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Abstract Combined zircon geochemistry and geochronology of Mesozoic volcaniclastic sediments of the
central Transantarctic Mountains, Antarctica, yield a comprehensive record of both the timing and
geochemical evolution of the magmatic arc along the Antarctic sector of the paleo-Pacific margin of
Gondwana. Zircon age populations at 266–183 Ma, 367–328 Ma, and 550–490 Ma correspond to episodic arc
activity from the Ediacaran to the Jurassic. Zircon trace element geochemistry indicates a temporal shift
from granitoid-dominated source(s) during Ediacaran to Early Ordovician times to mafic sources in the
Devonian through Early Jurassic. Zircon initial εHf shifts to more radiogenic Hf isotope compositions following
the Ross Orogeny and is inferred to reflect juvenile crustal growth within an extensional arc system during
progressive slab rollback. These new ages and Hf isotopic record are similar to those from the Australian
sector, indicating that these regions constituted an ~3,000 km laterally continuous extensional arc from at
least the Carboniferous to the Permian. Conversely, the South American sector records enriched zircon Hf
isotopic compositions and compressional/advancing arc tectonics during the same time period. Our new
data constrain the location of this profound along-arc geochemical and geodynamic “switch” to the vicinity
of the Thurston Island block of West Antarctica.

1. Introduction

The paleo-Pacific margin of Gondwana (Figure 1a) was a relatively continuous active convergent margin from
at least the Ediacaran until initial supercontinent breakup in the Early Jurassic (Cawood, 2005; Collins et al.,
2011). The volcanic, plutonic, metamorphic, and sedimentary products of this protracted convergence are
found within various allocthonous, autocthonous, and para-autocthonous terranes throughout Peru, Chile,
Antarctica, New Zealand, and Australia (Figure 1a). Recent work has significantly improved our knowledge
of this major arc system, primarily through detrital and igneous zircon geochronology and geochemistry of
rocks from South America and Australia (e.g., Cawood et al., 2011; Kemp et al., 2009; Pepper et al., 2016).
However, the segment of the post-Ordovician arc system within the Antarctic sector (Figure 1b), that is,
the various crustal blocks of Zealandia and particularly West Antarctica, remains poorly understood due to
a lack of data, largely a result of poor exposure and/or inaccessibility (i.e., ice covered or submarine continen-
tal crust). Unraveling the history of this segment of the arc is further complicated by a lack of robust paleo-
magnetic constraints on the relative locations and relationships between crustal blocks of West Antarctica
and Zealandia from their presumed initial formation in the Neoproterozoic to Cambrian through to their
breakup in the Cretaceous. In addition, extensive rifting, rotation, and translation of these crustal blocks since
the Cretaceous means that this segment of the arc is highly dissected and makes reconstructing the
prebreakup configuration of the paleo-Pacific margin of Gondwana a difficult task (Dalziel & Elliot, 1982;
Grunow et al., 1987; Storey et al., 1988) and has resulted in a gap in the record of the broad history of the
paleo-Pacific margin of Gondwana.

A comprehensive archive of post-Ordovician arc volcanism along the Antarctic sector is recorded in Mesozoic
volcaniclastic sediments deposited in a foreland basin setting that is now exposed in the Transantarctic
Mountains (TAM; Barrett et al., 1986, Figure 2). In contrast to West Antarctica and Zealandia, which have
undergone large-scale translation and rotation, sediments in the TAM were deposited onto a section of
the East Antarctic craton that remained tectonically undissected during supercontinent breakup. The
Mesozoic strata studied here, the Fremouw and Hanson Formations, therefore provide an opportunity to
characterize the evolution of the segment of the arc outboard of the TAM without the need for extensive
paleogeographic reconstructions and associated uncertainties. The source(s) outboard of the TAM for
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volcanic detritus in these formations is presumed to be located in Zealandia, West Antarctica, and/or
Patagonia (Elliot et al., 2017; Elliot, Fanning, et al., 2016; Elliot, Larsen, et al., 2016; Elsner et al., 2013;
Fanning et al., 2011). This contribution presents the first study that combines zircon U-Pb geochronology,
trace elements, and Hf isotopes for volcaniclastic sediments in the TAM in order to determine major periods
of arc volcanism and the relative roles of crustal growth and recycling, and reconstruct the large-scale
tectonic history of the Antarctic sector arc of the Gondwana margin. These data are further interrogated
alongside data from other portions of the margin to infer the geodynamic and mantle evolution of the
Antarctic sector relative to the South American and Australian sectors.

2. Geologic Background

Volcaniclastic sedimentary rocks of the Hanson and Fremouw Formations are among the youngest rocks (the
Victoria Group) of the Devonian to Lower Jurassic strata of the Beacon Supergroup found throughout the
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Figure 1. (a) Paleogeographic reconstruction of supercontinent Gondwana during the Paleozoic-Mesozoic and the major sectors of the active paleo-Pacific margin
of Gondwana (modified from Meert & Lieberman, 2008). (b) Reconstruction of the Antarctic sector of the Gondwana plate margin during the late Paleozoic–early
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TAM (Figure 2). The Beacon Supergroup was deposited in the Transantarctic Basin that extends roughly the
length of the TAM and formed between the stable East Antarctic Craton and the active magmatic arc of the
paleo-Pacific Gondwana margin (Collinson et al., 1994). The oldest sediments of the Beacon Supergroup,
the Taylor Group, are separated uncomformably from the crystalline basement (Granite Harbor Intrusives,
GHI, Gunn & Warren, 1962) of the Neoproterozoic to Ordovician Ross Orogen by the Kukri Erosion
Surface (LeMasurier & Landis, 1996). Pre-Ross age igneous rocks in the TAM are limited to Proterozoic to
Mesoarchean orthogneisses exposed in the Miller Range (central TAM, cTAM) (Goodge & Fanning, 2016).

The GHI of the Ross Orogen were emplaced between circa 590–485 Ma (Cox et al., 2000; Goodge et al., 2012;
Hagen-Peter et al., 2015; Paulsen et al., 2013) and represent initiation of arc magmatism along the Antarctic
sector of the paleo-Pacific margin of Gondwana in the Ediacaran (Walker et al., 2013). The Delamarian Orogen
in Australia contains correlative rocks to the Ross Orogen, both of which are components of the larger
Terra-Australis Orogen (Cawood, 2005; Foden et al., 2006). Isolated examples of Ross-Delamerian-aged
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rocks also occur in West Antarctica and Zealandia (Allibone et al., 2009; Gibson & Ireland, 1996; Mukasa &
Dalziel, 2000; Pankhurst & Weaver, 1998).

