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Abstract West Antarctica experienced a complex tectonic history, which is still poorly documented, in
part due to extensive ice cover. Here we reconstruct the Cretaceous to present thermotectonic history of
Pine Island Bay area and its adjacent coasts, based on a combination of apatite and zircon fission track and
apatite (U-Th-Sm)/He thermochronology. In addition, we report petrographic information for the catchments
of Pine Island, Thurston Island, and Thwaites glaciers. Our data suggest that the underlying bedrock of the
Pine Island and Thwaites Glacier catchments are very different and vary from granitoids to (Cenozoic?)
volcanogenic sequences and low-grade metamorphics. Our thermochronology data show that the upper
crustal rocks of Pine Island Bay experienced very rapid cooling during the late Cretaceous. We attribute this
rapid cooling of basement rocks and associated reduction in mean elevation to tectonic denudation driven
by gravitational collapse of the Cretaceous orogen along the proto-Pacific Gondwana margin. Rapid
Cretaceous crustal cooling was followed by very slow cooling during the Cenozoic, with no erosional
response—within the limits of thermochronological methods—to the onset of glaciation and subsequent
climatic changes. Cenozoic rifting within the West Antarctic Rift appears to have had little effect on erosion
processes around Pine Island Bay; instead, our data suggest Cenozoic crustal tilting toward Pine Island
Trough, a major geomorphic feature previously suggested to be a branch of the rift system.

1. Introduction

The Amundsen Sea (Figure 1) of West Antarctica stretches over 1000 km along the present-day South Pacific
rim. This area was influenced by all of the major tectonic events that formed present-day West Antarctica,
including formation of a batholith belt resulting from magmatic processes associated with Paleozoic to
Cretaceous subduction along the Gondwana margin [Mukasa and Dalziel, 2000; Dalziel and Lawver, 2001].
This area is also close to the zone of continental breakup of West Antarctica and New Zealand that followed
the cessation of subduction, and it was also affected by Cretaceous to recent extension within the West
Antarctic Rift System. Extension has resulted in thinned crust beneath the area, its low-lying topography,
and deeply incised valleys [e.g., Winberry and Anandakrishnan, 2004; Jordan et al., 2010; Chaput et al., 2014,
and references therein]. Many details of West Antarctica's geodynamic history remain hidden under
1–4 km of the West Antarctic Ice Sheet, such as the extent and amount of possible subduction-related uplift
and erosion, and the location and timing of rifting. Also, even basic information about the distribution of
lithologic units constituting West Antarctica is lacking and limited to ice-free outcrops (nunataks), coastal
cliffs, and some islands, together forming less than 2% of the continental area.

The unique setting of rifted bedrock underlying ice by 0.5 to 1.5 km below sea level makes the West Antarctic
Ice Sheet particularly sensitive to subglacial intrusion of warm ocean water along tectonic rift structures,
thereby inducing bottom melting [LeMasurier, 2006, 2008; Bingham et al., 2012; Fretwell et al., 2013]. The
Amundsen Sea coast is already characterized by ice sheets with rapid grounding line retreat and enhanced
thinning [e.g., Rignot et al., 2011, 2013]. These characteristics and the fact that most of the West Antarctic
Ice Sheet is grounded below sea level combined with landward dipping coastal bedrock set up the potential
for positive feedbacks. When relatively warm ocean water reaches the grounded base of ice sheets (ground-
ing zone), the bottom melt leads to a destabilization of the grounding zone and thereby drives it furthers
inland. The landward retreat of grounded ice further reduces the buttressing effect it has for the whole ice
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sheet, and it could induce a partial or full collapse of the West Antarctic Ice Sheet, leading to sea level rise of
up to ~3.3m [Weertman, 1974; Mercer, 1978; Hughes, 1981; Bamber et al., 2009; Joughin and Alley, 2011]. For
these reasons, the seafloor morphology and structure of Pine Island Bay (Amundsen Sea area) is of increasing
interest, particularly as it includes vulnerable glacial systems (e.g., Pine Island and Thwaites Glaciers) [e.g.,
Warner and Roberts, 2013; Favier et al., 2014; Mouginot et al., 2014].

Striking roughly NW-SE, Pine Island Bay covers an area of approximately 20,000 km2 and marks the calving
grounds of Pine Island Glacier (Figure 1). The glacial valley beneath the main trunk of Pine Island Glacier origi-
nates from crustal extension [Jordan et al., 2010] enhanced by subglacial erosion. This valley extends into Pine
Island Bay and forms Pine Island Trough (Figure 1). Both structures, the valley beneath the main trunk of the
glacier and Pine Island Trough, are considered to be a former andpossibly still active rift armof themuch larger
West Antarctic Rift System [e.g., Jordan et al., 2010; Gohl, 2012] (Figures 1 and 2). Recent studies report crustal
thicknesses for Pine Island Bay area of about 19–26 km [Jordan et al., 2010] and 20–24 km [Chaput et al., 2014].
Several groups of low-relief islands occur in Pine Island Bay, the majority of which are aligned along Pine
Island Trough or are located perpendicular to it. Generally, the islands rise nomore than 50m above sea level;
the few exceptions reach elevations above 100m above sea level. The dominant bedrock lithology of these
islands is coarse-grained granite of Mesozoic, mostly Cretaceous, age [Mukasa and Dalziel, 2000].

