on the northern Gondwanan 
margin, to outboard subduction retreat and 
the removal of an extended continental ribbon 
between ~650-400 Ma. The European array 
requires that the Paleozoic terranes now 
occupying Variscan Europe formed a large 
retreating orogen between ~600-450 Ma, 
which was then reworked throughout the 
remainder of the Phanerozoic by repeated 
back-arc opening and closing. Reworking 
was probably associated with small oceanic 
tract development, slow-moving plate 
convergence, hence limited mantle input in 
the back-arc regions, as is presently observed 
in the Aegean (e.g. Rosenbaum et al., 2002; 
Jolivet and Brun, 2010). In this predominantly 
extensional, back-arc dominated  tectonic 
environment, magma mixing between crustal 
and mantle-derived components is more 
limited than in large hydrous arc systems 
that usually have extended crystallisation-
hybridisation histories leading to magma 
mixing (Annen et al., 2006). Therefore, 
zircons from the Variscan and Appalachian 
orogens are almost exclusively derived from 
the reworked peri-Gondwanan crustal source. 
Only upon the introduction of Gondwanan 
crust during the Cenozoic Alpine Orogeny 
does mixing of an ancient cratonic source 
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become apparent (Prelević et al., 2010). 
This reworking style of Hf isotopic array is 
also evident in Mesoproterozoic Australia 
(Smits et al., 2014), showing that the broader 
geodynamic implications can be extended into 
Precambrian orogenic systems. 

 The Wilson cycle concept was 
formulated around Atlantic ocean-style 
opening and closing of oceans (Wilson, 1966). 
However, few zircon grains in either Europe 
or the Americas record any stage of that 
opening over the last 200 Ma. Once Atlantic 
closing begins, a burst of arc magmatism like 
the record of Neoproterozoic peri-Gondwanan 
arcs (Fig. 1a) should commence and may 
continue until continental collision, because 
ocean closure requires subduction and the 
second-order process of arc magmatism.  

 The European Hf isotopic record 
refl ects a protracted ocean closure phase as the 
Gondwanan/Africa continent followed a slow, 
indirect path northward. Thus, the European 
Hf array is an inverted U-shape indicating 
ocean closure over a 600 Ma period, far 
greater than the length of the inferred Wilson 
cycle associated with Pangean amalgamation. 
Therefore, it is suggested the European Hf 
isotopic array records the fi nal closure phase 
of a longer (600 Ma) supercontinent cycle, 
though the future magmatic record (the next 
50 Myr) requires semi-continuous production 
of highly evolved zircons for that process to 
be adequately documented. 

 Surprisingly, the completion of 
the type-Wilson cycle in the northern 
Appalachians is marked simply by termination 
of magmatism as the εHf array converged on 
CHUR at ~300 Ma. Like Europe, collision of 
Gondwana with Laurentia to form Pangea is 
not refl ected in the εHf array. What is recorded 
is “half” an inverted U-array, simply refl ecting 
the reworking the composite Avalonia, like 
the Variscan orogeny reworked the peri-
Gondwanan terranes of Armorica and Iberia. 
One must ask, therefore, whether the so-called 

Pangean supercontinental cycle is only part of 
a larger, longer-term supercontinental cycle?
 For Europe, the εHf data indicates 
supercontinental cycle initiation is represented 
by the oldest εHf model age of the reworked 
peri-Gondwanan arc crust. The reworking 
array is bracketed between the upper Hf 
crustal evolutionary line with an εHf TDM 
age of 750 Ma (Fig. 1b), which may refl ect 
the initial breakup of Rodinia, but more 
specifi cally relates to proto-Iapetus opening 
and formation of juvenile crust during 
subduction retreat as an oceanic arc developed 
on composite Avalonia (Chapter 5). The 
lower crustal evolution line has a εHf TDM 
age of ~1.8 Ga, which is slightly younger 
than the dominant 2.0 Ga (Eburnian) age of 
the West African Craton (WAC) (Fig. 3). This 
might also refl ect opening of a major ocean 
during backarc spreading and oceanic arc 
development following Nuna amalgamation 
in the Paleoproterozoic.