Following the termination of the Ross Orogeny in the Ordovician, the magmatic arc migrated outboard
into West Antarctica, the Antarctic Peninsula, and Zealandia (summarized in Elliot, 2013). During this time
the Transantarctic basin developed behind the arc and evolved from a back-arc basin in the Early Permian
to a foreland basin during the Gondwanide Orogeny in the Late Permian-Triassic times (Collinson et al.,
1994). Major influxes of volcanic detritus into the Transantarcic basin occurred in the late Early Permian
with accumulation continuing through the Early Jurassic (Elliot et al., 2017; Elliot, Fanning, et al., 2016;
Elliot, Larsen, et al., 2016). Volcanic and magmatic rocks similar in age to the volcanic detritus in the
Transantarctic basin occur in Zealandia, West Antarctica, the Antarctic Peninsula, and Patagonia (summar-
ized in Elliot, 2013). For this reason, workers have variously attributed the source of the TAM volcanic
detritus to contemporary arc volcanism in one or more of these regions (Elliot & Fanning, 2008; Elliot
et al., 2017; Elliot, Fanning, et al., 2016; Elliot, Larsen, et al., 2016; Elsner et al., 2013; Fanning et al.,
2011). However, correlations between the volcaniclastic sedimentary rocks of the Hanson and Fremouw
Formations and their potential source region(s) rely chiefly on geochronology rather than a combination
of geochronology and complimentary isotopic and elemental tracer data for unaltered/unmodified
volcaniclastic sediments or minerals (i.e., zircon). Consequently, previous detrital zircon studies in the
TAM have not been able to better constrain the igneous source regions nor derive an unambiguous record
of the geochemical evolution of the arc through time.

2.1. Hanson and Fremouw Formations

Well-exposed sections of Triassic to Jurassic Beacon Supergroup strata in the central TAM (cTAM) contain
fluvial sediments of the Triassic Fremouw Formation (Figure 2; Collinson et al., 1994; Elliot & Fanning,
2008). Variable amounts of volcanic detritus throughout the Fremouw Formation and the underlying
Buckley Formation are inferred to record contemporaneous volcanism sourced from the outboard magmatic
arc (Barrett et al., 1986; Elliot & Fanning, 2008). Recent zircon geochronology for the Fremouw Formation
provide early Triassic maximum deposition ages of 245.9 ± 2.9 Ma and 242.3 ± 2.3 Ma, improving the record
of contemporaneous volcanism (Elliot et al., 2017).

Overlying the Fremouw Formation is the Late Triassic Falla Formation and the Early Jurassic volcaniclastic-rich
Hanson Formation. The Hanson Formation consists of tuffs, tuffaceous sandstones, arkosic grits and sand-
stones, and lapillistones that comprise a 235 m thick section at the type locality at Mount Falla (Figure 2;
Elliot, 1996; Elliot, Fanning, et al., 2016; Elliot, Larsen, et al., 2016). The only other section of correlative Early
Jurassic reworked silicic tuffs with exposed upper and lower contacts, the Shafer Peak Formation, occurs in
the Deep Freeze Range in northern Victoria Land (NVL, Figure 1b; Schöner et al., 2007; Elsner et al., 2013).
Tuffs of the Hanson Formation are dacitic to rhyolitic in composition (~67 to 78 wt % SiO2) with the majority
containing evidence for fluvial reworking, with relatively few primary tuffs that, where present, are inter-
preted to represent unmodified airfall deposits resulting from distal (super)plinian eruptions (Elliot, 2000;
Elliot et al., 2007; Elliot, Fanning, et al., 2016; Elliot, Larsen, et al., 2016). Whole-rock geochemistry and Ar-Ar
geochronology are compromised by admixed detrital material and zeolite alteration (Elliot et al., 2007).
However, whole rock major and trace elements and Sr and Nd isotopic data for the least modified tuffs
suggest derivation from a volcanic arc (Elliot, Fanning, et al., 2016; Elliot, Larsen, et al., 2016).

The Hanson and Shafer Peak Formations are designated Early Jurassic in age because they are younger than
the Upper Triassic Dicroidium-bearing sandstones of the underlying Falla (cTAM) and Section Peak (NVL)
Formations and are overlain by the ~182.8 Ma Kirkpatrick lavas and pyroclastics of the Prebble and
Exposure Hill Formations (Figure 2; Burgess et al., 2015). An early Jurassic age for tuffs of the Hanson
Formation is supported by U-Pb zircon ages of 182.7 ± 1.8 Ma, 186.2 ± 1.7 Ma, and 194.0 ± 1.6 Ma (Elliot et al.,
2007; Elliot, Fanning, et al., 2016; Elliot, Larsen, et al., 2016). These age constraints indicate that Hanson tuff
deposition continued up to, and was perhaps contemporaneous with, emplacement of mafic sills and lavas
of the Early Jurassic Ferrar Large Igneous Province (LIP) that forms a 3,500 km linear belt along the TAM
(Burgess et al., 2015; Elliot & Fleming, 2004). However, the tectonomagmatic relationship between Early
Jurassic volcanism as preserved in the Hanson Formation and the Ferrar LIP magmatism remains unknown
(Elliot et al., 2007). U-Pb detrital zircon dates from Shafer Peak and Section Peak formations providemaximum
deposition ages spanning from ~190 Ma to the Upper Triassic (Elsner et al., 2013). All of these formations also
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contain significant proportions of principally Ediacaran to Ordovician and late Mesoproterozoic to early
Neoproterozoic detrital zircon, that is, a typical “Gondwana signature,” inferred to originate from erosion of
proximal crystalline basement and/or lower Paleozoic strata or recycling from underlying strata or from
similar aged rocks outboard in West Antarctica and Zealandia (Elliot et al., 2015; Elliot et al., 2017; Elliot,
Larsen, et al., 2016).