The absence of stratigraphic marker horizons limits the means for reconstructing the kinematic evolution of
Pine Island Bay, making a thermochronology approach particularly suitable for deciphering the exhumation
and denudation history of the field area. Low-temperature thermochronology provides a means to track the
passage of rocks through the thermal structure of the upper crust, with which it interacts, and can in some
circumstances help constraint lower crustal movements. In this paper we have applied three methods:
apatite (U-Th-Sm)/He, and apatite and zircon fission track analysis in combination to concentrates from the
same samples, which has enabled us to investigate cooling and exhumation histories in detail. The number
and distribution of island groups in Pine Island Bay (Figure 1) provide a useful opportunity to investigate

Figure 1. Overview map of the Pine Island Bay area, eastern Marie Byrd Land, West Antarctica. Contours are shown in gray with 250m spacing. Pink arrows indicate
flow directions of glaciers; ice shelves are shaded in gray. The modern grounding line (black continuous line) and regional bathymetry data are from Rignot et al.
[2011] and Nitsche et al. [2007]. Bathymetry grading is adopted from Smith et al. [2011]. Blue dotted line follows the Pine Island glacial trough. Inset highlights study
area on the Antarctic continent; MBL—Marie Byrd Land. Red dots mark the location of samples dated in this study, and orange symbols show sample locations of
earlier studies [Pankhurst et al., 1993, 1998;Mukasa and Dalziel, 2000; Kipf et al., 2012] (see legend). Yellow hexagons are the locations of box cores of ice rafted debris
(IRD). Boxes highlight individual areas shown in more detail in the maps on the left and right margin. The solid circle numbers refer to groups of thermal history
models presented in the supporting information (Figure S5). Detailed maps bear location names, sample symbols, and sample names. Additionally, age data from
earlier studies are shown in bold italic.
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localtectonics along orthogonal profiles to identify faults and to infer their impact on the present-day
geomorphology of the area. To complement this data set, we have sampled ice-transported debris from
the marine part of the bay to gain insights into the timing and magnitude of vertical crustal movement
and erosion of basement beneath ice-covered catchment areas of Pine Island and Thwaites glaciers.

In this paper we present the first comprehensive thermochronologic data set about Pine Island Bay and its
adjoining coasts deriving the Cretaceous-Cenozoic geodynamic history. Based on time-temperature paths
modeled from our thermochronology data, we infer Cenozoic rift-related block faulting in Pine Island Bay,
which supports the hypothesis that Pine Island trough is a branch of the West Antarctic Rift System.
Finally, through thermal history inversions we estimate Cenozoic cooling rates of the basement and
comment upon the erosional response to West Antarctic glaciation.

2. Setting and Background
2.1. Geologic and Tectonic History

Dalziel and Elliot [1982] identified four distinct crustal blocks in West Antarctica: Antarctic Peninsula,
Ellsworth-Whitmore Mountains, Thurston Island, and Marie Byrd Land (Figure 2). The crustal boundary
between Marie Byrd Land and the Thurston Island Block is assumed to be along Pine Island Bay [Grunow
et al., 1991]. Prior to Gondwana breakup (180Ma) [Lawver et al., 1991], the four blocks of West Antarctica
formed the southeastern part of the active margin of Gondwanaland. Since at least the Devonian, Phoenix
plate (proto-Pacific) lithosphere was subducted beneath Gondwana, resulting in large diorite, granodiorite,
and monzogranite magmatic bodies, which today form most of the upper crustal outcrops of West
Antarctica [Mukasa and Dalziel, 2000; Dalziel and Lawver, 2001]. The Cretaceous change from compression
to extension induced and finally led to the separation of West Antarctica from New Zealand within only about
20Myr between 101 ± 1Ma and 81± 1Ma [Mukasa and Dalziel, 2000, and reference therein]. According to

Figure 2. (right) Tectonic overviewmap of West Antarctica from LeMasurier [2008]; ice-free bed elevation is isostatically adjusted. Red rectanglemarks the study area,
also shown in more detail on the left side. (left) Detailed maps. (A) shows BEDMAP2 [Fretwell et al., 2013] bed elevation, major rock outcrops, sampled lithology, and
corresponding formation with sample sites and results of earlier studies [Pankhurst et al., 1993, 1998; Mukasa and Dalziel, 2000; Kipf et al., 2012] (see legend) in Pine
Island Bay. Blue dotted line follows the Pine Island Glacial Trough. (B) Geologic map of Pine Island Bay with location names, corresponding formation and results of
thermochronological analysis. Black boxes: apatite (U-Th-Sm)/He ages, black rounded boxes: apatite fission track ages; and gray rounded box: zircon fission track
ages. Note: detailed maps have been rotated 90° CW against the overview map.
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Eagles et al. [2004] and Wobbe et al. [2012], the first oceanic crust between Zealandia (i.e., the New Zealand
continental block, including Campbell Plateau, Chatham Rise, North Island, and South Island; see supporting
information for overview map of locations, Figure S1) and West Antarctica was formed at about 90–87Ma in
eastern Amundsen Sea between Chatham Rise and the Amundsen Sea Embayment and at 84Ma between
Campbell Plateau and Marie Byrd Land (Figure S1). Breakup was associated with further magmatic activity
expressed on land as mafic dykes, which cut granitoids throughout Marie Byrd Land [Kalberg and Gohl, 2014].