 The billion-year duration of the peri-
Rodinian ocean inferred from Hf isotopic 
arrays largely coincides with the supercontinent 
cycle between Nuna (~1.8 Ga) and Rodinia 
(~750 Ma) breakup (Fig. 3), and is consistent 
with the inferred billion-year passive margin 
character of the WAC in many Proterozoic 
reconstructions (Zhang et al., 2012). The 
data presented here suggest that Hf isotopic 
arrays can be used to distinguish billion-year 
supercontinent cycles for individual cratons 
from second-order Wilson cycles, which more 
likely refl ect the development of small oceans 
and the transfer of ribbons from one continent 
to another during supercontinental assembly. 
In this way, Hf isotopic arrays provide an 
excellent opportunity to reassess Precambrian 
supercontinent reconstructions at a cratonic 
scale, but less likely to recognise individual 
Wilson cycles unless they involve reworking 
of cratonic crust at the beginning and end of 
each cycle. 
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Supporting information
Supplementary Table 1. Hafnium data from Iberia samples (new data)

Reference Sample no. Analysis number U-Pb Age Ehf value Type Region Northing Eastings 
Henderson 2014  PG2 a12 1039.06506 -4.517640349 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a15 2045.057243 0.317955391 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a19 1770.838855 -2.879473202 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a23 2147.959788 -1.061460519 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a30 1048.895004 -3.021795068 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a34 1008.036965 -12.18622742 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a39 1026.21827 -14.31074857 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a46 1794.942294 -5.704870749 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a60 1949.56685 -4.860113496 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a7 1884.875371 -8.728613131 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a9 1076.608475 -6.624083916 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b10 1851.510947 -5.55117302 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b33 2718.799869 -2.205922613 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b36 2254.194629 -8.073851775 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b4 2119.706089 1.058045876 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b42 1029.142435 -10.10814581 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b45 2077.766407 10.79873709 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b55 1055.573498 -4.68640784 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b57 2123.850313 -9.824039291 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a03 600.25 -14.56142992 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a06 2093.461442 -3.436997223 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a11 2844.157023 -8.302566732 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a16 1743.033311 -5.199846857 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a17 301.4377342 -4.922022313 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a29 659.5472068 6.468232652 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a33 627.6020211 -1.381871041 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a35 294.0369559 -5.732856958 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a40 296.8056563 0.931841454 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a42 288.0510047 -4.248720958 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a47 684.9303128 7.643607806 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a50 293.6987703 -2.526975867 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a52 295.8078738 -3.86453452 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 a53 744.2767943 -1.926111587 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b03 296.4976721 -5.068133449 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b11 2019.946543 -4.315403481 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b12 331.9106678 -4.325448624 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b17 2794.267409 -2.921780623 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b19 2572.744208 0.091995714 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b23 682.6178652 0.84990561 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b24 658.9590842 -8.800173888 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b35 2599.316325 -10.65637732 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b38 578.3062132 -12.36498394 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b41 630.9100333 5.905927328 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b43 295.39 -3.953167684 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b44 497.1992681 -1.454279545 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b51 511.775083 -0.70111061 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b52 654.0851513 -6.912019729 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b53 297.8538992 -5.822475419 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b54 2599.194942 -0.146098676 Detrital Iberia 4788058.88 m N 358861.78 m E 
Henderson 2014  PG2 b58 644.6299594 -5.130097504 Detrital Iberia 4788058.88 m N 358861.78 m E 

