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Abstract

The Nd, Sr and Pb isotopic compositions of glacial tills from the Byrd and Nimrod
glaciers in the central Transantarctic Mountains (TAM) in East Antarctica were obtained
to assess the sources of detritus transported by these ice masses. Tills from lateral
moraines along the entire extent of both glaciers have isotopic compositions consistent
with their derivation predominately from erosion of adjacent bedrock. Fine- (<63l) and
coarser-grained (0.5mm-2mm) sediment from these tills have identical isotopic
characteristics, indicating that fine-grained detritus is the product of further comminution
of coarser sediments. Comparison of present-day till isotopic data to existing data from
fine-grained LGM tills in the central Ross Sea confirm that these were deposited from
East Antarctic ice that expanded through the TAM and indicates that the LGM sediments
are mixtures of detritus eroded along the entire path of ice transiting the TAM. If specific
lithologies were preferentially eroded as ice passed through the TAM, it is not clearly
evident in the Ross Sea till isotopic compositions Our data do demonstrate, however, that
glacial tills generated from erosion of inboard regions of the mountain belt yield sediment
with a larger component of 560 Ma to 600 Ma detrital zircons and lower average €na(0)
values (<-5) than that produced further downstream. As a result, past retreat of ice
grounding-lines up the narrow valleys of the TAM resulting in active erosion of inboard
region should recognizable in glacial sediments deposited in the Ross Sea, and so provide
a means to identify times when the East Antarctic ice sheet was smaller than today. This
study highlights both the value and necessity of utilizing multiple provenance methods in

evaluating glacial erosion and transport when reconstructing past ice sheet dynamics.
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1. Introduction

Assessing potential instabilities in the East Antarctica Ice Sheet (EAILS) during
warming climatic conditions is critical given the role that the degradation of the EAIS
plays in raising global sea level (Dolan, 2011). One approach is to investigate past
instabilities in the EAIS, particularly during earlier warm periods such as the Mid-
Pliocene (Austermann et al., 2015; Sugden, 1996; Winnick and Caves, 2015; Yokoyama
et al., 2016). For this purpose, radiogenic isotope analyses (Nd, Sr, Pb) of glaciomarine
sediments deposited on the continental shelf provide important insights into the behavior
of the EAIS, an approach that has been successful in identifying EAIS expansion into
Ross Embayment during the LGM (Farmer et al., 2006; Licht et al., 2005) and ice margin
retreat along the Adélie Land coast during the Mid-Pliocene Warm Period (Cook et al.,
2013). A full assessment of the potential of radiogenic isotope data in reconstructing past
dynamics of the EAIS, however, is lacking and will require a better understanding of the
factors that control the sources of glacial sediment delivered to and deposited at any
given portion of the ice margin during both ice expansion and retreat. Is the locus of
erosion and sediment production concentrated at the ice margin (Alley et al., 1997;
Jamieson et al., 2010)? Do the sources of glacial sediments vary during ice expansion
and retreat when the ice margin overrides a region of high underlying basement relief and
focused ice flow (Creyts et al., 2014)? Even if the locus of bedrock erosion shifts as a
regular function of ice extent, does the detritus produced inherit a radiogenic isotope that
could be unambiguously used to assess the sediment provenance along a given portion of

the EAIS margin?

In this study, we address some of the above issues through the use of radiogenic
isotope data obtained principally from the <63 size fraction of tills deposited by the
Byrd and Nimrod glaciers to help determine the sources of sedimentary material
generated and transported by ice currently traversing the Transantarctic Mountains
(TAM). These data are used to assess the locus of erosion that produced subglacial
sediments deposited in the central and western Ross Sea during the LGM, and to assess

the likelihood that major retreat or expansion of the EAIS would produce changes in the
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primary sources of EAIS-derived sediment deposited in the Ross Sea that would be

identifiable from radiogenic isotopic data.

The new and existing isotopic data from modern tills in the central TAM indicate
that these sediments represent the products of erosion and communition of adjacent
bedrocks, with downstream isotopic compositions of <63 tills reflecting changes in the
age and/or lithology of local bedrocks. Tills inboard of where the Byrd and Nimrod
glaciers enter the TAM, in contrast, contain detritus that most likely derived from
otherwise unexposed Precambrian basement sources underlying adjacent portions of the
EAIS. When combined with existing chemical, isotopic, and zircon U-Pb age data from
central-western Ross Sea LGM tills, our data confirm that the LGM tills are complex
mixtures of detritus derived largely from glaciers traversing across the entire width of the
central TAM. Although the relative contributions of specific TAM bedrock contributions
to LGM tills cannot be unambiguously determined, our data do suggest that grounding
line retreat through the TAM in the past should be recognizable in both the radiogenic
isotopic compositions of fine-grained glaciomarine sediments and in the U-Pb ages of

detrital zircons delivered to the Ross Embayment during such events.
2. Geologic Setting/Previous Studies

This study targets tills associated with the Byrd and Nimrod glaciers in the central
TAM, the latter representing the two dominant sources of ice contributed by the EAIS to
the Ross ice shelf today (Humbert et al., 2005). The central TAM is well-suited for an
assessment of the production and transport of glacial till because the bedrock geology
varies regularly across the strike of the mountain belt, parallel to the direction of ice flow
of the main outlet glaciers (Fig. 1) (Elliot, 2013). Both the Byrd and Nimrod glaciers
channelize EAIS ice that overrode Proterozoic basement rocks prior to entering the
central TAM (Goodge et al., 2001; Goodge et al., 2008) and that traversed a set of
Phanerozoic sedimentary and igneous rocks before spilling into the Ross Ice Shelf. The
Byrd glacier is distinct, however, because it overlies a post 40 Ma fault zone that
produced ~1km of relative uplift of the southern and northern boundaries of the glacial
valley (Foley et al., 2013). The north side of the glacial valley is comprised of Cambro-

Ordovician Granite Harbor Intrusive Suite rocks that intruded high grade metamorphic
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rocks of the Horney Unit (Fig. 1) (Borg et al., 1990). Detrital zircons in moraines along
these outcrops are dominated by ages ~530 Ma (Licht and Palmer, 2013), consistent with
bedrock ages of 531.0 + 7.5 Ma on a diorite and 545.7 + 6.8 Ma on a foliated granite
(Stump et al., 2006). On the south side of Byrd Glacier, the bedrock is Lower Cambrian
to Ordovician Shackleton Limestone, Douglas Conglomerate, Madison Marble and
Contortion Schist; the latter were named the Selborne Group and subsequently
determined to be equivalent to formations in the Byrd Group (Myrow et al., 2002; Stump
et al., 2004). At the head of the Byrd Glacier, nunataks are composed of Devonian
Beacon Supergroup siliciclastic rocks and Ferrar Supergroup dolerites (Anderson, 1979;
Grindley and Laird, 1969) (Fig. 1). The age and composition of East Antarctic
Precambrian basement rocks further inland within the catchment are known from
allochthonous clasts recovered at Lonewolf Nunataks and include a variety of Cambrian,
Proterozoic and Archean intermediate to silicic composition igneous and metamorphic

rocks (Goodge and Fanning, 2010; Palmer, 2008; Palmer et al., 2012).