2.2. Potential Volcanic Sources

Numerous examples of Paleozoic-Mesozoic magmatic and volcanic potential source rocks have been discov-
ered throughout the paleo-Pacific margin of Gondwana (Figure 1b; Elliot, 2013). However, notwithstanding
complications from contamination and/or alteration of isotopic ratios by detrital components and zeolite
alteration Elliot et al. (2007), Elliot, Fanning, et al. (2016), and Elliot, Larsen, et al. (2016) suggested that dissim-
ilar whole-rock Sr and Nd isotopic compositions of available Mesozoic West Antarctic magmatic rocks indi-
cate that they are not a direct source for the Early Jurassic Hanson Formations. Despite a lack of isotopic
data, Permian and Triassic arc-related rocks within West Antarctica and Patagonia have also been suggested
to represent potential source regions for Permian-Triassic volcaniclastic units in the cTAM (Elliot et al., 2017;
Fanning et al., 2011).

Potential sources also exist in Zealandia, where both in situ magmatic rocks and detrital zircons record arc
activity throughout the Mesozoic and earlier (Figure 1b; Elliot, 2013; Kimbrough et al., 1994; Adams et al.,
2002; Adams, Korsch, & Griffin, 2013; Elliot, 2013; Kimbrough et al., 1994; Mortimer et al., 2015).
Nevertheless, unexposed/undiscovered magmatic rocks in West Antarctica (e.g., Marie Byrd Land) remain
the prevailing volcanic source region hypothesis for volcanic detritus material in the cTAM Beacon
Supergroup (Elliot et al., 2017; Elliot, Fanning, et al., 2016; Elliot, Larsen, et al., 2016; Elsner et al., 2013).

3. Sampling and Methods

This study presents zircon geochronology and geochemistry from 25 rock samples of the Hanson Formation
and 5 rock samples of the Fremouw Formation selected from the Polar Rock Repository (doi:10.7289/
V5RF5S18) representing various stratigraphic heights and sections in the cTAM (see Figure S1 in the support-
ing information). Zircons were separated using standard mineral separation techniques (i.e., disk milling,
water table, magnetic separation, and heavy liquids). Representative zircon from each sample were mounted
in epoxy and polished to expose equatorial sections. Prior to isotopic analysis, zircons were imaged via
cathodoluminescence on an FEI Quanta400f scanning electron microscope and used to guide selection of
locations for laser ablation split-stream (LASS) (U-Pb and trace elements) and Lu-Hf measurements.

Zircon U-Pb isotopes and trace element concentrations were obtained simultaneously using the “split
stream” approach (Kylander-Clark et al., 2013) at the University of California, Santa Barbara, under standard
operating conditions (McKinney et al., 2015). Instrumentation consists of a 193 nm ArF excimer laser ablation
(LA) system coupled to Nu Plasma high-resolution multicollector-inductively coupled plasma mass spectro-
meter (MC-ICP-MS) for U/Pb and a Agilent 7700S Quadrupole ICP-MS for trace elements. Between 60 and
100 grains were measured for U-Pb and trace element analysis from each sample. Subsequent Lu-Hf analyses
were performed by LA-MC-ICP-MS exclusively on zircon younger than Ordovician (n = 15 per sample) to
better characterize the geochemistry of post-Ross-aged zircon. All data reduction was performed using
Iolite v2.5 (Paton et al., 2011, 2010), and 207Pb-corrected 206Pb/238U ages were calculated for zircon younger
than circa 800 Ma using the method of Andersen (2002) and ISOPLOT/EX (Ludwig, 2003). Detailed analytical
methods, data reduction protocols, and results of reference zircon analyses and unknown data are provided
in the supporting information Text S1 and Data Sets S1 and S2 (Blichert-Toft, 2008; Chu et al., 2002; Jackson
et al., 2004; Liu et al., 2010; Patchett & Tatsumoto, 1980, 1981; Sláma et al., 2008; Thirlwall & Anczkiewicz, 2004;
Wiedenbeck et al., 1995, 2004; Woodhead & Hergt, 2005).

4. Results
4.1. Geochronology

Twenty-two of the 25 samples of the Hanson Formation and all samples of the Fremouw Formation contain
zircon age populations near the inferred stratigraphic age of the sample and allow for determination of
maximum deposition ages (summarized in Table 1). In addition, populations of older detrital zircon are
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also present (representative examples are plotted in Figure 3). To compute maximum depositional ages,
Kernel Density estimates (KDE; Vermeesch, 2012) were constructed for each sample using only zircon near
the stratigraphic age of the formation (i.e., zircon <205 Ma for the Hanson Formation and <260 Ma for the
Fremouw Formation), and a subset of the youngest of those dates was used to calculate a weighted mean
age (Figure 3). Overall, maximum deposition ages young upward, consistent with the stratigraphic
relationships, and range from 199.5 ± 0.7 to 184.9 ± 1.3 Ma for the Hanson Formation and 247.9 ± 1.7 to
241.2 ± 1.3 Ma for the Fremouw Formation. These ages support an Early Jurassic depositional age for the
Hanson Formation and an Early to Middle Triassic age for the Fremouw Formation (Figure S1; Collinson &
Elliot, 1984; Elliot et al., 2017; Elliot, Larsen, et al., 2016).

The remaining zircon in each sample (> 205 Ma in the Hanson Formation and >260 Ma in the Fremouw)
make up a considerable proportion of the total data, ranging from ~17 to 68% of measured zircon in each
sample (Figure 3). To enable direct comparison among all data, zircon in the Hanson Formation and
Fremouw Formation are compiled and illustrated on a single KDE (Figure 4). The most abundant zircon
subpopulations in both formations are those near the formation’s stratigraphic age. The Hanson
Formation, however, also contains a continuous range of zircon ages from the Early Jurassic to the Late
Permian as well as a minor Devonian-Carboniferous population. Similarly, the Fremouw Formation contains
an overlapping Permo-Triassic subpopulation but a more abundant Devonian-Carboniferous subpopulation
than samples of the Hanson Formation. Combined, the Hanson and Fremouw formations contain zircon ages
ranging from 266 to 183 Ma and 367 to 328 Ma (Figure 4) In addition, approximately one quarter of all
analyzed zircon from both formations are Ordovician or older and collectively represent a typical
Gondwana signature, characterized by a peak between 550 and 490 Ma (corresponding to the