Prior to and after continental breakup, an erosional surface developed on both the New Zealand and West
Antarctic sides, beveling mid-Cretaceous and older basement rocks and forming the characteristic flat sum-
mits of present-day Marie Byrd Land. The West Antarctic Erosion Surface [LeMasurier and Landis, 1996] is pre-
served along a 2.5 km belt of the Amundsen Sea area with near coastal elevations between 400 and 1000m.
Based on sediment records from the New Zealand margin, the erosional surface formed at low elevations
close to sea level between 85Ma and the earliest Miocene, representing a period of tectonic stability and ero-
sional leveling at a time before and subsequent to the separation of New Zealand from West Antarctica
[LeMasurier and Landis, 1996; Landis et al., 2008]. LeMasurier and Landis [1996] inferred a maximum regional
uplift of approximately 3 km between the time of its formation and today.

Since the mid-Cretaceous, i.e., contemporaneous with the continental breakup described above and follow-
ing it, the West Antarctic Rift System formed, displacing West Antarctica from East Antarctica. Published esti-
mates for total crustal extension associated with the West Antarctic Rift System differ strongly and range
between 120 and 1800 km [Storti et al., 2008, and references therein]. Also, the total number and extent of
rift valleys associated with this extensional deformation remains unknown, but the boundary between
Marie Byrd Land and the Thurston Island Block, located in the Pine Island Bay area, was suggested as forming
one of the branches that connects the interior of the West Antarctic rift system with the Amundsen Sea.
However, detailed timing of this extensional activity remains largely unknown [Dalziel, 2006; Müller et al.,
2007; Jordan et al., 2010; Gohl, 2012; Gohl et al., 2013a, 2013b].

Most of crustal extension in the Pine Island Bay area was accompanied by mafic dyke formation. Cenozoic
volcanic activity related to rifting started in Oligocene times and persists to present day. During the
Oligocene, the southern rift shoulder of the rift system (i.e., the Transantarctic Mountains) was exhumed
[Prenzel et al., 2013, 2014]. In the Transantarctic Mountains (Figure S1), pre-Cenozoic basement reaches
altitudes above 4 km before abruptly descending along its northern front to the rift floor some 0.5 to
1.5 km below sea level [LeMasurier, 1990]. North of Transantarctic Mountains, the highly elevated Marie
Byrd Land dome (Figure 2; peak: 2.7 km) has been considered to mark the northern rift shoulder
[LeMasurier, 2006], but nowadays it is viewed as an intrarift dome comparable to Kenyan and Ethiopian
domes [LeMasurier, 2008]. Dome uplift has been suggested to have commenced during the mid-
Oligocene (28–30Ma) [LeMasurier and Landis, 1996], coeval with block faulting and the onset of basaltic
volcanism in the area [LeMasurier and Landis, 1996]. Today, West Antarctica is characterized by active volcan-
ism and a crustal thickness that varies between 21 and 28 km (measured across central Marie Byrd Land nor-
mal to the Transantarctic Mountain front) [Chaput et al., 2014].

2.2. Continental Glaciation

Large continental ice caps in Antarctica are considered to have first formed during the early Oligocene [Zachos
et al., 2001;Wilson et al., 2013]. They persisted until themid-Oligocene before global warming reduced them in
both volume and areal extent until 15Ma. After theMiocene climatic optimum (17–15Ma) [Zachos et al., 2001],
global climate gradually cooled, which led to establishment of extended ice sheets on Antarctica. Small-scale
changes in extent of theWest Antarctic Ice Sheet were induced by cooling at the Miocene-Pliocene boundary
[Zachos et al., 2001]. Today, the glaciers draining into the Amundsen Sea are characterized by the highestmass
losses of all glaciers draining theAntarctic continent and are associatedwith rapid thinning andgrounding line
retreat [e.g., Rignot et al., 2008; Pritchard et al., 2009; Joughin et al., 2010; Favier et al., 2014].

3. Methods
3.1. Low-Temperature Thermochronology

We applied low-temperature thermochronology, using three systems in combination: zircon fission track
(ZFT), apatite fission track (AFT), and apatite (U-Th-Sm)/He dating (AHe), for thermal history reconstruction,
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which helps to derive a geodynamic evolution of West Antarctica. All three techniques are based on
temperature-dependent accumulation of radioactive decay products over time, providing information on
howmuch time has passed since a sample host rock was at a specific ambient temperature in the upper crust,
and therefore, assuming a geothermal gradient, at a certain crustal depth. The three methods are sensitive to
different temperature intervals, with ZFT thermochronology being sensitive to temperatures between 330
and 230°C [Tagami and Shimada, 1996], AFT between 120 and 60°C [e.g., Wagner et al., 1989], and AHe
thermochronology to temperatures between ~85 and 40°C [e.g., Wolf et al., 1998; Farley, 2002]. Because
temperature sensitivities of the AFT and AHe systems overlap, thermal histories based on a combination of
these two methods are particularly well constrained. Together with ZFT thermochronology, the three
methods provide compelling information that allows us to deduce geodynamicmovements within the upper
~1.5 to 11 km of the crust, assuming a geothermal gradient of 30°C/km. Some of the samples analyzed in this
study were previously dated by zircon U/Pb geochronology, providing additional constraints on the thermal
history at temperatures around 900°C [Mukasa and Dalziel, 2000]. For AFT thermochronology, mean lengths
of fission tracks and their shortening patterns give additional information on the thermal history experienced
by the sample [Laslett et al., 1982; Gleadow et al., 1986]. As a measure of annealing properties of fission tracks
in apatite, we used the etching velocities expressed as etch pit diameter parallel to the crystallographic c axis
(Dpar value) [Burtner et al., 1994; Donelick et al., 2005]. Methodological details and laboratory procedures used
in this investigation are summarized in supporting information Texts S1 and S2, including also a more
detailed discussion [Taylor, 1969; Wagner et al., 1989; Hurford, 1990; Cherniak, 1993; Brabander and Giletti,
1995; Farley et al., 1996; Eggins et al., 1997; Lovera et al., 1997; Shuster et al., 2006; Ketcham et al., 2007b;
Vermeesch, 2008].