At Nimrod Glacier, the bedrock geology also varies along the valley. At the head
of the Nimrod Glacier, outcrops at nunataks and in the Miller Range are Beacon/Ferrar
Supergroup rocks and Proterozoic Nimrod Group rocks that are complexly intertwined
with syntectonic Granite Harbor Intrusive Suite of Cambro-Ordovician age (Fig. 1). U-
Pb zircon ages from Granite Harbor Intrusive Suite in the Miller Range are 493 + 4 Ma to
545 £ 5 Ma (Goodge et al., 2012). The Nimrod Group rocks are igneous and high-grade
metamorphic rocks that contain a complex record ranging from Archean magmatism
(~3000 Ma) to the 1700 Ma Nimrod Orogeny; these rocks were deformed and
overprinted in some cases during the Ross Orogeny (Goodge et al., 2001). As the
Nimrod Glacier narrows, ice encounters rocks of the Neoproterozoic Beardmore Group
siliciclastic rocks. The Beardmore Group includes sandstones and interbedded black
shales of the Goldie Formation, a unit that is known to contain detrital zircon with U-Pb
ages distributed between 1000-2000 Ma (Goodge et al., 2004). Downstream, the Nimrod
Glacier crosses the Cambro-Ordovician Byrd Group and limited outcrops of the Granite
Harbor Intrusive Suite (Fig. 1). The Byrd Group is diverse lithologically and includes the

Shackleton Limestone as well as siliciclastic rocks ranging from conglomerates to
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mudstones that record a transition from a passive margin to an active margin (forearc)

setting (Goodge et al., 2004; Myrow et al., 2002).

During the last glacial maximum (LGM) and numerous previous glacial periods,
grounded ice advanced onto the Ross Sea continental shelf depositing mud-rich diamicts
(Licht et al., 1999; McKay et al., 2009). Early workers analyzed sand provenance in
LGM tills and identified several lithologic provinces across the shelf (Anderson et al.,
1984). More detailed work on tills from both the Transantarctic Mountains and the Ross
Sea continental shelf identified a boundary in the central Ross Sea, indicating
convergence of East and West Antarctic ice sheet flow in this area during the LGM
(Farmer et al., 2006; Licht et al., 2005; Licht and Palmer, 2013). More detailed sampling
of Byrd Glacier tills (the same glacial sediments analyzed in study) used sand
petrography and detrital zircons to identify the origin of glacial debris and reconstruct
past ice flow paths of this major outlet into the Ross Sea continental shelf (Licht and
Palmer, 2013; Palmer et al., 2012). Reconstructions of ice flow from the Byrd Glacier
region to McMurdo Sound for time periods back to the Late Miocene, have utilized
geochemistry, sand and pebble lithology (Del Carlo et al., 2009; Hauptvogel and
Passchier, 2012; Monien et al., 2012; Panter et al., 2008; Talarico et al., 2012) and
detrital apatite (Zattin et al., 2012).

The composition and particle size of till in ice-cored moraines common in the
Transantarctic Mountains are useful for assessing the origin of the glacial debris.
Moraines along valley walls of large outlet glaciers are typically very thin (<10 cm), are
predominantly composed of local bedrock lithologies and have <15 % silt and clay
except where limestone outcrops (Licht and Palmer, 2013). In these locations, debris is
supplied englacially through debris-rich layers, experiences little comminution, and has
relatively short transport distances. Rock fall may also be a minor contributor. Nunatak
moraines are more complex and may either share characteristics of lateral moraines or
contain substantial subglacially-derived debris as indicated by abundance of erratics,
faceted/striated pebbles and >55% silt and clay (Palmer et al., 2012). The erratic
lithologies provide otherwise inaccessible information about the types of buried bedrock
(Goodge and Fanning, 2010; Palmer, 2008; Palmer et al., 2012), but little about the

specific location of origin. Generally, subglacial transport distances by continental ice
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sheets are <100km, but can be much greater (Clark, 1987). The subglacial processes of
abrasion and quarrying, along with variations in rock strength produce different particle
size fractions and the eroded debris is incorporated into the base of the ice sheet in
regions where waters freeze on (Hooke et al., 2013). All of these factors may impact

interpretations in provenance studies.
3. Samples/Methods

Samples analyzed in this study are all ice-cored moraines from the Transantarctic
Mountains (Fig. 1). The moraines are located along the lateral margins of the Byrd and
Nimrod glaciers or occur adjacent to nunataks near the head of these glaciers. In all cases
except Lonewolf 2 (LW?2), the till drapes the ice and is <10 cm thick; at Lonewolf 2 till is
>50 cm thick. The lateral sites are often along cliff faces and so may contain a
component of rockfall, however, the abundance of silt and clay (~10-60%) plus visible
debris rich bands in the ice indicate englacial debris input. Pebbles and cobbles in lateral
moraines are rarely faceted or striated suggesting minimal subglacial input. All moraines

are <1.7 km in length and the width of lateral moraines is <100 m.

Eighteen till samples were collected from moraines adjacent to five different
groups of rocks (Table 1; Fig. 1). Nunatak sites on the inboard side of the Transantarctic
Mountains were either Beacon/Ferrar Supergroup or Nimrod Group rocks. Lateral sites
(outboard TAM) were adjacent to Granite Harbor Intrusives, Beardmore or Byrd Group
rocks. Samples were collected after removing the top 1-2 cm to minimize the impacts of
wind deflation and material was analyzed from single or multiple locations at each
site. Both > 63 and < 63 size fractions were analyzed for Sr, Nd, and in some case Pb
isotopes, along with a few cobbles from the moraine surface at Lonewolf Nunataks.