Henderson 2014  PG6 a16 644 -9.526 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a21 644.6309522 -6.773 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a22 2508.86165 6.550 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a3 644 6.959 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a30 635.9769665 -11.404 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a33 612.3732485 -5.810 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a34 978.542273 -2.679 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a36 996.8093947 -5.063 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a41 670.6497608 -19.453 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a45 1811.191816 -2.188 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a48 1901.518895 -10.263 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a5 623 -3.068 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a50 941.4028647 1.136 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a51 731.5251191 -14.887 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a53 738 8.729 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a54 813.5029621 -14.663 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a56 1091.026273 -12.171 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a59 1005.760778 -7.430 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a6 1015 14.259 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a7 1063.708223 -0.142 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  PG6 a9 829 2.517096549 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  pg6 PG6_A4 489.5515997 -6.130 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  pg6 PG6_A10 518.4228979 -8.576 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  pg6  PG6_A14 451.1354226 -3.415 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  pg6 PG6_A19 970 -13.594 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  pg6 PG6_A23 488.2242951 -6.683 Detrital Iberia 4796198.36 m N 279875.51 m E 
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Henderson 2014  pg6 PG6_A24 343.2796266 -1.433 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  pg6 PG6_A26 506.6929568 -2.751 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  pg6 PG6_A27 339.856723 -6.389 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  pg6 PG6_A39 486.558021 -2.387 Detrital Iberia 4796198.36 m N 279875.51 m E 
Henderson 2014  pg6  PG6_A42 321.743015 -10.500 Detrital Iberia 4796198.36 m N 279875.51 m E 

Henderson 2014  PG3 a01 1928 -14.55746919 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 a05 549 -2.843392242 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 a07 2693 -1.943925588 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 a08 494 4.858959818 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 a27 597 -1.067034115 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 a28 948 -10.72449959 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 a29 836 -2.913478208 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 a34 541 -6.910983256 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 a35 441 -7.591519692 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 a37 298 -5.537205359 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 a42 410 -1.513954926 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 a47 513 -2.381128483 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 a50 2146 -1.209841028 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 a51 544 9.084970309 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 a52 699 7.637496021 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 a54 342 0.43218754 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 a56 2521 -5.252849556 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 a57 918 -15.45587881 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 b02 502 -1.392008179 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 b05 677 -0.657050719 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 b06 387 -2.385009596 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 b08 1034 -12.62296763 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 b11 500 -2.730752579 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 b21 482 6.712712014 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 b22 738 5.793880532 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 b26 600 0.334654523 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 b32 1947 20.4377234 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 b40 583 -0.1019719 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 b43 557 -8.978202672 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 b46 964 -9.304226459 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 b49 440 -2.96454087 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 b53 702 4.318732403 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 b57 498 -24.44563068 Detrital Iberia 4802182.68 m N 280485.99 m E 
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Henderson 2014  pg5 PG5_B13 346 -1.163957558 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_B17 483 -11.25520412 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_b18 814 5.505020762 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_b20 335 -4.513407651 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  PG5 pg5_b23 2513 -13.38142098 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  PG5 pg5_b24 478 4.1209484 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_b32 629 -6.268753373 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  PG5 pg5_b33 340 -6.907315304 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  PG5 pg5_b36 560 4.580370565 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_B44 933 10.95206874 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  PG5 pg5_b47 343 1.023071835 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  PG5 pg5_b49 1100 10.82056109 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_B50 2626 -2.614459024 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_B52 2381 -4.472549965 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  PG5 pg5_b56 585 -16.04720844 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  PG5 pg5_b57 623 -2.451626142 Detrital Iberia 4787226.91 m N 290206.27 m E 