Table 1
Summary of Maximum Deposition Ages From Zircon U-Pb Geochronology

PRR# Location
Maximum deposition

age (Ma)
Mean square weighted

deviation n (n < 250 Ma) Rejected n (> 205 Ma) % detrital

Hanson
Formation

PRR-26916 Kenyon Peaks 189.3 ± 0.7 1.3 71 13 15 15
PRR-26917 Kenyon Peaks 184.9 ± 1.3 1.4 20 5 36 59
PRR-26932 Mt. Falla 197.4 ± 1.1 1.6 19 0 41 68
PRR-26934 Mt. Falla 199.5 ± 0.7 1 75 0 13 15
PRR-26943 Mt. Falla n.d 23 24 51
PRR-26949 Mt. Falla 195.1 ± 0.6 1 53 10 24 28
PRR-26951 Mt. Falla 188.0 ± 0.9 0.7 24 7 46 60
PRR-26960 Mt. Falla 187.8 ± 0.7 0.9 32 1 31 48
PRR-26968 Mt. Falla 193.5 ± 0.7 0.7 45 12 27 32
PRR-26979 Mt. Falla 189.5 ± 2.4 2.5 16 8 40 63
PRR-26981 Mt. Falla 189.3 ± 3.2 1.8 7 0 83 92
PRR-26982 Mt. Falla n.d 7 49 88
PRR-27068 Mt. Petlock 191.1 ± 0.8 1.2 40 13 38 42
PRR-27084 Mt. Falla 193.1 ± 1.1 1.1 29 9 23 38
PRR-27089 Mt. Falla 189.4 ± 0.7 1.6 52 7 11 16
PRR-27102 Storm Peak 194.4 ± 1.0 0.6 46 20 26 28
PRR-27112 Storm Peak 190.0 ± 0.8 1 36 9 27 38
PRR-27184 Mt. Falla n.d 71 100
PRR-27252 Mt. Falla 191.0 ± 2.1 0.5 8 2 86 90
PRR-05127 Mt. Kirkpatrick 190.8 ± 0.6 0.8 45 5 6 11
PRR-05493 Mt. Falla 187.9 ± 0.9 1.5 36 4 28 41
PRR-34456 Mt. Falla 193.4 ± 1.3 2.2 31 11 17 29

Fremouw
Formation

PRR-26024 Shenk Peak 244.7 ± 1.7 0.8 22 13 26 43
PRR-25978 Mt. Rosenwald 242.8 ± 1.7 1.2 17 10 6 18
PRR-25968 Mt. Rosenwald 241.2 ± 1.5 0.4 52 44 5 5
PRR-26040 Mt. Black 247.9 ± 1.7 1.1 16 8 47 66
PRR-05099 Mt. Kirkpatrick 242.7 ± 2.9 1.9 16 9 29 54

Tectonics 10.1002/2017TC004611

NELSON AND COTTLE SEGMENTATION OF THE GONDWANA MARGIN 3234



Ross-Delamarian Orogeny), a peak between 1,210 and 1,000 Ma (corresponding to the Grenville Orogeny),
and a minor component older than 1.3 Ga (not shown).

4.2. Trace Elements

Zircon trace element data are provided in Data Set S1 and discriminatory trace elements and ratios, that is, Hf
ppm and Th/U are plotted in Figure 5. The “short” classification and regression tree (CART) were applied to
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Figure 4. Kernel density estimate summarizing all zircon U-Pb geochronology data from this study. Devonian and younger zircon ages are grouped according to
formation, and all older ages are combined. Zircon ages >1,300 Ma have been omitted. See Data Set S1 for full U-Pb data set.
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the zircon trace element data to define source rock type (Belousova et al.,
2002). Figure 5 suggests a change in source rock type through time, from
predominantly granitoid during the Ross Orogeny to dolerite in the
Devonian-Jurassic arc, with 96% of zircon with >10,150 Hf ppm classified
as granitoid, 97% with 8,000–10,150 Hf ppm classified as dolerite, and
zircon with <8,000 Hf ppm classified as either basalt (89%) or
carbonatite (11%) (Figure 5a). Overall, the average (±1 SD) zircon Hf
concentration decreases through time from 10,850 ± 1,400 ppm during
the Ross-Orogeny, 9,770 ± 1,560 ppm for the Devonian-Carboniferous,
9,630 ± 1,430 ppm for the Permian-Triassic, and 9,200 ± 1,420 ppm for
the Early Jurassic. Similarly, the average (±1 SD) zircon Th/U increases
steadily through time from 0.51 ± 0.29 during the Ross Orogeny to
1.06 ± 0.52 in the Early Jurassic and a small population of exclusively
Ross age zircon yields zircon with Th/U < 0.1 potentially indicative of a
metamorphic origin (Rubatto, 2002). Similarly, Figure 5b shows a
decrease in granitoid source rock type from 62% during the Ross
Orogeny to 21% in the Early Jurassic. This decrease is correlated with a
concomitant increase in mafic source rock type (i.e., basalt + dolerite)
from 31% during the Ross Orogeny to 77% in the Early Jurassic.

4.3. Hafnium Isotopes

Zircon Hf isotope data are provided in Data Set S2. To better characterize
the geochemical evolution of post-Ross age arc magmatism, Lu-Hf isotopic
measurements were exclusively made on 266–183 Ma and 367–328 Ma
zircon subpopulations (Figure 6). These data are combined with recent
data for the Ross Orogen (Hagen-Peter et al., 2015) to illustrate the zircon
Hf isotopic evolution of the arc as recorded in the Transantarctic
Mountains. Ninety-five percent of zircon with ages between 205 and
183 Ma (n = 273) record initial εHf values of�1.8 to +6.6. Similarly, approxi-
mately 97% of zircon dated between 270 and 240 Ma (n = 97) yield initial
εHf values of �0.4 to +13.9, overlapping the “new crust” evolution line
(Dhuime et al., 2011) and the depleted mantle evolution line (Vervoort &
Blichert-Toft, 1999). Finally, all 367–328 Ma zircon (n = 37) range from
�1.8 to +10.3 initial εHf.

5. Discussion
5.1. Zircon Geochronologic Record in the cTAM

The 266–183 Ma and 367–328 Ma subpopulations preserved in the Hanson and Fremouw formations
provide a comprehensive archive of post-Ross age detrital zircon in the Beacon Supergroup consistent
with, and significantly expanding on, the published data (Elliot & Fanning, 2008; Elliot et al., 2017; Elliot,
Larsen, et al., 2016). Our data are characterized by large proportions of zircon ages close to the strati-
graphic age of the sample (due to contemporaneous volcanism) and, therefore, reflect deposition adjacent
to a magmatic arc along a convergent plate margin (Cawood et al., 2012). Consequently, our observations
agree with those of Elliot, Fanning, et al. (2016), Elliot, Larsen, et al. (2016), and Elliot et al. (2017) who
argue that these age ranges correspond to continuous periods of intensified volcanism in the arc directly
outboard of the Transantarctic Basin. Previous workers have also thoroughly reviewed the provenance of
the characteristic Gondwana signature observed in these rocks (Elliot et al., 2015; Elliot et al., 2017; Elliot,
Larsen, et al., 2016).