Analytical methods for the Nd, Sr and Pb isotopic analyses are given in Table 1.
4. Results

In general, the till isotopic compositions vary systematically with downstream
position in both the Byrd and Nimrod glacial drainages. Furthest upstream in the Byrd
Glacier drainage, silt/clay (<63[7) and sand (0.5 to 2.0 mm) fractions from both Lonewolf
Nunatak tills samples (LW and LW2) collected adjacent to a nunatak of Beacon

Supergroup rocks are characterized by low €xa(0) values (-19.5 to -20.3) (Fig. 2) and a
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range of 87Sr/%0Sr(0) 0.726 to 0.735 (Fig. 3). The Sr isotopic compositions correlate with
sediment Rb/Sr values and cluster around an ~560 Ma reference isochron. The sediments
also show a narrow range of Pb isotopic compositions that plot to the right of the
geochron on a 2%’Pb/2%Pb vs. 2%Pb/2%Pb plot (Fig. 4) (>°°Pb/?**Pb=18.25 to 18.54,
207Pb/2%Pb=15.51 to 15.58). The two cobbles analyzed (LWE, LWI) have isotopic
compositions that are considerably different from those of the finer size fractions, having
end(0) ranging of -10 to -29 (respectively) and 87Sr/26Sr(0) from 0.7676 to 2.83 (Table 1).
Sample LWE also has significantly lower measured 2°Pb/?%*Pb (16.6) and higher
208pp/204Pb (39.73) than the finer till samples.

Furthest upstream in the Nimrod Glacier drainage, <63 till from Argo Glacier
and Milan Ridge have isotopic compositions similar to those from the Lonewolf Nunatak
with low &nd(0) (-15.5 to -18.5) (Fig. 2) and radiogenic Sr isotopic compositions that also
roughly align along a ~560 Ma reference isochron (Fig. 3). Lead isotopic compositions
are among the least radiogenic of any of the analyzed tills (?°°Pb/?**Pb=18.03 to 18.16,
207Pb/2%Pb=15.50 to 15.52, 28Pb/2™Pb=38.58 to 38.78; Fig. 4).

At sampling locations adjacent to nunataks of the Beacon and Ferrar Supergroup
rocks in both the Nimrod and Byrd Glacier catchments, the <63 (] fraction of tills at All
Blacks, Bates Nunatak, Quest Cliffs, and Sanford Cliffs all have significantly higher
ena(0) values, lower 87Sr/%6Sr(0), higher uranogenic Pb isotopic ratios, but similar
208pp/204Pb, compared to more inboard till samples (Figs. 2-4). The Sr isotopic
compositions generally cluster around an ~180 Ma reference isochron (Fig. 3). In
contrast, the <63 m tills from Brittania Ridge (Fig. 1) have lower €nd(0) (-10 to -15),
higher 87Sr/3Sr(0) (0.720 to 0.722) and more radiogenic Pb isotopic compositions (Figs.
2-4).

In the Nimrod Glacier catchment, two localities are adjacent to Beardmore Group
(Goldie Fm.), including the Kon Tiki in midstream of the main Nimrod Glacier and
Gargoyle Ridge along the Nimrod Glacier margin. The <63 tills from both locations
have similar Nd isotopic compositions (€nd(0)=-18.9 to -17.5) (Fig. 5), but the Kon Tiki
sample has higher 87Sr/26Sr(0) (0.736) (Fig. 6) and lower 2°’Pb/2%Pb (15.6) than that from
Gargoyle Ridge (Fig. 7).
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In the Byrd Glacier drainage, <637 tills from Mt. Tuatara are adjacent to
exposure of the Shackleton Limestone of the Byrd Group. These samples have similar
Nd isotopic compositions to upstream samples, but are characterized by low Sr and Nd
contents (Table 1). These samples also have a wide range of 8’Sr/%Sr (0) (0.716 to
0.782) that generally co-vary with 8’Rb/%Sr (Fig. 6) along a ~560 Ma reference isochron.
In the Nimrod Glacier drainage, tills from the Cambrian Bluff are found adjacent to the
siliciclastic Starshot Formation of the Byrd Group (Myrow et al., 2002), and compared to
the Mt. Tuatara tills have lower €ng(0) =-17.1 to -17.8, a more restricted range of
87Sr/%Sr(0)=0.737 to 0.745, also roughly aligned along a ~560 Ma reference isochron
(Fig. 6), and higher 2°Pb/?%Pb ratios (Fig. 7).

Finally, the furthest downstream tills in both the Byrd (Crazy Jim, Horney Bluff)
and Nimrod (Campbell Hills) glacier drainages are found adjacent to, or in close
proximity, to granitic rocks of the Granite Harbor Group. The <63 tills at both locations
have similar isotopic compositions that, compared to upstream tills, have higher Exq(0)
(-12.3 to -13.6), but similar 87Sr/8Sr(0) =0.722 to 0.736, and Pb isotopic compositions
(Figs. 5-7).

5. Discussion

Our principal observation is that the radiogenic isotopic composition of < 63 tills
vary regularly as a function of position in both the Byrd and Nimrod glacier drainages.
The isotopic variations parallel changes in till petrography identified at some of the same
sample locations (Licht and Palmer, 2013) as well as with the variations in bedrock
composition present across the Transantarctic Mountains. The obvious conclusion is that
the fine-grained tills at each sampled locality were derived from local bedrock lining the
Byrd and Nimrod glaciers and represent either the products of direct abrasion of these
rocks or further comminution of coarser grained sediments with which the fine-grained

tills are associated.

A local bedrock source for the tills is particularly evident in the isotopic
compositions of tills from inboard sample locations adjacent to the Beacon Supergroup
(Sanford Cliffs, Quest Cliffs, All Blacks, Bates Nunatak, and Britannia Ridge). The

bedrock is composed principally of Devonian to Early Jurassic sandstones (Beacon



252
253
254
255
256
257
258
259
260
261

262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280

Supergroup) intruded by dolerite sills and basaltic volcanic rocks of the mid-Jurassic
(~183 Ma) Ferrar Group (Barrett, 1991). The < 63 size fraction till from most of these
localities have higher exa(0) (> -10) and low 87Sr/8Sr (<0.720) compared to fine-grained
tills from other locations and these isotopic compositions overlap the values expected for
material eroded from the Ferrar Group igneous rocks (Figs. 2, 3). In fact, the Sr isotopic
compositions of fine-grained tills from Quest Cliffs, Sanford Cliffs, and Bates Nunatak,
align along the ~183Ma reference isochron defined by Ferrar Group igneous rocks (Fig
3). As aresult Ferrar Group igneous rocks likely represent a primary component of the
fine-grained tills located adjacent to the Beacon Supergroup in both the Byrd and Nimrod

glacial drainages.