3.2. Thermal History Modeling

The different thermochronological dating systems applied here can be integrated by thermal history model-
ing using algorithms that describe track annealing and helium diffusion in the dated mineral. For this study
we used the annealing algorithms of Ketcham et al. [2007a], the stopping distances from Ketcham et al. [2011],
and the diffusion model of Flowers et al. [2009] to account for potential effects of radiation damage on diffu-
sion characteristics. By using HeFTy version 1.8.3 (program by Ketcham [2005]), we applied inverse thermal
history modeling for all individual samples with AHe, AFT, and/or ZFT data, including track length measure-
ments and information on the kinetic parameter (Dpar).

Additional constraints provided by published Ar-Ar, Rb-Sr, and zircon U/Pb data from Pine Island Bay (1993)
[Pankhurst et al., 1998;Mukasa and Dalziel, 2000; Kipf et al., 2012] (see supporting information for details) have
also been used in thermal history modeling. Potential solutions are differentiated into “acceptable” and
“good” paths according to their goodness-of-fit between the model and measured parameters. A “good”
result can be interpreted as a time-temperature path supported by the measured data, while an acceptable
path is not ruled out by the input data [Ketcham, 2005]. A compilation of all modeling results is shown in
Figure S5 in the supporting information.

3.3. Detrital Clast Analysis

A moving ice mass, such as a glacier, incorporates clasts of different types and various sizes into its sediment
load, which are released and deposited in the marine realm as part of the ice calving process. This so called
“ice rafted debris” (IRD) derives from different locations across the hinterland glacial catchment and carries
information about source area's geology and exhumation history, which are otherwise inaccessible due to
the ice cover. After debris has been deposited on shelf areas or in deeper water environments, it becomes
accessible by coring.

For this study, IRD was obtained from box corers and sieved into fractions of >20mm, 10–20mm, 5–10mm,
and 2–5mm. The various fractions were then thoroughly washed and dried, the clasts then being sieved to
remove residual marine mud. This was followed by weighting and modal analysis (n~ 1000 for each
sample) to determine petrographic composition for each sample. AFT dating was undertaken on each
sample to identify the main cooling age populations. In statistical analysis and visualization of the fission
track detrital age distributions, binomial peak fitting [Brandon, 1996] was applied to the single-grain age
data. The F test was used to determine the optimal number of age groups present in a sample [Brandon,
1992, 2002].

Tectonics 10.1002/2016TC004236

LINDOW ET AL. EXHUMATION HISTORY WEST ANTARCTIC COAST 2243



4. Sampling

Although exploration of Marie Byrd Land commenced in 1902, the Amundsen Sea area is still one of the least
visited regions in Antarctica. RV Polarstern cruise ANT-XXVI/3 in 2010 provided a rare opportunity for onshore
geological fieldwork in the Amundsen Sea area, 20 years after the SPRITE campaign [SPRITE-Group and Boyer,
1992]. We sampled mainly coarse-grained granites, often containing mafic xenoliths, which form the most
common lithology in Pine Island Bay. These rocks belong to the I-type granitoid intrusions of the West
Antarctic batholith belt and show zircon U-Pb lower intercept ages of middle to late Mesozoic [Mukasa
and Dalziel, 2000]. The only exception to this pattern is a strongly deformed gneiss sampled from Clark
Island close to the Pine Island Trough (Figure 1), which has a Rb-Sr age of 446Ma [Pankhurst et al., 1998].
Our sampling strategy should enable us to detect crustal tilting or displacement of basement if existent,
because in Pine Island Bay we sampled from low elevations only and along two orthogonal profiles. For
thermochrononology analysis of basement, we took samples of up to 10 kg to ensure that a sufficient amount
of apatite and zircon would be obtained.