Tuffs of the Hanson Formation are the best preserved sequence of volcaniclastic sediments in the TAM and
contain fine to very fine grained silicic ash with distal Plinian eruption sources and medium-grained tuffs and
accretionary lapilli that indicate more proximal sources (Elliot, Fanning, et al., 2016; Elliot, Larsen, et al., 2016).
According to plate reconstructions, the arc would have been a maximum of 600–800 km from the cTAM in
the Early Jurassic (Elliot, Fanning, et al., 2016; Elliot, Larsen, et al., 2016; Lawver et al., 2014). Although the
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inferred ash transport distances are considerable, they are not without
precedent. Recent workers have shown that Cretaceous supereruptions
along the paleo-Pacific margin of Gondwana transported zircon some
2,300 km from their volcanic source (Barham et al., 2016). It is therefore
reasonable to conclude that the detrital zircon record from the cTAM
may be an integrated record of active volcanism from a significant portion
of the outboard arc.

Existing detrital and crystalline basement zircon dates from West
Antarctica, southern South America (i.e., Patagonia), Zealandia, and
Australia indicate that all regions record overlapping periods of arc-related
igneous activity in the Paleozoic and Mesozoic. A thorough review of the
Devonian through Early Jurassic arc recorded in these regions is provided
by Elliot (2013) and is therefore only briefly summarized here. In particular,
granites and detrital zircon associated with the Lachlan and New England
orogenies of Australia record a Devonian-Carboniferous and a Permian-
Triassic arc (Adams, Korsch, & Griffin, 2013; Cawood, 2005; Cawood &
Buchan, 2007; Cawood et al., 2011; Jeon et al., 2014; Kemp et al., 2009; Li
et al., 2015; Phillips et al., 2011; Shaanan et al., 2015; Shaw et al., 2011;
Veevers et al., 2006). The Median Batholith and volcaniclastic sediments
of Zealandia contain a similar record of arc activity for these time periods
(Adams et al., 2007; Adams, Korsch, Griffin, et al., 2013; Adams, Mortimer,
et al., 2013; Allibone et al., 2009; Cawood et al., 1999; Kimbrough et al.,
1994; Mortimer et al., 1999, 2014, 2015; Tulloch et al., 2009). Detrital and

igneous dates for the southern section of the South American arc compiled by Pepper et al. (2016) provide
a comprehensive record of near continuous activity with several pulses of increased magma production
throughout the Paleozoic and Mesozoic. The record is more scattered in the ice-covered regions of West
Antarctica (i.e., Marie Byrd Land, Thurston Island, the Ellsworth-Whitmore block, and the Antarctic
Peninsula), but limited geochronologic data available suggest that the bedrock contains Devonian through
Early Jurassic magmatic and volcanic rocks (Craddock, Fitzgerald, et al., 2017; Craddock, Schmitz, et al.,
2017; Millar et al., 2002; Mukasa & Dalziel, 2000; Pankhurst et al., 1993; Riley et al., 2017; Yakymchuk
et al., 2015).

Comparing the detrital zircon data from Pepper et al. (2016) to detrital zircon data from Australia and
Zealandia (combined) illustrates broad differences in the timing of arc magmatic activity between these
regions and the cTAM (Figure 7). The most important similarity between these regional data sets is that they
both display a nearly continuous record of zircon dates from the Devonian through the Early Jurassic.
However, an apparent difference emerges between the timing of pronounced peaks representing increased
magmatic activity. Data from southern South America indicate increased magmatic activity from 400 to
350 Ma (or older) and 325 to 245 Ma and a sharp peak in the Early Jurassic that overlap with magmatic lulls
(or gaps) in the data from Australia and Zealandia. Increased magmatic activity in Australia and Zealandia
occurs from 360 to 295 Ma and 275 to 215 Ma, partially overlapping lulls in the South American data and
the zircon peaks from the cTAM. Along-arc variation in episodic behavior similar to that observed here from
South America to Zealandia-Australia has also been observed in other arcs and may indicate a major change
in tectonism or subduction dynamics (Paterson & Ducea, 2015) between these two regions. The similarity
between the cTAM zircon ages and the detrital zircon record from Australia and Zealandia suggests that they
may have a shared history of tectonism and subduction and that a continuous arc systemmay have extended
from Australia to Zealandia and outboard of the cTAM from the Devonian to at least the Triassic. Based on the
difference in zircons etc., this arc system is likely to have been decoupled, at least temporally, from the
southern South American sector arc.

Studies of the crystalline basement and detrital zircon record of the Antarctic Peninsula indicate that it is
more closely related with the arc history of southern South America, that is, Patagonia, rather than
Zealandia or Australia (Bradshaw et al., 2012; Castillo et al., 2015; Fanning et al., 2011). For this reason, and
for comparative purposes, the Antarctic Peninsula data are grouped with the South American data.
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Figure 7. Compilation of detrital zircon data from Australia-Zealandia (red)
and southern South America (blue). Increased magmatic activity corre-
sponds to broad peaks in zircon growth. The range of zircon dates from
the cTAM (this study) are provided in black for comparison. Data for
Australia-Zealandia are from Adams, Korsch, and Griffin (2013), Scott et al.
(2009, 2011), Li et al. (2015), Shaanan et al. (2015), and Murgulov et al.
(2007). Data for southern South America are from new and compiled data
of Pepper et al. (2016).
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5.2. Zircon Trace Element Petrochronology

As mentioned earlier, the rocks studied here contain older detrital zircon comprising a typical Gondwana
signature (Figure 4). The presence of these zircon, as well as the range of zircon dates discussed above, in
all of the samples included in this study, indicates that whole rock elemental and isotope geochemistry
reflects the concentration-weighted cumulative contribution of material from numerous isotopically and
temporally distinct reservoirs and therefore does not accurately record the time-resolved isotopic evolution
of the magmatic source. For this reason we focus exclusively on zircon isotope and elemental geochemistry
to track the geochemical evolution of the arc through time.