Henderson 2014  pg7  PG7_A03 476 -5.758260697 Detrital Iberia 4800177.71 m N 709552.62 m E 
Henderson 2014  pg7 PG7_A06 541 -10.30795128 Detrital Iberia 4800177.71 m N 709552.62 m E 
Henderson 2014  pg7 PG7_A08 481 -12.11089029 Detrital Iberia 4800177.71 m N 709552.62 m E 
Henderson 2014  pg7 PG7_A12 487 -4.674257581 Detrital Iberia 4800177.71 m N 709552.62 m E 
Henderson 2014  pg7 PG7_A19 509 -2.882727351 Detrital Iberia 4800177.71 m N 709552.62 m E 
Henderson 2014  pg7 PG7_A20 501 -11.86116665 Detrital Iberia 4800177.71 m N 709552.62 m E 
Henderson 2014  pg7 PG7_A45 487 -1.858984345 Detrital Iberia 4800177.71 m N 709552.62 m E 
Henderson 2014  pg7 PG7_A52 547 -14.29050232 Detrital Iberia 4800177.71 m N 709552.62 m E 
Henderson 2014  pg7 PG7_A53 507 -2.085926503 Detrital Iberia 4800177.71 m N 709552.62 m E 
Henderson 2014  pg7 PG7_B9 549 -27.2599467 Detrital Iberia 4800177.71 m N 709552.62 m E 
Henderson 2014 pg7  PG7_B13 478 -5.212977657 Detrital Iberia 4800177.71 m N 709552.62 m E 
Henderson 2014 pg7 PG7_B30 488 -0.634467094 Detrital Iberia 4800177.71 m N 709552.62 m E 
Henderson 2014 pg7 PG7_B34 430 4.689741559 Detrital Iberia 4800177.71 m N 709552.62 m E 
Henderson 2014 pg7 PG7_B46 490 -3.215450074 Detrital Iberia 4800177.71 m N 709552.62 m E 

Henderson 2014  PG3 b58 581 0.262534949 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 b59 1815 -3.203155601 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 c02 2073 6.62195313 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 c06 858 -2.544800084 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 c09 607 6.361372874 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 c11 475 -4.760212288 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 c13 855 -8.248014605 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 c16 674 -11.66797448 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 c18 586 -10.20082929 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 c27 636 -16.23892203 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 c36 336 -2.787788849 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 c44 615 -10.55015009 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 c49 502 -5.448437544 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 c51 602 -0.268233684 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 c57 560 -2.506861105 Detrital Iberia 4802182.68 m N 280485.99 m E 
Henderson 2014  PG3 c59 550 -1.775152769 Detrital Iberia 4802182.68 m N 280485.99 m E 

Henderson 2014  pg5  PG5_A10 602 -10.51715294 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5  PG5_A15 326 -5.432580067 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5  PG5_A45 584 3.259271859 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5  PG5_B10 957 9.215117729 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5  PG5_B59 2718 -0.767901376 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 pg5_a03 554 -3.496229399 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_A12 613 7.282751737 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_A14 572 -4.98567114 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_A16 552 -3.573036907 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_A19 335 -8.635765507 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_a20 2638 -1.646305905 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_A26 500 -4.143246168 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_A30 1062 8.225059319 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_A31 811 3.512063489 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_A34 829 0.051426311 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_A41 2636 -4.157040784 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  PG5 pg5_A46 1064 -3.900087842 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_A54 512 0.003605385 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_A58 709 0.588602667 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_A60 376 5.225926482 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_b05 558 -5.089927383 Detrital Iberia 4787226.91 m N 290206.27 m E 
Henderson 2014  pg5 PG5_B08 905 12.35086885 Detrital Iberia 4787226.91 m N 290206.27 m E 
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Supplementary methodology for Chapter 6