Basaltic igneous rocks, however, are not the sole contributor to these inboard
sediments. Till pebble fractions from the two locations where petrographic data are
available (Bates Nunatak and Britannia Ridge) are dominated by mafic lithologies but
also contain variable proportions of sandstone (Licht and Palmer, 2013), with the average
sandstone pebble abundances being considerably higher at the Britannia Ridge location
(~19%) compared to that at the Bates Nunataks (~7). No isotopic data are available from
the sand size sediments themselves, but average €xda(0) values for the Britannia Ridge
samples are also considerably lower (-12.5) than at the Bates Nunatak (-9.2) (Table 1)
The apparent correlation between decreasing €nxd(0) in fine grained till and increasing
sandstone pebble abundances suggests that the < 63 size fraction at both localities
represent further comminution of the sand sized tills and that sandstones from at least
portions of the Beacon Supergroup must have &na(0) as low as -15. Such low &xa(0)
values are typical of Precambrian continental crust and indicate the involvement of such
crust in the source of the sandstones, potentially cycled through inboard examples of the
Granite Harbor Intrusive Suite given the preponderance of detrital zircon in the age range
from 500 Ma to 650 Ma in the Beacon Supergroup sandstones as a whole (Elliot et al.,
2015). The Turret Nunatak samples, which are found in the Nimrod, rather than the Byrd
glacial drainage have identical isotopic characteristics to the low &na(0) Brittania Ridge

sample and could represent erosion and comminution of similar starting materials.

10
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Fine-grained tills from the Mt. Tuatara locality in the main Byrd glacial drainage
are another example of sediments derived from erosion of immediately adjacent bedrock,
in this case the Shackleton Limestone of the Byrd Group. The low Sr (5ppm to 37ppm)
and Nd (1.8ppm to 2.5ppm; Table 1) content of these samples likely reflects the
derivation of these sediments from erosion of local carbonate rocks, consistent with the
fact that 100% of the sand fraction at this locality is limestone and marble (Licht and
Palmer, 2013).

Outboard tills along the main trunks of both the Byrd and Nimrod glaciers
(Horney Bluff and Crazy Jim, and Campbell Hills, respectively) are all located adjacent
to early Cambrian Granite Harbor intrusive rocks, and contain pebble populations that
include both these intrusive rocks as well as abundant material derived from their
metaigneous wall rocks (Licht and Palmer, 2013). The Sr and Nd isotopic composition
of the < 63 size fraction in these tills overlap those expected for detritus derived
exclusively from the Granite Harbor intrusive suite, and detrital zircons from the Crazy
Jim and Horney Bluff locality are dominantly ~530 Ma in age, also equivalent to the
local Granite Harbor granitic rocks (Licht and Palmer, 2013). These observations imply
that the sand and clay fractions from these tills are dominated by detritus from the
Granite Harbor igneous rocks. We conclude that the outboard tills can also be considered

as the products principally of the erosion of local bedrock.

The outboard tills samples also plot along early Cambrian Sr reference isochrons
(Fig. 6), including those samples from Gargoyle Ridge and Campbell Hills (Fig. 1).
Available data from bedrock in the Transantarctic Mountains demonstrate that whole
rock Rb-Sr isochrons defined by early Paleozoic and older rocks throughout Ross
Orogeny have been reset to this age (Goodge and Dallmeyer, 1992). That fact that our
outboard tills samples and bedrock align along Rb-Sr reference isochrons of similar age
again support the conclusion that the < 63l sediments from all these localities are the

product of mechanical erosion of local bedrock.

The sources of fine-grained till at the most inboard till localities, adjacent to the
Lonewolf Nunataks (LW sites) in the Byrd glacial drainage and along the upstream

margins of the Miller Range in the Nimrod glacial drainage (MR and AG sites), may

11
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present a situation distinct from their downstream counterparts given that several studies
of these tills have demonstrated that sand and pebble populations here include material
derived from the interior of East Antarctica (Goodge and Fanning, 2010; Palmer, 2008;
Palmer et al., 2012). Pebbles and sand from the LW locations have been the most
extensively studied, and these are clearly subglacial in origin and contain abundant
material, up to 35% at the LW sites, that are exotic to the local Beacon Supergroup and
Ferrar Group basement rocks (Palmer et al., 2012). The few isotopic analyses we have
from LW pebbles show a wide range of values including very low &€nd(0) values that are
similar to Precambrian Nimrod Group basement (as exposed in Miller Range) and not to
the isotopic compositions expected for detritus derived from the Beacon Supergroup and
Ferrar Group, at least as estimated by the isotopic compositions we determined for our
Brittania Ridge, Bates Nunatak, and Turret Nunatak samples. So our data are consistent
with the possibility that sediments at some of the most inboard localities contain exotic
material derived from beneath the East Antarctic ice sheet. However, there are
insufficient isotopic analyses from pebbles and cobbles from the any of the inboard till
locations to assess whether the <63(! till fraction simply represents the comminution of
coarser grained material at these locations, as we concluded for most of our other till

samples, or instead have a provenance distinct from the coarser-grained till.
5.1. Sediment Transport

The goal of this study is to determine the sources of sediment currently
transported by glaciers in the central TAM, to assess the relative importance of erosion in
the TAM and the interior of East Antarctica in producing those sediments, and to
determine how the sources of present-day tills relate to the provenance of sediments
deposited during glacial maximum on the Ross Sea continental shelf. We address these
issues, and the implications our data have for assessing periods of grounding line retreat

for glaciers traversing the central TAM, in the following text.
5.1.1. Transantarctic Mountains

Till samples from the Nimrod and Byrd glaciers demonstrate that tills along the
margins of the main trunk of both glaciers contain sediment exclusively derived from

local bedrock. Although material is delivered by englacial debris bands, transport

12
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distances must be very limited and lateral moraines positions may be related to locations
where bedrock is not far below the ice surface. In contrast, tills from locations adjacent
to the mid-stream Lonewolf Nunataks sample subglacial tills entering the TAM and
include exotic material likely derived from more sources further into the interior of the
East Antarctic ice sheet, albeit not likely from more than 100 km further inboard (Licht
and Palmer, 2013). An important question is whether such exotic material remains an
important component of the glacier’s debris load as the ice flows through narrow outlet

glaciers across the TAM.