The zircon trace element data reported here is the first of its kind for Early Jurassic and Permian strata of the
Transantarctic Mountains and provides insight into the geochemical evolution of the arc. The utility of detrital
zircon trace element geochemistry is in relating the concentrations and ratios of key trace elements to a par-
ticular source rock type (Belousova et al., 2002), a tectonomagmatic setting (Grimes et al., 2015), and/or the
concentration and/or ratio of various trace elements in the source rock (Chapman et al., 2016). These techni-
ques have been met with some skepticism, partially due to the difficulty in determining reliable zircon/bulk
rock trace element partition coefficients (Chapman et al., 2016; Hoskin & Ireland, 2000). Nevertheless, appli-
cation of the techniques from Grimes et al. (2015) and Chapman et al. (2016) indicate that zircon from the
cTAM fall on the magmatic arc array and have light rare earth element enrichment, typical of magmatic arcs
(Figure S2), supporting our assertion that the source region(s) for the CTAM zircon is located in the arc
outboard of the paleo-Pacific margin.

Application of the short “CART” classification tree of Belousova et al. (2002) yields apparent variations in rock
type through time, with a mostly granitoid source rock during the Ross Orogeny and a predominantly mafic
source rock (basalt and dolerite) for the Devonian-Jurassic arc (Figure 5). Zircon Hf concentration is a distin-
guishing characteristic of the short CART tree, and the data show a decrease in Hf concentration from the
Ross Orogeny through the Devonian-Jurassic zircon ages indicating a switch to more juvenile mafic magma-
tism following the termination of the Ross Orogeny. The classification of dolerite or basalt for many of the
Early Jurassic zircon from the Hanson Formation is apparently at odds with petrographic studies and whole
rock geochemical data for Hanson tuffs that suggests a primarily rhyolitic source from explosive plinian
eruptions interpreted to record silicic arc volcanism (Elliot, Fanning, et al., 2016; Elliot, Larsen, et al., 2016).
In contrast, the designation of Ediacaran-Ordovician zircon as mostly granitoid appears to be an accurate
classification as the corresponding Ross Orogen is dominated by granitic batholiths (e.g., Cox et al., 2000).
The apparent mismatch between zircon geochemistry and bulk rock geochemistry of Permian-Early
Jurassic volcaniclastic sediments may be a result of the relatively long transport distances. It has been demon-
strated that during atmospheric transport, crystal fractionation can occur, modifying the apparent bulk
composition of the resulting sediments (Fruchter et al., 1980; Hinkley et al., 1980; Taylor & Lichte, 1980).
This suggests that the volcanic components in the Hanson and Fremouw formations may in fact reflect mafic
volcanism rather than silicic. In any event, a decrease in zircon Hf concentration correlated with an increase in
Th/U indicates that a more mafic, primitive, less evolved arc system (McKay et al., 2016) prevailed in Devonian
through Early Jurassic time compared to the Ross Orogeny (Figure 5). This switch from felsic- to
mafic-dominated magmatism may indicate the development of an extensional or retreating arc system
following the termination of the advancing tectonics during the Ross Orogeny (Collins, 2002a).

5.3. Zircon Hafnium Isotopes and Geodynamic Evolution

The positive initial εHf values for Devonian and younger zircons contrast with negative values for zircon from
granites of the Ross Orogen (Figure 6; Hagen-Peter et al., 2015; Hagen-Peter & Cottle, 2017). The relative
change in zircon initial εHf through time in magmatic arcs has been linked to the tectonic evolution of the
arc (Kemp et al., 2009). In particular, Kemp et al. (2009) argued that a relative increase in initial εHf is indicative
of a retreating arc system associated with an outboard migration of subduction zone magmatism during slab
rollback and associated crustal extension and thinning. The increase in initial εHf in the inferred retreating arc
system results from a reduced amount of crustal assimilation during crustal extension and thinning and/or
melting of upwelling-depleted asthenospheric mantle. Conversely, an advancing arc system is associated
with a decrease in the initial εHf composition during periods of compression when the slab is advancing
and the arc is contracting (i.e., crustal thickening). Hf compositions decrease in advancing arc systems due
to increasing crustal assimilation during crustal thickening and/or mantle enrichment by an elevated
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contribution of subducted material to the mantle wedge. This model of “tectonic switching” (Collins, 2002a)
provides a conceptual framework within which to interpret the data from the cTAM. It should be noted, how-
ever, that alternatives to the Collins (2002a) model used here have been proposed for the paleo-Pacific margin
of Gondwana (Aitchison & Buckman, 2012; Crawford, 2003; Gibson et al., 2015). These models generally sup-
port “quantum tectonics” which refers to switching of subduction polarity, subduction flip, along the
Gondwana margin resulting in periods of island arc formation, accretion, and switch to continental arc forma-
tion (Aitchison & Buckman, 2012). This is in contrast to the “accordion tectonics” hypothesis endorsed in this
study that supports a nearly continuous continental arc, that is, accretionary orogen undergoing periods of
extension during slab retreat and compression during slab advance (Cawood et al., 2009; Collins, 2002a). For
our purposes, we interpret our data within the model of accretionary orogenesis because it has been widely
applied to zircon Hf isotope data sets along the paleo-Pacific margin of Gondwana (e.g., Kemp et al., 2009;
Li et al., 2015; Pepper et al., 2016; Phillips et al., 2011; Rey et al., 2016), and there remains no consensus on
the appropriate tectonic model for the evolution of the margin (Aitchison & Buckman, 2013; Fergusson, 2013).