The samples from cruise ANT-XXVI/3 (MBL, short for Marie Byrd Land, sample codes) were complemented by
samples collected during the SPRITE expedition to Pine Island Bay in 1992 (MB, short for Marie Byrd Land,
sample codes). Together, this study comprises 34 bedrock samples from 12 different islands. Furthermore,
we analyzed ice rafted debris (IRD) from three box corers deployed in depths between 450 and 800m below
sea level during the ANT-XXVI/3 expedition in Pine Island Bay (Figures 1 and 2 and Table S2). One IRD sample
was taken next to Pine Island glacial trough and directly in front of the Pine Island Glacier outlet (Figure 1).
The second sample received detritus from the catchment of Thwaites Glacier (Figure 1). It originates from
an area that used to be covered by the Thwaites Iceberg Tongue and was recently ice free for the first time
in at least 55 years. The upper 10 centimeters of the box core sampled near the Thwaites glacial trough were
composed of brown sediments, in contrast to gray clay in the lower part.We interpret this color change as indi-
cating the change from subglacial deposition beneath Thwaites Iceberg Tongue to deposition during at least
partly ice-free conditions. To identify potential changes in transport pathways or source areas during deglacia-
tion, we subsampled the upper part (MBL-35A-10) separately from the rest of the box core (MBL-35-10). A third
box core was taken west of Thurston Island (Figure 2), drained from the Abbot Ice Shelf between Thurston
Islandand theadjacent peninsula. This sample reflects agepatterns in thenorthern Thurston Islandcontinental
block, outside of Pine Island Bay in a strict sense. For the IRD compositional analysis we separated all clasts
within box core samples between>20mm, 10–20mm, 5–10mm, and 2–5mm by sieving.

5. Petrography of Ice-Transported Clasts—Results and Interpretation

Some 4000 pebbles with a total mass of 26 kg were examined and classified. In varying amounts, all samples
contain granitoid rocks, volcanogenic rocks, metamorphic rocks, and sedimentary rocks. The latter only occur
in small amounts (3 to<1%) and are siliciclastic in composition. They are only weakly lithified and may repre-
sent reworked glaciomarine deposits. The next section provides an overview of sample composition includ-
ing the corresponding coring site on cruise ANT-XXVI/3 (in square brackets). Detailed petrographic
composition is presented in supporting information Table S2 and Figure S3.

5.1. MBL-33-10 [PS75/192-2], Derived From Thurston Island/Abbot Ice Shelf

The most frequently occurring clasts in this sample are of granitoid composition. Volcanogenic rocks are also
abundant, mostly being of basaltic composition, buttrachytes, and rhyolites, as well as hyaloclastites also
occur. For metamorphic rocks, low-grade metasediments such as quartzites are most common, and in addi-
tion, some large greenschist clasts (partly >20mm) occur. The latter are mostly composed of chlorite and
strongly altered amphibole. Generally, the clasts from this box core are mostly angular and relatively large
compared with those from the other two box cores, possibly indicating a shorter transport distance.

The granitoid clasts from the box core largely match the lithological composition of outcrops on Thurston
Island. However, no exposures of volcanic rocks have been described for Thurston Island [e.g., Lopatin and
Orlenko, 1972], so they are most likely derived from Cenozoic volcanic complexes near Pine Island Glacier.
No low-grade metamorphic rocks are exposed in the sediment source area, but they presumably comprised
the host rocks for the Paleozoic to Mesozoic intrusive bodies.
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5.2. MBL-34-10 [PS75/215-1], Derived From the Catchment of the Pine Island Glacier

MBL-34-10 is dominated by coarse-grained granite (~95%; Figure S3). The larger clasts are highly weathered
and covered with a brownish crust, and some of them have remnants of organic growth long since expired.
Volcanic and pyroclastic debris occur only in the 2–5mm and 5–10mm fractions and make up only ~1% by
volume. The volcanic clasts are of rhyolitic/dacitic composition. Metamorphic rocks comprise small amounts
of quartzite, orthogneiss, and greenschists. Compared with MBL-35(A)-10, the MBL-34-10 clasts are more
rounded and altered. The pebbles in MBL-34-10 do not show much grain size variation.

Although Pine Island Glacier drains a very large catchment area (20 × 103 km2) there are no basement expo-
sures within it and hence IRD provide the only insights into subglacial lithologies. Because of Pine Island
Glacier's, close vicinity to active volcanoes, we speculate that Pine Island Glacier sits on volcanic and/or sedi-
mentary rocks. Without providing evidence against such lithologies, our data, however, strongly indicate a
composition of the catchment area dominated by very similar granitoid rocks as exposed in Pine Island
Bay, thus likely forming part of the batholith belt associated with the former Devonian to Cretaceous
Gondwana margin.

5.3. MBL-35(A)-10 [PS75/219-2], Derived From the Catchment of the Thwaites Glacier

Sample MBL-35(A)-10 was subdivided into two samples at 10 cm depth in the box core. Petrographic analysis
yielded practically identical pebble compositions for both subsamples with nearly equal amounts of igneous
and metamorphic rocks (50% versus 45%; Figure S3). The majority of the igneous rocks (~23%) comprised
pale-pink granites, white to grey granodiorites, and quartz-rich granites. Alkali-feldspar granite tonalite,
quartz monzonite, and pegmatite form minor components. In comparison with MBL-34-10, the intrusives
are richer in quartz. Some subvolcanic rocks occur in MBL-35-10. These are mainly composed of feldspar
and pyroxene and are classified as dolerite. The volcanic rocks occur in nearly equal proportions—half
andesitic/basaltic and half rhyolitic/dacitic. Pyroclast clasts are common (16%), being more abundant than
volcanic rocks (11%) in this sample.

Metamorphic rocks dominate the second portion of sample MBL-35-10, and they are mainly metasediments
such as metapelite, often containing secondary quartz veins. On some metasediment surfaces, remains of
coral growth occur. Pyrite and chalcopyrite occur on several metapelite pebbles, suggesting an earlier history
of hydrothermal activity. Several of the larger metapelite clasts show glacial striations of up to one centimeter
in width. Other metasediments occurring in this sample are quartzites (2–3%) and phyllites (<1%).
Furthermore, minor amounts of orthogneisses and greenschists are present. In the>10mm fraction, a single
chert pebble was found, and a clast with a reddish color seems to be entirely composed of filled vesicles with
the former host rock being completely absent. However, themineralogy of the fillings could not be identified.
In general, the clasts are rounded and bear almost no signs of weathering.