KonTiki Nunatak is similar to the Lonewolf Nunatak in that it is a small outcrop
that occurs in the middle of the Nimrod Glacier. The <63 fraction of till from this
location has Pb, Sr and Nd isotopic compositions essentially identical to those from the
Lonewolf Nunatak moraines and suggest that the sources of subglacial tills at this
position downstream in the Nimrod Glacier are equivalent to those sampled further
inboard. One option is that the KonTiki Nunatak tills represents sedimentary material
derived from the interior of East Antarctica transported through the TAM by the Nimod
Glacier and that such sediments are the dominant component of subglacial tills even
halfway through their traverse of the mountain range. However, we note the KonTiki
Nunatak, and adjacent portions of the Nimrod Glacier valley, are composed of the
Neoproterozoic Beardmore Group, specifically the “inboard” Beardmore Group of
Goodge et al (2002). This sedimentary unit consists of siliciclastic sedimentary rock,
carbonate and minor mafic volcanic rocks in two mappable units (the Cobham and
Goldie Formations). Detrital zircons from these bedrock units are 1 Ga or older, with no
evidence of any detrital material contemporaneous with the Ross Orogeny (Goodge et al.,
2002; Goodge et al., 2004). Previous workers have concluded that the inboard
Beardmore Group is an authochthonous, passive margin sedimentary succession derived
from the erosion of the adjacent Archean to Proterozoic age East Antarctic craton, the
same general material from which the Lonewolf Nunatak and Miller Range tills were
likely derived. It is possible that the isotopic compositions of Beardmore Group in the
vicinity of Gargoyle Ridge and Kon Tiki Nunatak are similar to those of the “input”
sediment and as a result, the isotopic compositions of till in this region are the result of

the fact that these sediments were derived from comminution of these low &nxa(0) local
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bedrocks, and do not represent an emerging low €na(0) subglacial till. Isotopic data from
the local bedrock are not available to test this assertion. Isotopic data from the “Goldie”
Formation that are available are from the “outboard” Beardmore group in the central
TAM (Borg et al., 1990), which are now considered to be Lower Cambrian in age and
correlative with the Byrd Group (Myrow et al., 2002). The Nd isotopic composition of
these rocks are significantly higher than those of the Kon-Tiki and GR tills (Fig. 5), but
this could be because these rocks contain significant amounts of younger, syn-Ross
Orogeny volcaniclastic and other siliciclastic sediments, and were not exclusively derived

from low &nd(0) Archean to Proterozoic age basement.
5.1.2. Ross Sea

Previous studies demonstrated that €xa(0) values increase, 8’Sr/%¢Sr (0) decrease
and Pb isotopic compositions become more radiogenic for the <63 size fraction in LGM
tills deposited from the central to western Ross Sea (Farmer et al., 2006). Based on a
comparison to the isotopic compositions of a limited set of till samples from the
Beardmore and Darwin-Hatherton Glaciers in the TAM, Farmer et al. (2006) concluded
that fine-grained LGM tills in the western half of the Ross Sea were deposited during
expansion of the East Antarctic ice sheet, and that the tills incorporated an increasing
proportion, from east to west, of detritus eroded from Late Cenozoic volcanic rocks
bordering and/or underlying the western Ross Sea. These conclusions are strengthened
by the addition of our new onshore till data from the Nimrod and Byrd glaciers. The Pb,
Sr, and Nd isotopic compositions of the <631 LGM tills in the central Ross Sea all
overlap the values expected for mechanical mixtures of glacial detritus similar
isotopically to the fine-grained tills analyzed from these two glacial drainages (Fig. 8-10).
The few isotopic analyses available from the Darwin-Hatherton glaciers reported in
Farmer et al. (2006) also plot within the range of isotopic compositions defined by the
Byrd and Nimrod glaciers, all of which provide strong evidence that the fine-grained
central Ross Sea LGM tills are dominated by detritus delivered by glaciers traversing the

central TAM.

In contrast, none of the onshore tills analyzed from the Byrd and Nimrod

glaciers, including tills derived from the Ferrar dolerites, have sufficiently high ena(0) or
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low #7Sr/%Sr(0) to account for the entire range of isotopic compositions observed in tills
from the western Ross Sea (Fig. 8-10). To account for the highest €nxd(0), and lowest
87Sr/86Sr(0) observed for the <63 tills in the western Ross Sea, Farmer et al. (2006)
suggested that these sediments and onshore tills bordering McMurdo Sound (e.g.
Pyramid Fuel Cache sample from Farmer et al., 2006; Figs. 8-10) contain a contribution
from Cenozoic McMurdo volcanic suite rocks. The latter are exposed onshore adjacent
to the western Ross Sea and have higher ena(0) (0 to +5), lower 87Sr/36Sr(0) (0.7030 to
0.7050) than the Ferrar dolerites as well as a wide range of Pb isotopic compositions
(Martin et al., 2013). Our new data from the Byrd and Nimrod glacial tills are generally
consistent with this interpretation, as is the observation that the proportions of basaltic
sand and rock fragments in LGM tills increase from the central to western Ross Sea
(Giorgetti et al., 2009; Licht et al., 2005). All of the above observations suggest that the
McMurdo volcanic rocks experienced active erosion by ice expanding through the TAM

during the Last Glacial Maximum.

Because the isotopic compositions of modern tills associated with both the Byrd
and Nimrod glaciers vary as a function of position along the TAM, and because detritus
eroded from such lithologies as the Ferrar dolerites and the Granite Harbor intrusive
rocks have distinctive isotopic compositions, it may be possible to assess whether
specific locations and or rocks types within the TAM or further inboard into East
Antarctica were contributing disproportionately to LGM sediment deposited in Ross Sea.
Defining where sediment production was greatest along ice flow trajectories in the TAM
could be useful in determining ice conditions (basal temperature, velocity, etc.) in this
region during the Last Glacial Maximum (Golledge et al., 2013; Jamieson et al., 2010).

We found that the Nd, Sr and Pb isotopic compositions of the central Ross Sea
fine-grained tills are difficult to attribute to the erosion of specific TAM lithologies. For
example, the Lonewolf Nunatak tills are isotopically distinctive but none of the < 63
tills in the central Ross have sufficiently low &xa(0) values, or high 7Sr/8Sr(0), to be
derived predominately from such detritus. Clearly sediments derived from the interior of
East Antarctica or from the most inboard portions of the Byrd Glacier catchment do not

represent the dominant component of < 63l deposited during the LGM in the Ross Sea.
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Similarly, no central Ross Sea tills have sufficiently high 2*Pb/2%Pb or 37Sr/%6Sr ratios
(Fig. 8-10) to be the products predominately of the erosion of “outboard” Granite Harbor
igneous rocks. The relatively low 37Sr/86Sr and 28Pb/?%Pb ratios of the central Ross Sea
tills, however, do suggest that Ferrar dolerites exposed in inboard positions in the central
TAM must have contributed to this detritus. Our conclusion, then, is that fine-grained
LGM tills in the central Ross Sea are best interpreted as mechanical mixtures of detritus
eroded from rocks encountered by ice flowing through the TAM, including inputs from
bedrock inland of the narrowest part of the glacial valleys. If single lithologies
dominated the glacial detritus generated during the LGM, it is not evident from the

available isotopic data.