The zircon mounts prepared for U–Pb LA-ICPMS 
analysis were also used for Lu–Hf isotopic studies 
undertaken with Laser Ablation Multi-Collector 
Inductively Coupled Plasma Mass Spectrometry 
(LA-MC-ICPMS) at the Waite campus, University 
of Adelaide, South Australia. Only grains with 
U–Pb LA-ICPMS analysis greater than 95% 
concordance were analysed for Lu–Hf isotope 
composition. Analysis spots were placed as close 
as possible to concordant U–Pb LA-ICPMS spots, 
and within the same CL zone. Zircons were ablated 
with a New Wave UP-193 Excimer laser (193 nm) 
using a spot size of 50 μm, frequency of 5 Hz, 4 
ns pulse length and an intensity of ~ 10 J/cm2. 
Zircons were ablated in a helium atmosphere, 
which was then mixed with argon upstream of the 
ablation cell. Measurements were made using a 
Thermo-Scientifi c Neptune Multi Collector ICP-
MS equipped with Faraday detectors and 1011 Ω 
amplifi ers. Analyses used a dynamic measurement 
routine with: ten 0.524 s integrations on 171Yb, 
173Yb, 175Lu, 176Hf (+ Lu + Yb),177Hf, 178Hf, 
179Hf and 180Hf; one 0.524 s integration on 
160Gd, 163Dy, 164Dy, 165Ho, 166Er, 167Er, 
168Er, 170Yb and 171Yb, and one 0.524 s 
integration of Hf oxides with masses ranging 
from 187 to 196 amu. An idle time of 1.5 s was 
included between each mass change to allow 
for magnet settling and to negate any potential 
effects of signal decay. This measurement cycle 
is repeated 15 times to provide a total maximum 
measurement time of 3.75 min including an off-
peak baseline measurement. The measurement 
routine is optimised to allow for the monitoring of 
oxide formation rates and REE content of zircon, 
and to provide the option to correct for REE-oxide 
interferences if required in high REE zircon. Hf 
oxide formation rates for all analytical sessions in 
this study were in the range 0.1–0.07%.
Hf mass bias was corrected using an exponential 
fractionation law with a stable 179Hf/177Hf ratio 
of 0.7325. Yb and Lu isobaric interferences on 
176Hf were corrected for following the methods 
of Woodhead et al. (2004). 176Yb interference on 
176Hf was corrected for by direct measurement of 
Yb fractionation using measured 171Yb/173Yb 

with the Yb isotopic values of Segal et al. (2003). 
The applicability of these values were verifi ed 
by analysing JMC 475 Hf solutions doped 
with varying levels of Yb with interferences up 
to176Yb/177Hf = ~ 0.5. Lu isobaric interference 
on 176Hf was corrected using a 176Lu/175Lu 
ratio of 0.02655 (Vervoort et al., 2004) assuming 
the same mass bias behaviour as Yb.
Confi rmation of accuracy of the technique was 
monitored using a combination of the Plesovice 
and Mudtank zircon standards. The average 
176Hf/177Hf value for Mudtank for the analytical 
sessions was 0.282498 ± 0.0000020 (2SD, n = 
19), which is comparable to the published value 
of 0.282504 ± 0.000026 (2SD) by Woodhead and 
Hergt (2005).  εHf(T), TDMc and TDMc crustal 
were calculated using 176Lu decay constant after 
Scherer et al. (2001).  TDMc crustal was calculated 
using the methods of Griffi n et al. (2002) with an 
average crustal composition of176Lu/177Hf = 
0.015.
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Conclusions and implications for further work

This thesis attempts to develop an 
understanding of how hafnium isotopic 
arrays record the opening and closure of 
oceanic basins (Wilson cycle tectonics) 
during continental break-up and assembly. 
The northern Appalachian orogen formed 
the focus of the study, with hafnium isotopic 
data also collected from the temporal Variscan 
orogen of Europe.  In the preceding chapters 
the geochronological, hafnium isotopic and 
metamorphic history of the “peri-Gondwanan” 
terranes of Atlantic Canada and Europe were 
investigated in order to address the principle 
aims of the thesis. The following discussion 
summarises the key outcomes and presents 
a concise summary of the geodynamic 
evolution of the Appalachian-Variscan orogen 
during the Neoproterozoic-late Paleozoic. The 
fundamental learnings from investigating the 
large-scale use of the hafnium isotopic method 
are also briefl y addressed. 