The catchment area for Thwaites Glacier is as large as that for Pine Island Glacier (Figure 1) but contains at
least two bedrock exposures, namely, Mount Takahe and Crary Mountains, providing the only direct informa-
tion on bedrock geology. Both Mount Takahe and Crary Mountains are Cenozoic alkaline volcanic complexes,
mainly comprising phonolytic to trachytic rocks, pyroclastic rocks and hyaloclastite [Palais et al., 1988; Panter
et al., 2000]. However, volcanogenic rocks make up<30% of the pebbles from the box core. Instead, the clast
compositions suggest that Cenozoic volcanic rocks were emplaced on top of granitoid rocks, again most
likely belonging to the Paleozoic to Mesozoic batholith belt related to the Gondwana active margin. The
batholiths, in turn, were most likely intruded into (Paleozoic?) low-grade metamorphic rocks, probably similar
to those described from the Ross Sea area of Marie Byrd Land [Siddoway, 2008]. High-grade metamorphic
rocks, as also described from the Ross Sea area, however, do not occur in the box core samples from Pine
Island Bay.

6. Low-Temperature Thermochronology Results
6.1. Overview

We obtained a total of 43 low-temperature thermochronology ages for samples from the Pine Island Bay
region (Figure 2 and Table S1). These comprise eight ZFT dates (Table 1) and 25 plus three AFT dates
(Tables 2 and 3), including track length measurements, and a total of seven AHe ages (Table 4). All three sys-
tems yield middle to late Cretaceous ages. In passing the chi square test at the 5% level, all bedrock fission

Tectonics 10.1002/2016TC004236

LINDOW ET AL. EXHUMATION HISTORY WEST ANTARCTIC COAST 2245



track ages indicate that the samples are kinetically homogenous. Whenever possible, several dating methods
were applied to the same sample. For the “MBL” samples all but one mean helium age has a corresponding
AFT age, and eight of the “MB” samples have been dated using both AFT and ZFT. Additionally, seven of the
MB samples presented here were dated earlier with zircon U/Pb geochronology (Figures 1 and 2) [Mukasa
and Dalziel, 2000]. Two samples (MBL-72-10 and MBL-05-10; Tables 2 and 4) show cross-over relations of
the AFT and AHe systems, with the AHe age being older than the corresponding AFT age, but they lie within
associated error limits.

6.2. ZFT Results

Eight ZFT ages range between 87.6 ± 3.1 and 104.9 ± 4.4Ma, thus consistently yielding mid-Cretaceous ages
(Table 1). ZFT ages are mostly within the range of their corresponding U/Pb crystallization ages, partly even
matching them within error limits (Figure 2b). Each age is based on 10 single-grain ages, except for MB 366-
1m where only four zircon grains could be dated.

6.3. AFT Results—Bedrock and IRD Samples
6.3.1. Bedrock Samples
Only two of the bedrock samples failed to provide the desired minimum number of 20 grains for AFT analysis
(MB 372-2m andMB 387-1m; see Table 2). AFT ages range between 61.2 ± 7.8 and 120.5 ± 9.0Ma, with a peak
at ~90Ma (Figure 2b and Table 2). Mean fission track lengths range from 13.2 to 14.9μmwith standard devia-
tions of 0.7 to 1.4μm (Figure S4). Dpar values range from 1.7 to 2.5μm (Table 2). Due to poor sample quality,
limited material and in some cases rather low (<10–30 ppm) uranium concentrations, we were able to mea-
sure the desired number of 100 track lengths per sample (as recommended by Laslett et al. [1982]) in only two
samples. However, for the majority of samples the track length distributions are narrow, and standard devia-
tions are 1μmor less for more than half of the data set (Table 2). Following Rahn and Seward [2000], who sug-
gested that changes in standard deviation, mean length, and distribution patterns become negligible for a
narrow track length distribution after a total of about 30 measurements, we base further interpretation on
those samples for which there are>30 length measurements. Thus, 17 out of 25 samples were used for ther-
mal history modeling. Even though track lengths distributions are dominantly narrow, a slight negative skew
and mean track lengths of <14μm are apparent in some samples (e.g., MB-366-1M, MB-385-1M, and MBL-
09-10; Figure S4).
6.3.2. AFT Results for Ice Rafted Debris Samples
Based on 81 to 86 AFT single-grain ages, two age groups were identified for MBL-33 and MBL-35, with a
poorly defined Jurassic to Early Cretaceous age group and a dominant late Cretaceous age group, which

Table 1. Results From Zircon Fission Track Thermochronologya

Sample
Latitude

South (DD)
Longitude
East (DD)

Dated
Grains (n)

ρd
(106 cm�2) Nd

Spontaneous Induced

P(χ2), (%)
ZFT (central)
age (Ma) 1σρs (10

6 cm�2) Ns ρi (10
6 cm�2) Ni

Edwards Islands—Canisteo Peninsula
MB 372-2m �73.87633 �103.09833 10 1.278 (3032) 15.793 (1640) 12.971 (1347) 56 103.1 ±4.3