Sediment production associated with ice flow through TAM outlets, such as the
Byrd Glacier, is considered to be greatest where ice velocity is at a maximum and
subglacial water is produced (Fig. 11) (Jamieson et al., 2010; Golledge 2013), Since the
likelihood of basal melt increases as ice velocity increases, one might expect that
subglacial debris entrained inland of the narrow glacial valleys would melt out and be
absent downstream of the outlet mouths. However, our data from fine-grained tills in the
central Ross Sea suggest that during the LGM, sediment was derived from both the
highest velocity regions of the outlet glacier, as well as upstream bedrock sources where
ice had not reached its maximum velocity. Therefore, we infer that debris entrained from
upstream sources is transported englacially or that subglacial deformation is an efficient
transport mechanism over distances of hundreds of kilometers in this setting. Evidence in
support of englacial transport comes from a numerical model of Byrd Glacier showing
that basal ice trajectories are upward in the catchment area upstream of the main trunk
(Golledge et al., 2013). This can explain both the occurrence of the moraine at Lonewolf
Nunatak and also the long travel distances as the entrained sediment follows an upward

trajectory, preventing basal melt out.

Detrital zircon U-Pb ages from sand size fraction of central Ross Sea LGM tills
are also consistent with multiple sources for this coarser detritus. Specifically, the
dominant U-Pb age population in central Ross Sea tills has a broad range of zircon ages
520- 600 Ma that were most likely derived from granitic rocks formed during the

Neoproterozoic to Cambrian Ross-Pan African Orogeny. Zircons from tills adjacent to
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the Cambrian Granite Harbor intrusive suite rocks along Byrd Glacier range from 520 Ma
to 540 Ma, and therefore these granitic rocks contributed to, but were not the sole source
of, Neoproterozoic to Cambrian zircons in Ross Sea tills. The abundant older zircons
(560-600 Ma) are interpreted to have been derived from Beacon Supergroup or older,
unexposed Granite Harbor suite intrusive rocks upstream of the narrow glacial valleys of
the Byrd and Nimrod glaciers (Elliot et al., 2015; Elliot and Fleming, 2008; Elsner et al.,
2013; Licht et al., 2014; Licht and Palmer, 2013). As a result, both the detrital zircons
and radiogenic isotopic data can be interpreted as providing evidence that sediments
deposited in the central Ross Sea during the LGM represent erosion along the narrow

valleys of the outlet glaciers, as well as areas further inland.

Our data illustrate that neither the U-Pb detrital zircon ages or the radiogenic
isotope data unambiguously define the exact sources of the sediments that contributed to
the Ross Sea till. Nevertheless, the two approaches have their own specific advantages in
in determining the till provenance. The radiogenic isotopic data, for example, reveal the
importance of zircon-poor lithologies such as the Ferrar dolerites and the McMurdo
Group volcanic rocks in the sources of the fine-grained Ross Sea sediment. The detrital
zircon data, in turn, reveal the potential importance of the erosion of the Beacon
Supergroup in providing coarse detritus Ross Sea during the LGM, a conclusion that

could not readily be drawn from the sediment Nd, Sr or Pb isotopic compositions.
5.2. Potential for Ice Extent Determinations in central Transantarctic Mountains

Our data illustrate that LGM tills in the central Ross Sea likely contain detritus
eroded by outlet glaciers along their entire traverse through the central TAM. This
observation suggests that other expansions of ice extent through TAM in the past would
produce glaciomarine deposits with a similarly complex provenance. Such ice advances
also clearly involve the erosion by grounded ice of Late Cenozoic McMurdo Volcanic
Suite rocks found along the eastern flank of the TAM adjacent to the western Ross Sea
(Monien et al., 2012). Our data also illustrate, however, that ice sheet grounding line
retreat inland of the narrow valleys cutting the TAM could produce changes in the
provenance of glacial sediments recognizable both through detrital zircon U-Pb ages in

coarser detritus and through radiogenic isotope analyses of finer grained material. For
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example, if glacial erosion were isolated to the inboard portions of the TAM, then detrital
zircons related to the Ross Orogeny might be restricted to older (560 Ma to 600 Ma)
sources and the proportion of sediment with low &xa(0) values (<-5) should increase, as
the amount of sediment derived from Precambrian basement rocks beneath the EAIS

and/or from the Beacon Formation increases.
6. Conclusions

Our data provide clear evidence that tills in lateral moraines along the margins of
the Nimrod and Byrd glacial drainages today are predominantly derived from erosion of
local bedrock within the Transantarctic Mountains, although some nunatak moraines
contain material transported from more distal locations beneath East Antarctic ice sheet.
For those lateral moraines for which data from different till size fractions are available,
the silt/clay, sand and pebble sized materials share the same provenance, indicating that
fine grained sediment represent the comminution of coarser grained till. We also
demonstrate that the Nd, Sr and Pb isotopic values from <63 tills in the central-western
Ross Sea are dominated by detritus generated within and adjacent to the TAM,
presumably along the same troughs that confine major outlet glaciers today, a conclusion
consistent with previously published detrital zircon provenance data from central Ross
Sea tills (Licht and Palmer, 2013). The results of this study also reveal that it may be
able to track past ice grounding line retreats through the TAM via glaciomarine
sediments, given the observations that regular and identifiable variations U-Pb detrital
zircon ages and radiogenic isotope compositions exist in till produced across the strike of

the mountain range today.
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8. Figure Captions

Fig. 1- Till sample locations shown on Radarsat basemap. Schematic bedrock geology
after Gridley and Laird (1969) and Myrow et al. (2002). Inset map shows general
location of Ross Sea cores for which LGM glacial sediment isotopic analyses are
available (Farmer et al., 2006). BN = Bates Nunatak, BR = Brittania Ridge, CJ = Crazy
Jim, HB = Horney Bluff, MT = Mt. Tuatara, LW/LW2 = Lonewolf Nunataks, AB = All
Blacks Nunatak, QC = Quest Cliffs, TN = Turret Nunatak, GR = Gargoyle Ridge, CB =
Cambrian Bluff, CH = Campbell Hills, KT = KonTiki Nunatak, MR = Milan Ridge, AG
= Argo Glacier, SC = Sanford Cliffs.

Fig. 2- Measured &€na(0) vs. '“Sm/!*Nd for tills from western (inboard) portions of
TAM. Ferrar basalt/dolerite data from Antonini et al. (1999) and Elliot et al. (1999).
Miller Range Granite Suite intrusive rock and basement data from ©iBorg et al., 1990.
The 1.4 Ga granite clast (TNQ) is from a moraine in the upper Nimrod Glacier; data
reported in Goodge et al. (2008).