Recent studies suggest that the Ross Orogenymantle source was significantly modified due to the addition of
subducted ancient crustal material, producing a mantle source with enriched, unradiogenic initial εHf compo-
sitions (Couzinié et al., 2016; Hagen-Peter et al., 2015). Consequently, the positive initial εHf values for zircon
younger than the Ordovician cannot be explained without the addition of a juvenile, primitive depleted
mantle component to the arc magma source region(s) following the Ross Orogeny. For this reason the
increase in initial εHf from the Ordovician to the Devonian is interpreted as a change in the tectonic conditions
from an advancing arc system undergoing crustal thickening and crustal recycling in the Ross Orogeny to a
retreating arc system undergoing extension and reduced crustal recycling in the Devonian-Carboniferous
(Cawood & Buchan, 2007). The period between the Ordovician and Devonian that contains few zircon ages
possibly represents a magmatic lull in the Antarctic sector arc, but the lack of data precludes us from deter-
mining the precise time of tectonic switching from an advancing to a retreating system. Even though
Devonian-Carboniferous magmas represent increased juvenile mantle melting compared to the Ross
Orogeny, the zircon initial εHf is still far below the depleted mantle evolution line and also varies considerably
from �2 to +10. The variation in Hf composition is interpreted to represent a minor contribution of
subducted crustal material in an already heterogeneous mantle source and/or variable crustal assimilation
during magma ascent. In either case, only a few of the lowest initial εHf zircon from the Devonian-
Carboniferous can be explained by complete recycling of Ross-aged or older crust (assuming a
Lu/Hf = 0.012; Rudnick & Gao, 2003). A similar case can be made for Permian-Triassic zircon, in which the
εHf ranges from 0 to +14 with an overall increase in the initial εHf composition through time. This suggests
generation of juvenile crust related to continued extension and outboard migration of the magmatic arc
during slab retreat in the Late Permian to Early Triassic. The large variation in initial εHf is again interpreted
as reflecting a heterogeneous mantle source and/or assimilation of crust during ascent. Much of the
Permian-Triassic initial εHf data, however, can be explained by recycling of juvenile Devonian-
Carboniferous crust (assuming a Lu/Hf = 0.012), so the degree of crustal growth in the Permian-Triassic is
inferred to be limited. It is probable that Permian-Triassic magmas ascended through juvenile crust produced
in the Devonian-Carboniferous as well as older crust (i.e., Ross, Grenville, etc.) and assimilated multiple crustal
reservoirs. This makes it difficult to assess the amount of crustal growth that may have occurred during this
time period.

In the Early Jurassic, initial εHf zircon composition shifts to more intermediate values of �1.8 to +6.6, indicat-
ing increased crustal recycling relative to the Triassic. It is unclear whether these lower initial εHf compositions
are generated by subduction modification of the mantle source and/or by crustal assimilation; however, a
relative decrease in initial εHf implies a contraction of the magmatic arc during a switch to an advancing
tectonic regime. The full range of initial εHf for the Early Jurassic can be explained by recycling of
Devonian-Carboniferous and Permo-Triassic crust (assuming a Lu/Hf = 0.012, Figure 6).

5.4. Pan-Paleo-Pacific Margin Hf Isotopes

Our new zircon Hf isotope data enable the first opportunity to make broad comparisons between the
cTAM and other portions of the paleo-Pacific margin of Gondwana. In Figure 8a we provide compilations
of both zircon and whole-rock Hf isotope data from igneous rocks and detrital zircon separated into two
regions, Australia and Zealandia (red), and South America (blue), and fields of major groupings of data from
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the cTAM (gray). These comparisons allow tracking of correlations inferred
for arc systems and subduction dynamics through time to determine
periods in which the Antarctic sector arc may have been coupled tecto-
nically and geochemically with the Australian arc system, the South
American arc system, or neither (decoupled). Devonian-Carboniferous
zircon Hf data from the cTAM is generally positive and overlaps with
data from Australia, Zealandia, and South America. Only data from
Australia and Zealandia, however, overlap with the most positive values
from the cTAM during this time. Permo-Triassic zircons from the cTAM,
on the other hand, are highly positive and overlap almost entirely with
data from Zealandia and Australia and only partially with low initial εHf
values from South America.

The overlap of Permo-Triassic initial εHf between Australia-Zealandia and
the cTAM zircon is a salient observation because it indicates a major period
of crustal growth, extension, and slab retreat that was continuous along
the arc from Australia through Zealandia, to outboard of the cTAM
(Figures 8 and 9). This is consistent with a stepping out in the position of
the plate boundary along Australia and Antarctica during the late
Paleozoic to Mesozoic Gondwanide Orogen (Cawood, 2005). The Early
Jurassic zircon Hf record from Australia and Zealandia is limited, with only
six individual zircon measurements available. Nevertheless, the data from
the cTAM overlap with data from both Australia and Zealandia and South
America. South American zircon Hf values have a considerable range with
a significant number of negative initial εHf values that indicate a difference
between the South American Early Jurassic arc and the arc outboard of the
cTAM. Overall, the generally positive initial εHf compositions from the
Ordovician through the Early Jurassic correlate strongly with the positive
initial εHf compositions of the Zealandia and Australian sectors of the
margin but contrast strongly with the negative values recorded in the
South American sector.

To support this postulated shared history between Antarctic and
Australian sectors, mean initial εHf values are calculated in 20 Myr bins
for Zealandia and Australia (red), and South America (blue) (Figure 8b).
Calculating mean values enables a more statistically rigorous determina-
tion of periods of increasing or decreasing Hf isotope compositions
through time and allows identification of periods in which the Australian
and South American arc system are geochemically and tectonically
decoupled. The Paleozoic history of the Australian arc system, as inferred
from this compilation, includes extension, crustal growth, and slab retreat

during the Devonian, a period of slab advance and increased recycling in the Carboniferous, and a shift back
to crustal growth during slab retreat and extensional tectonics that persists until at least the Middle Triassic.
These inferred tectonic switches based on our compilation of Hf isotope data are consistent with, and
reinforce, the findings of Kemp et al. (2009). The Late Triassic and Early Jurassic data from Australia and
Zealandia are limited but may indicate a switch to slab advance. Overall, the mean Hf isotopic evolution of
the Australian sector arc system represents an extensional (retreating) arc system or orogen (Cawood et al.,
2009; Collins, 2002b; Kemp et al., 2009) with major periods of crustal growth during extension and outboard
migration of the arc associated with slab rollback.

In contrast to the Australia and Zealandia segment, the Hf compilation from the South American sector illus-
trates a significantly different inferred geodynamic evolution. In particular, the Paleozoic history is dominated
by relatively constant, negative initial εHf compositions, indicating increased recycling of ancient crust during
slab advance, consistent with previous work (Bahlburg et al., 2009; Pepper et al., 2016). The Late Triassic
history of South America reported by Hervé et al. (2014) includes a shift to positive εHf values and extension
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following the Gondwanide Orogeny. During Early Jurassic time initial εHf values return to negative values,
suggesting a switch back to advancing tectonics and crustal recycling.