1. Obtain a comprehensive hafnium 
isotopic record of Wilson cycle tectonics using 
the northern Appalachian orogen (the type 
area, Wilson, 1966) as a natural laboratory.

Chapter 2, 3, 5 and 6 present a 
comprehensive new zircon U-Pb and Hf 
isotopic data set of magmatic and detrital 
zircons from Cryogenian to Permian rocks in 
Ganderia, Avalonia, Meguma and Iberia. In 
addition, existing hafnium isotopic data was 
collated from Laurentia, Baltica, Amazonia, 
West Africa, Arabia and the central African 
terranes. The data demonstrate the power 
that U-Pb-Hf zircon datasets have with 
respect to provenance and paleogeography of 
dispersed terranes. A major conclusion from 
the comprehensive data sets is the similarities 
between the hafnium isotopic arrays of 
Avalonia, Ganderia and Meguma, so they are 
subsequently grouped as “composite Avalonia”. 
The arrays indicate an early Neoproterozoic 
provenance for Avalonia from Baltica, and a 

late Neoproterozoic-early Cambrian affi nity 
with northern Gondwana (Amazonia). The Hf 
arrays from Baltica and Amazonia are such 
that it is implausible to defi nitively separate 
them from one another. Most importantly, 
Hf data from mid-late Neoproterozoic arc-
related zircons in all three terranes indicate a 
basement of similar composition that yields 
“Grenvillian-type” model ages between ~1.0-
2.1 Ga. The autochthonous zones of NW 
Iberia are clearly traced back to the Saharan 
metacraton of north Africa, whereas the Upper 
Allochthon of Iberia is closer in isotopic 
character to Avalonia or Meguma. The data 
have implications for the paleogeography of 
the Upper Allochthon and suggests that the 
Upper Allochthon in NW Iberia may have been 
displaced from composite Avalonia during the 
assembly of Pangea. The Hf arrays indicate 
that the Paleozoic assembly of the Appalachian 
and Variscan orogens did not involve multiple 
Wilson cycles, recording only the closure of 
the Iapetus and Rheic Oceans.  

2. To test the test the sensitivity of the 
hafnium isotopic arrays in documenting 
complex accretionary processes during 
continental ribbon transfer from one 
continental margin to another.

Chapter 3 presents hafnium isotopic data 
from Ganderia and the peri-Laurentian margin 
(Dashwoods terrane) in order to investigate the 
sensitivity of the Hf isotopic method against 
the complex accretionary processes and arc-
magmatism associated with the closure of 
the Iapetus Ocean beneath the Laurentian 
(Notre Dame arc) and Ganderian margins 
(Penobscot-Popelogan-Victoria arcs). The 
data demonstrates that Hf isotopic arrays are 
capable of identifying plate tectonic changes 
on temporal scales of ~20-50 million years, 
which include: the onset of continental-arc 
magmatism on both margins, subduction roll-
back and arc-retreat in Ganderia and the fi nal 
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closure of Iapetus along both margins during 
the mid-Ordovician. Hafnium isotopes confi rm 
the presence of an Archean basement beneath 
most outboard regions of peri-Laurentia in the 
Dashwoods terrane. 