Fig. 3- Measured 37St/%0Sr vs. 8’Rb/%Sr for tills from western (inboard) portions of TAM.
Ferrar basalt and dolerite data from Antonini et al. (1999) and Elliot et al. (1999). Data
for Precambrian basement and Granite Harbor Intrusive Suite rocks in Miller Range from

Borg et al. (1990).

Fig. 4- Measured Pb isotopic data for tills from western (inboard) of TAM. Shaded areas
are central Ross Sea are data from LGM tills from cores in this region from Farmer et al.
(2006). Analysis from surface till from Pyramid Fuel Cache also from Farmer et al.

(2006). Range of Ferrar basalt isotopic data from Antonini et al. (1999).

Fig. 5- Measured €ng vs. '¥7Sm/!*Nd for tills from eastern (outboard) portions of TAM.

Data ranges for Goldie Formation and for Granite Harbor Intrusive suite samples from

Borg et al., 1990. Field for Lonewolf Nunataks from Fig. 2.

Fig. 6- Measured 87Sr/%0Sr vs. 8’Rb/%Sr for tills from eastern (outboard) portions of
TAM. References for data from Ferrar dolerites, Goldie Formation and Granite Harbor

Intrusive Suite rocks as in Fig. 2.
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Fig. 7- Measured Pb isotopic data for tills from eastern (outboard) of TAM. Data

references as in Fig. 4.

Fig. 8- Measured €ng vs. 1/Nd for < 63 | size fractions from LGM tills in central and
western Ross Sea cores (shaded area; Farmer et al., 2006) relative to average Byrd and
Nimrod till isotopic compositions. Hatched curves are conventional two-component
mixing lines (Albarede, 1995) between average < 63 U size fractions from tills in Byrd
and Nimrod glacial drainages adjacent to “outboard” Granite Harbor Intrusive Suite
rocks, Ferrar dolerite, and Beacon Supergroup (Lonewolf Nunataks). Hatches show 0.1
increments in mass fraction of two components in a given mixture. Range of &na (0)
values for McMurdo Volcanic Group rocks are from Mount Morning in Victoria Land

(Martin et al., 2013). Data for <63 from Darwin and Beardmore Glaciers from Farmer et

al. (2006).

Fig. 9- Measured 87Sr/®0Sr vs. 1/Sr for < 63 size fractions from LGM tills in central and
western Ross Sea cores (Farmer et al., 2006). Two-component mixing lines calculated as

in Fig. 8. References for other data shown given in Fig. 8 caption.

Fig. 10- 29%8Pb/2%4Pb vs. 20Pb/204Pb for < 63 size fractions from LGM tills in central and
western Ross Sea cores (Farmer et al., 2006). Two-component mixing lines calculated as

in Fig. 8. References for other data shown given in caption for Fig. 8.

Fig 11- Maps of ice flow paths, velocity and erosion potential for Byrd and Nimrod
glacier. Map orientations as in Figure 1. a) Modern ice flow paths and velocity indicated
by shading. Orange (light grey) is lowest and purple (dark grey) is highest. The highest
velocities occur where flow is funneled through outlet glacier valleys. High velocity
should enhance erosion. For Byrd Glacier, km-scale spatial variability in bed conditions
(van der Veen et al., 2014) cause more complex patterns of erosion rates than suggested
by these large-scale models. B=Byrd Glacier and N=Nimrod Glacier catchments.

b) Modeled basal erosion potential for the LGM; darker gray reflects higher potential
(~10 mm/yr) (modified from Golledge et al., 2013). The erosion potential is a function of
basal shear stress, velocity and sediment cover on the bed.

¢) Modeled ice flow paths for the LGM (modified from Golledge et al., 2013) over

modern grounded ice extent, dark gray shaded area. Blue shaded area highlights Nimrod
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Glacier catchment and light gray area highlights the Byrd Glacier catchment. Ross Sea
core locations shown by yellow triangles. Green ovals highlight onshore sample areas

and regions of ice flow with the highest velocity.
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Table 1. Nd, Sr and Pb isotopic compositions and isotope dilution trace element concentrations from Byrd and Nimrod glacial moraines

Sample Location Local Bedrock Latitude  Longitude Grain size Rb(ppm)” S (pm) “Rb/*Sr *'Sr/*Sr(m)’ Sm (ppm) Nd (ppm) "’Sm/'“/Nd* '“Nd/"**Nd(m)’ S (0)' Tow (Ga) ““Pbr™Pb> *"Pb ™Pb *Pb/"'Pb
Byrd Glacier
1571 Britannia Ridge Beacon/Ferrar -80.3860  155.3330 <63p 44 146 0719879 = 10 322 145 0.1342 0512125 = 11 -100 18 38.63 15646 18.627
1572 (BR) Supergroup <63p 44 120 0721233 = 10 303 139 0.1320 0511999 + 16 -125 19 3873 15677 18756
1573 " <63p 50 108 0722589 + 14 368 179 0.1244 0511871 + 35  -150 20 39.08 15701 18.980
1574 Bates Nunatak Beacon/Ferrar -80.2620  153.6530 <63p 34 116 0714667 + 15 243 17 0.1261 0512141 = 31 97 16 39.06 15693 18.821
1575 (BN) Supergroup <63p 25 9 0713713 = 14 194 89 0.1311 051216 = 13 93 16 38.89 15636 18775
1576 " <63p 29 132 0713376 = 10 2.26 108 0.1267 0512204 = 11 85 15 3894 15634 18796
1588 Horney Bluff Granite Harbor Igneous Suite -80.2090  159.1430 <63p 93 152 0729311 + 7 7.96 39.1 0.1232 0511961 + 6  -132 18 39.64 15708 18.806
1589 (HB) <63p 120 143 0731504 = 13 601 29.1 0.1250 0511951 + 7 -134 19 39.06 15678 18.603
1618 Crazy Jim (CJ) Granite Harbor Igneous Suite -80.4020 157.1340 <63p 145 158 0736235 = 10 8.64 454 0.1152 0511941 £ 5 136 17 3937 15624 18743
1577 Lonewolf 1 Beacon/Ferrar Supergroup ~ -81.3000  153.1670 <63p 94 209 0726510 = 10 494 280 0.1070 0511597 + 9 203 21 3872 15562 18.247
1577 (LW 1) 0.5mm-2mm 57 78 0735497 = 10 2.62 145 0.1090 0511627 + 7 -197 21 3896 15577 18.402
1578 " <63p 103 95 0736255 + 11 357 20.1 0.1076 0511602 + 5 202 21 3851 15532 18535
1579 " <63p 91 101 0735074 = 11 400 224 0.1082 0511626 + 11 -19.7 20 38.69 15553 18254
1580 Lonewolf 2 Beacon/Ferrar Supergroup  -81.3410  152.6790 <63p 88 111 0732129 = 10 390 216 0.1093 0511619 + 7 -199 21 3872 15550 18264
1580 (LW 2) 0.5mm-2mm 55 87 0731134 + 23 201 10.5 0.1162 0511709 + 11 -18.1 21 3843 15570 18.511
1581 " <63p 96 104 0734337 = 12 417 234 0.1079 0511621 + 7 -198 20 - - -
1582 " <63p 95 107 0734045 + 11 431 242 0.1078 0511605 + 9 202 21 - - -
1582 " 0.5mm-2mm 55 7 0737178 = 19 2.07 15 0.1090 0511710 + 10 -18.1 19 3849 15560 18325
1583 " <63 98 100 0735296 = 12 418 233 0.1084 0511636 + 6  -195 20 3873 15553 18274
LWE " cobble 135 179 0767606 + 12 463 305 0.0918 0511172 + 8 286 23 3973 15477 16596
LWI " cobble 339 11 875 2827513 = 53 391 146 0.1616 0512134 = 8 98 27 - - -
1584 All Blacks Beacon/Ferrar Supergroup ~ -81.5219 1555271 <63p 29 120 070 0716820 + 11 258 108 0.1450 0512281 = 11 7.0 17 38.88 15650 18917
1585 (AB) (Ferrar dolerites) <63 30 9 089 0719519 + 15 151 6.1 0.1512 0512337 = 10 59 17 3873 15640 18.885
1590 Mt. Tuatara Byrd Group -80.4780  158.6700 <63p 13 37 097 0715736 = 19 052 245 0.1271 0511858 + 15 -152 21 3836 15672 18.844
1591 (MT) (Shackleton Ls.) <63 14 9 471 0738534 = 16 028 1.76 0.0976 0511766 + 13 -17.0 17 - - -
1592 " <63p 20 5 113 0782125 + 23 032 2.10 0.0923 0511771 + 21 -169 16 39.01 15693 19.505
Nimrod Glacier