Overall, the initial εHf composition of the South American arc remains fairly negative throughout the
Paleozoic and Early Mesozoic, suggesting that the subduction zone remained proximal to the continental
margin and recycling ancient crust in an advancing arc system (Cawood et al., 2009). Previous authors have
noted this along-arc geochemical and geodynamic variation between South America and Australia (Collins
et al., 2011), but the nature of the arc between these two regions (i.e., Antarctica) has, until now, remained
largely unknown. Castillo et al. (2015) observed a general increase in Permian detrital zircon initial εHf from
Patagonia to the Antarctic Peninsula and attributed it to decreased sediment erosion and subduction due
to Mesozoic glaciation. Similarly, in our compilation we observe an increase in initial εHf during periods of
glaciation in eastern Australia from the mid-Carboniferous (circa 327 Ma) to the early Late Permian (circa
260 Ma) (Figure 8b; Fielding et al., 2008) that may also correspond to reduced sediment erosion and subse-
quent subduction rather than a switch to a retreating arc system, as is suggested here. This process, however,
cannot explain the high initial εHf during the Late Permian–Early Triassic (circa 250 Ma) in nonglaciated
eastern Australia that match well with our data from the cTAM. We would expect a significant decrease in
the initial εHf during nonglacial periods (e.g., circa 250 Ma) if arc chemistry were controlled by fluctuations
in continental erosion related to glaciation rather than geodynamics of the arc system. Instead, it is argued
that major periods of juvenile crustal growth during slab retreat and outboard migration of the Antarctic
sector arc reflect the continuity of the Australian sector retreating arc into the regions outboard of the
TAM, namely Marie Byrd Land and crustal blocks of Zealandia (Figure 9). This connection is further supported
by similarities in zircon ages from the cTAM and detrital zircon from Australia and Zealandia, as discussed
above (Figure 7), and a switch to mafic volcanism indicative of retreating arc systems as identified in our
zircon trace element data (Collins, 2002b).

Permian plate reconstructions combined with these new observations indicate that the locus of a major
along-arc geochemical and geodynamic shift between Australia and South America occurred in the vicinity
of the Thurston Island block and the surrounding area in West Antarctica (Figure 9). These regions have
limited combined precise geochronologic and isotopic data, for example, zircon U-Pb and Hf isotopes, for
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Figure 9. Reconstruction of the Gondwana plate margin, approximately Permian (Elliot, 2013). Shown are the inferred limits of the continuous retreating arc system
that is isotopically depleted (red) and the advancing arc system that is isotopically enriched (blue). The zone of the geochemical and geodynamic switch occurs in the
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Late Paleozoic and Mesozoic rocks. In Marie Byrd Land, the Ford granodiorite suite (375–345) has initial εHf
values ranging from +2 to �5 (Yakymchuk et al., 2015). On Thurston Island, a granodioritic gneiss (349 Ma)
has an initial εHf ranging from +10 to +2, and a Middle Triassic diorite (239 Ma) has an initial εHf ranging from
+0.3 to�7.6 (Riley et al., 2017). Despite the limited data set, diorite from Thurston Island has similar initial εHf
values to those from the Antarctic Peninsula (Flowerdew et al., 2006) andmay reflect a continuity of the South
American sector Permo-Triassic advancing arc system. Currently, there are no Permian-Jurassic zircon Hf data
available from Marie Byrd Land. However, a granite at Kinsey Ridge in Marie Byrd Land has a Rb-Sr isochron
age of 239 ± 4 Ma and an initial εNd value of +4.7 that corresponds to an initial εHf value of +9.2, (using the
Nd-Hf conversion equation from Vervoort & Blichert-Toft (1999). This hints at a possible source for Middle
Triassic zircon in the cTAM and that a record of Permo-Triassic crustal growth may be present in the
Admundsen province of Marie Byrd Land. Ultimately, limited available data support a possible Marie Byrd
Land source for the zircon in the cTAM and validate reconstructions that place proto-Marie Byrd Land directly
outboard of the TAM in the Paleozoic.

6. Conclusions

Zircon from volcaniclastic sediments in the cTAM record the timing and geochemical evolution of the
Paleozoic-Mesozoic magmatic arc along the paleo-Pacific margin of Gondwana. Post-Ross age zircon corre-
sponds to periods of arc volcanism at 266–183 Ma and 367–328 Ma. Zircon trace element geochemistry is
consistent with a more mafic source rock type (i.e., basalt and dolerite) than previously reported and a
continental magmatic arc setting. The generally positive initial εHf zircon values represent juvenile crustal
growth during a major period of long-lived slab rollback and upper plate extension that began shortly after,
or synchronous with, the termination of the Ross Orogeny. The Hf isotope data record a geodynamic history
for the Antarctic sector of the arc that is similar to the Australian sector arc and indicates continuity of an
extensional arc system from Australia to Antarctica after ~500 Ma. This extensional arc system underwent
an along-arc tectonic switch to advancing compressional tectonism in the South American sector arc
throughout at least the Permian.
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Erratum

In the originally published version of this article, Figure 6 had two typos. 176Lu/177H should read 176Lu/177Hf.
Also, “recycling” was misspelled twice. The typos have since been corrected, and this version may be
considered the authoritative version of record.

Tectonics 10.1002/2017TC004611

NELSON AND COTTLE SEGMENTATION OF THE GONDWANA MARGIN 3247

https://doi.org/10.1016/j.lithos.2010.11.005
https://doi.org/10.1080/08120099.2016.1180321
https://doi.org/10.1016/j.gr.2016.06.008
https://doi.org/10.1017/S0954102016000341
https://doi.org/10.1017/S0954102016000341
https://doi.org/10.1016/S0009-2541(01)00355-2
https://doi.org/10.3133/of2007-1047.srp102
https://doi.org/10.1029/2009TC002489
https://doi.org/10.1007/s00410-010-0556-5
https://doi.org/10.1130/B31178.1
https://doi.org/10.1016/j.lithos.2011.06.011
https://doi.org/10.1016/j.chemgeo.2007.11.005
https://doi.org/10.1016/j.chemgeo.2007.11.005
https://doi.org/10.1016/0040-1951(88)90276-4
https://doi.org/10.1029/GL007i011p00949
https://doi.org/10.1016/j.ijms.2004.04.002
https://doi.org/10.1130/B26272.1
https://doi.org/10.1016/j.earscirev.2005.11.001
https://doi.org/10.1016/j.chemgeo.2012.04.021
https://doi.org/10.1016/j.chemgeo.2012.04.021
https://doi.org/10.1016/S0016-7037(98)00274-9
https://doi.org/10.1130/B30712.1
https://doi.org/10.1111/j.1751-908X.1995.tb00147.x
https://doi.org/10.1111/j.1751-908X.1995.tb00147.x
https://doi.org/10.1111/j.1751-908X.2004.tb01041.x
https://doi.org/10.1111/j.1751-908X.2005.tb00891.x
https://doi.org/10.1130/B31136.1


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