3. To test the metamorphic record against 
the hafnium isotopic record during continental 
ribbon transfer. 

Chapter 4 addresses the timing and nature 
of metamorphism in the Gander Zone during 
continental ribbon transfer across the Iapetus 
Ocean. This chapter emphasises the power 
of multi-faceted geochronological, isotopic 
and mineral equilibria modelling with 
respect to unravelling polyphase orogenic 
systems. Ganderia records low pressure, 
high temperature metamorphism (3-4 kbar, 
600°C) at 460 ± 7 Ma that coincides with 
the evolution of the Tetagouche-Exploits 
back-arc basin during the translation of the 
composite ribbon across Iapetus.  The earlier 
event is overprinted by second event at 409 
± 6 Ma that involved initial higher pressures 
(5-6 kbar, ~600-650°C), and subsequent 
lower pressures (3-4 kbar, ~600-650°C). The 
later metamorphic event is attributed to the 
transition to an advancing subduction system 
in the northern Appalachians associated 
with the onset of the Acadian orogeny. The 
emplacement of the Hare Bay gneiss and 
associated A-type granites immediately 
follow the brief compressional interval, 
consistent with the return to an extensional 
environment. Ganderia forms a focal point 
for deformation and magmatism during the 
Paleozoic evolution of the Appalachians 
due to its thermally weakened and thinned 
lithosphere that is sandwiched between thick, 
cratonic Laurentia and the comparatively less 
deformed Avalonian terrane. 

4. To propose a geodynamic framework 
for the Neoproterozoic to late Paleozoic 
evolution of the Appalachian orogen (and 
to a lesser extent, the Variscan orogen) that 
accommodates both the hafnium isotopic and 
geological records..

Chapter 5 and 6 synthesises the 
geochronological, isotopic and metamorphic 
data presented in this thesis in order to 
propose geodynamic models that attempt 
to encompass the geological record with the 
hafnium isotopic arrays for the Appalachian 
and Variscan orogens. There are a number 
of key conclusions to be taken from these 
chapters. First, the composite Avalonian 
terranes (Ganderia, Avalonia and Meguma) 
in the northern Appalachians are not built 
on ~1.0 Ga juvenile oceanic crust in the 
peri-Rodinian Mirovoi Ocean as had been 
previously suggested; instead, Hf model ages 
indicate a continental origin for the basement 
(TDM =~1.0-2.0 Ga). Continental-arc 
magmatism is interpreted to have commenced 
as early as 800 Ma on Mesoproterozoic-
Paleoproterozoic crust. The model presented 
suggests that northeastern Laurentia, Baltica 
and possibly Amazonia began to rift apart 
during propagation of the Asgard sea spreading 
centre into the Grenville suture zone. The 
proto composite Avalonian terranes were 
rifted from the active margin and transferred 
to the northern Gondwana margin by ~650 
Ma during subduction rollback associated 
with the Valhalla Orogen. Thus composite 
Avalonian terranes did not begin as ‘peri-
Gondwanan’, but are interpreted to have an 
earlier Laurentian/Baltican origin. However, 
they did occupy a late Neoproterozoic-early 
Cambrian position along the Gondwanan 
margin as had been previously considered. 

The Hf arrays from the composite Avalonian 
terrane of the northern Appalachians and 
Variscan Europe (The Iberian, Armorican, 
and Bohemian Massifs, Massif Central and 
the Pontides) all record subduction roll-back 
and retreat from the northern Gondwanan 
margin between ~600-450 Ma. The contiguity 
of the hafnium isotopic record indicates 
that the terranes may have formed a vast, 
extended continental ribbon that spanned the 
length northern Gondwanan margin, similar 
to Zealandia in the present-day southwest 
Pacifi c. The ribbon arrived diachronously 
along the Laurentian margin between ~450-
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430 Ma, closing Iapetus and triggering 
outboard subduction into the trailing Rheic 
Ocean. The Hf isotopic arrays in both regions 
evolve towards a reworking array, whereby 
late Neoproterozoic juvenile arc rocks and the 
Mesoproterozoic-Paleoproterozoic basement 
was continuously recycled throughout the 
Paleozoic. The Silurian-Permian geologic 
record in Variscan Europe and Atlantic 
Canada is dominated by extensional tectonics 
punctuated by intervals of compression. The 
preferred interpretation is that the composite 
Avalonia on the Laurentian margin occupied an 
upper plate location during northward dipping 
subduction and closure of the Rheic Ocean. 
Magmatism was predominantly generated 
during the opening and closing of ephemeral 
back-arc basins, during which only crustal 
recycling is recorded in the Hf array rather 
than mixing with mantle derived magmas.  
In Europe, the reworking process continued 
throughout the Mesozoic as the African plate 
slowly moved northward, subducting beneath 
Eurasia.  Gondwanan crust was recycled for the 
fi rst time in the Cenozoic as the Neo-Tethyan 
ribbon fi nally arrived to the Mediterranean 
trench system. 