1593 Sanford Cliffs Beacon/Ferrar Supergroup  -83.9785  158.9004 <63 68 141 1.38 0.712819 + 13 3.38 179 0.1146 0512285 + 7 ©.9 12 38.82 15.613 18.847
1594 (SC) <63p 70 135 150 0713524 + 14 326 17.1 0.1153 0512305 = 26 65 11 38.84 15620  18.845
1595 " <63p 70 136 150 0712777 + 13 3.9 173 0.1118 0512343 =+ 8 58 10 3885 15623 18.905
1596 Gargoyle Ridge Beardmore 824150 159.2927 <63p 95 138 199 0727497 + 15 4.06 219 0.1123 0511729 + 14 177 20 - - -
1597 (GR) (Goldie Fm.) <63p 94 156 174 0727364 = 11 427 230 0.1122 0511721 + 37 179 20 39.16 15717 18919
1598 " <63p 106 147 208 0727826 = 15 445 239 0.1127 0511739 + 8 175 20 3955 15777 19.268
1599 " <63p 91 147 178 0729450 + 5 4.08 25 0.1097 0511683 + 8  -186 06 3885 15662 18.405
1600 Cambrian Bluff Byrd Group 823778 161.0307 <63p 62 51 347 0745329 = 15 1.44 7.99 0.1092 0511743 + 12 4175 19 3931 15663 19277
1601 (CB) (Starshot Fm.) <63p 41 46 254 0737831 = 14 122 6.84 0.1082 0511759 = 7 7.1 19 3947 15723 19.556
1602 " <63p 56 46 346 0741861 + 11 1.40 7.76 0.1093 0511724 + 27 178 19 3943 15717 19.537
1605 Campbell Hills Byrd Group 824021 1639743 <63p 143 269 154 0721877 + 13 525 243 0.1307 0511974 + 8 130 20 3871 15650 19.000
1606 (CH) (Starshot Fm.) <63p 207 229 261 0728964 £ 9 6.26 285 0.1329 0512007 £ 16  -123 20 3879 15671 19.410
1607 Turret Nunatak(7N) ~ Beacon/Ferrar Supergroup ~ -82.4324  158.1207 <63 75 129 167 0722830 + 14 326 177 0.1115 0511869 + 20  -150 17 38.79 15617 18471
1611 Argo Glacier (AG) Nimrod Group -83.4953  156.7412 <63 86 112 221 0733107 = 11 4.19 234 0.1085 0511689 + 10  -185 20 38.58 15.503 18.027
1613 Quest Cliffs (QC) ~ Beacon/Ferrar Supergroup ~ -82.5394  154.8313 <63p 24 121 056 0713201 + 12 1.85 7.26 0.1541 0512214 = 8 83 2.1 3875 15640 18913
1615 Milan Ridge (MR) Nimrod Group 832831 156.0373 <63p 85 139 177 0727253 + 12 455 239 0.1154 0511841 + 8  -155 19 3878 15520 18.164
1619 Kon Tiki Nuntak (KT)  Beardmore (Goldie Fm.) — -82.5308 160.0893 <63u 87 163 1.55 0735999 + 13 6.57 352 0.1129 0511670 + 5 -18.9 2.1 39.15 15597 18.560

? Isotope dilution concentration determinations accurate to ~1% for Rb and Sr. and 0.5% for Sm and Nd. Total procedural blanks averaged ~Ing for Pb and Sr, and
100pg for Nd. during study period.
*Measured *'Sr/*Sr ratios were analyzed using four-collector static mode . Thirty of SRM-987 during study period yielded mean

¥S1/*°Sr=0.71032+/- 2. Those analyses in bold were corrected to SRM-987 value of 0.71028.

Measured "*Nd/'“Nd normalized to “*Nd/'*Nd=0.7219. Analyses were dynamic mode, three-collect . Thirty-three of the La Jolla Nd
standard during the study period yielded a mean "Nd/"**Nd=0.511838+/-8 (2- [ mean).

5%\ values calculated using a present-day '“Nd/'*Nd (CHUR)=0.512638

©Pb isotopic analyses were four-collector static mode . Sixteen of SRM-981 during the study period yielded **Pb/**'Pb=36.56 +/- 0.03,
27pbPb=15.449+/-0.008, 2"Pb/*Pb=16.905+/-0.007 (2- [ mean). Measured Pb isotope ratios were corrected to SRM-981 values

(PP YPb=36.721, *"Pb/*Pb=15.491, **Pb/*Pb=16.937).