McKinzie Islands—Eastern Pine Island Bay
MB 368-1m �74.04200 �101.81817 10 1.209 (3032) 7.722 (2444) 5.918 (1873) 17 104.9 ±4.4

Suchland Islands—Eastern Pine Island Bay
MB 366-1m �74.11700 �102.44633 4 1.234 (3032) 17.947 (426) 15.925 (378) 72 92.2 ±6.8

Brownson Islands—Eastern Pine Island Bay
MB 363-8 w �74.13433 �103.36667 10 1.251 (3032) 12.533 (2008) 10.167 (1629) 13 102.2 ±4.7
MB 392-1m �74.19000 �103.57833 10 1.151 (3032) 25.013 (2078) 20.21 (1679) 74 94.5 ±3.6

Backer Islands—Eastern Pine Island Bay
MB 386-1m �74.35083 �102.87400 10 1.16 (3032) 20.396 (1997) 16.811 (1646) 71 93.3 ±3.6
MB 385-1m �74.47317 �102.38983 10 1.176 (3032) 13.603 (2731) 10.555 (2119) 18 101 ±4.0
MB 389-2m �74.52500 �102.50833 10 1.311 (3079) 11.089 (2303) 11.007 (2286) 91 87.6 ±3.1

aZircon fission track (ZFT) data of Pine Island Bay. All analyses are by the external detector method using 0.5 for the 4π/2π geometry correction factor. Zircon
ages calculated using dosimeter glass CN1 and zeta-CN1 = 135.1 ± 2.8 (±lσ). P(χ2) is the probability of obtaining χ2 value for v degrees of freedom (where v is the
number of crystals �1) [Galbraith, 1981]; pooled ρs/ρi ratio is used to calculate age and uncertainty where P(χ2)> 5%; mean ρs/ρi ratio is reported for samples
where P(χ2)< 5% and for which Central ages [Galbraith and Green, 1990] are calculated.
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shows in all samples (Table 3). The F test for a three-peak (or more) solution fails. Thus, although the dated
clasts are presumably at least partly derived from deeper incised areas as compared to samples from islands
in Pine Island Bay, no younger, post-Cretaceous AFT age group occurs in the IRD samples. Instead, the detrital
age groups are similar to those obtained from bedrock exposures in Pine Island Bay or are even older. Here
the results mostly represent erosion of granitoid source rocks, whereas erosion of Cenozoic volcanogenic
rocks from the area is not monitored. This is because the volcanogenic rocks have very poor abundance or
are even completely devoid of apatite, a finding that was also corroborated by thin section analysis of the
volcanogenic clasts.

6.4. AHe Results

AHe mean ages derived from seven samples range between 66± 9 and 94± 11Ma (Figure 2b and Table 4).
For seven samples, AHe dating was carried out on single apatite grain aliquots, with no less than two and
a maximum of four aliquots for each sample (Table 4). Only sample PS69 was dated through multigrain ali-
quots. This was the first AHe sample analyzed in Pine Island Bay, so we had no prior knowledge of the helium
age it would yield. To ensure sufficient helium yield, even in case of rather young AHe ages (e.g., less than
5Ma), we chose the multigrain aliquot approach. Sample MBL-70-10 only comprises two single-grain ali-
quots, and one of the two apatite grains was mechanically abraded prior to Helium outgassing (Table 4).
Mechanical abrasion is an option to remove the crystal's outer rim [Spiegel et al., 2009] to avoid the need
for corrections for He loss at the grain margin (alpha ejection correction, see supporting information). In case
of MBL-70-10, abrasion was used to date a big apatite fragment (~220μm in diameter), which could not be
corrected for alpha ejection because of its irregular morphology. However, the two results for MBL-70-10
show the biggest variance in AHe ages, with 76.4 ± 4.7 and 120.8 ± 14.2Ma (Table 4). The older aliquot, and
also some aliquots of other samples, yielded ages that are older than the corresponding AFT ages within their
error. We explain these differences as being due to the presence of tiny U-Th bearing inclusions such as zircon
or monazite, too small to be detected by microscopic observations. The “too old” aliquots are included in
Table 4 but are excluded from further interpretation. For the rest of the aliquots, AHe ages of one sample
agree within error limits, which is why we calculated and use the arithmetic means. These range between
66 and 94Ma (Table 4).

6.5. Thermal History Modeling

All models are characterized by two main cooling trends: (i) very rapid to almost instantaneous Cretaceous
cooling (e.g., ~900°C in less than 20Myr; MBL-70-10) and (ii) late Cretaceous/Cenozoic very slow cooling
(Figure 4). However, some samples (e.g., MBL-14-10) may show a shift to a phase of marked cooling since
approximately 10Ma (Figure S5). Finally, not all samples would provide model solutions based on the whole
data set. Particularly, samples with single-grain AHe ages not overlapping within their errors had to be mod-
eled individually. This relates particularly to sample MBL-74-10 (Table 4). In the end, the single-grain models
from the same sample show almost identical slopes and weighted mean paths for their cooling histories
(Figure S5).