The completion of the type-Wilson cycle 
in the northern Appalachians is marked only 
by termination of magmatism as the εHf array 
converged on CHUR at ~300 Ma. Similarly 
in Europe the collision of Gondwana with 
Laurentia to form Pangea is not refl ected in 
the εHf array, and also refl ects reworking of 
composite Avalonian-type crust. Therefore, 
the assembly of Pangea could form only part 
of a larger, longer-term supercontinental cycle. 

Implications for the hafnium isotopic 
method and future work

The present study has highlighted the 
effectiveness of hafnium isotope arrays 
for assessing the tectonic evolution of a 
prescribed area from cratonic to plate tectonic 
scale. The method is strongest when used in 
conjunction with sound geological fi eldwork 
and geochemical analysis (e.g. precise 

geochronology, calculated mineral phase 
equilibria) to allow the arrays can be tied 
into geological constraints. Ideally, detrital 
Hf arrays should be combined with a study 
of associated igneous rocks in the relevant 
orogens, to tie the array unequivocally to 
a particular orogen, and to gain further 
insights into the nature of the zircon-forming 
magmatism. 

In addition, the thesis has identifi ed areas 
for future research regarding hafnium isotopic 
arrays and Appalachian-Variscan geology, 
including the following:

• Unravelling the evolution of ancient 
orogenic regions is often complex due to 
the poly-cyclic nature of magmatism and 
deformation, commonly resulting in intricate 
evolutionary models that involve the inception 
of multiple oceanic basins. The inferred tectonic 
complexity of the northern Appalachians 
is a good example. Using hafnium isotopic 
arrays to recognise the nature and duration of 
“Wilson cycles”, such as Atlantic- vs backarc 
type, may aid in reducing the complexities of 
models in these orogenic systems. 

• The “arrowhead” reworking array 
found in the northern Appalachian orogen and 
Variscan belt during the Silurian- Permian was 
unexpected given the established accretionary 
nature of orogenesis during this interval. It is 
crucial to constrain what specifi c geological 
processes led to the reworking arrays, or if 
it is a manifestation of the size of the sample 
set. Given the high number of analyses from 
the Variscan belt, it is unlikely that the data is 
not statistically sound but further data would 
also be of benefi t in the Appalachian orogen to 
confi rm the veracity of the arrowhead array

• The study has implied that the 
reworking array is linked to tectonic switching 
in the northern Appalachians and similar 
processes in the Variscan orogen. A good 
assessment of the validity of the hypothesis 
could be achieved by investigating in great 
detail the whole rock geochemistry of plutonic 
and volcanic rocks, the timing of extension 
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and compression, and obtaining additional 
hafnium isotopic arrays from igneous rocks 
across both orogenic systems. The recognition 
of extension-compression cycles, combined 
with Hf arrays, provides an opportunity to 
understand the complex and distribution of 
magmatism in orogens – every magmatic belt 
does not need to be another arc-subduction 
system!

• The Upper Allochthon in NW Iberia 
and the Meguma terrane were not previously 
considered to be genetically related; however 
the arrays presented here are quite similar. 
The connection was not able to be tested 
within the confi nes of the thesis but further 
comparison and analysis of the geology of 
the two terranes may assist in unravelling the 
enigmatic Paleozoic evolution of the Upper 
Allochthon. A detailed study of the petrology 
and geochemistry of the turbidites from both 
terranes should strengthen the links between 
these two sedimentary sequences. 
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