7. Discussion
7.1. Cretaceous-Cenozoic Geodynamics—Cooling, Exhumation, and Tectonic Denudation
7.1.1. Potential Relationship Between Cooling and Exhumation
Dating of bedrock and detrital sediments shows that all samples are dominated by Cretaceous ages, indicat-
ing minimal net denudation during the Cenozoic. This is corroborated by thermal history modeling, which
shows that sample host rocks experienced rapid cooling to shallow crustal levels during the Cretaceous.
Generally, cooling rates can be converted into exhumation rates by assuming a reasonable geothermal gra-
dient. For the case of West Antarctica, however, this approach is problematic. The difficulties hereby arise
from the extensional setting and strong magmatic activity during the Cretaceous, which suggest an
enhanced geothermal gradient (40–70°C/km) in that area and strong variation in heat flux through space
and time. Thermobarometry data from hornblendes in Pine Island Bay granitiods indicate a geothermal gra-
dient of 60–65°C/km for the early Cretaceous [Mehling, 2015]. Moreover, the observed cooling may not be
related to dynamic exhumation; rather, it may result from static isotherm relaxation after a period of mag-
matic intrusion. Combining regional geology with thermochronology may nevertheless allow for an estimate
of Cretaceous exhumation along Pine Island Bay and the adjacent coasts of eastern Amundsen Sea
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Embayment. Some of the granitoid rocks of Pine Island Bay intruded as late as 96 to 94Ma, having reached
temperatures of 40 to 50°C by ~75–60Ma. Even if isotherm relaxation plays a dominant role, these tempera-
tures can only be reached after magmatic bodies were exhumed to shallow crustal levels of 1 to 2 km (1 km
seems even more likely, given that the geothermal gradient was presumably still enhanced). Assuming shal-
low emplacement depths of 5 to 10 km, similar to magmatic bodies in the Alps and Himalaya, this would sug-
gest regional late Cretaceous exhumation rates in the range 0.08 to 0.47 km/Myr. For the early Cretaceous of
Pine Island Bay the results of [Mehling, 2015] indicate an intrusion depth of 11 km which would translate into
early Creataceous to Cenozoic exhumation rates of 0.11 to 0.13 km/Myr.
7.1.2. Erosion Versus Tectonic Denudation: Reconciling Exhumation With the Sedimentary Record
Since ~100Ma, the Amundsen Sea Embayment of West Antarctica was dominated by extension. Thus, a ques-
tion arises whether or not the estimated exhumation rates result from erosion or rather from tectonic denu-
dation caused by normal faulting. Unlike tectonic denudation, erosional denudation is associated with
sediment production. In addressing this question, we tried to reconcile sediment volumes presumably
derived from the Amundsen Sea margin with the exhumation history extracted from thermochronology.
The combined catchment area of glaciers draining into the Amundsen Sea, i.e., of Pine Island, Thwaites,
Smith, and Kohler glaciers, including adjacent ice streams, is about 0.4 × 106 km2 [Rignot et al., 2008]. The east-
ern Amundsen Sea area in turn accommodates a shelf area plus continental rise of approximately
1.7 × 106 km2 [Wobbe et al., 2014] with sediment thicknesses ranging between ~1 and 0.2 km from isolated
thin basins beneath or near the Pine Island ice shelf [Muto et al., 2013; Nitsche et al., 2013], up to 7 km on
the middle shelf and thinning to 3–4 km toward the continental shelf edge [Gohl et al., 2013b]. The total sedi-
ment volume estimates for the eastern Amundsen Sea area are about 1.8 × 106 km3 with an average marine
sediment cover of ~1 km [Wobbe et al., 2014]. If net exhumation of ~7 km is assumed (based on an assumed
emplacement depth of >7 km and an average enhanced geothermal gradient of 50°C/km since the mid-
Cretaceous), and all exhumation was transferred into erosion, then, for the combined drainage area of Pine
Island Glacier and Thwaites Glacier (which has to be assumed the same since the Cretaceous), a sediment

Figure 3. Age-location plots of mean apatite (U-Th-Sm)/He ages (Ma) from Pine Island Bay. (top left) Bay-parallel profile A. (bottom left) Bay-normal profile B. (right)
AHe age distribution in map view and schematic illustration of crustal tilting. Underlying topographic map from Bingham et al. [2012].
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load of 2.9 × 106 km3 would result. This is more than the eastern Amundsen shelf area alone could account for
(based on the above sediment volume estimate 1.8 × 106 km3). Other potential sediment sinks, apart from the
Amundsen shelf, are (i) the rift basins of the West Antarctic Rift System, i.e., a landward sediment sink; or (ii) a
sink on the Zealandia side prior to and during mid-Cretaceous extension and separation of Zealandia crustal
blocks from West Antarctica. However, most of the Cretaceous sediment preserved in the New Zealand
region occurs in the forearc region and can be related to uplift and erosion of the inboard region of the accre-
tionary wedge, so there is no indication of massive Cretaceous sediment layers on the other side of the con-
tinental rift. In summary, the mismatch between the thickness of preserved strata (as far as it is known) and
the thickness of material removed from bedrock exposures based on our Cretaceous to Cenozoic exhumation
estimates of 0.08 to 0.47 km/Myr suggests that tectonic denudation played a role in exhuming basement in
the coastal area around the eastern Amundsen Sea, although of course the huge errors associated with the
sediment budget calculation need to be kept in mind.

Figure 4. Sketch showing in orange the weightedmean path envelope of the modeled time-temperature paths for sample
host rocks in Pine Island Bay, West Antarctica. Dark gray bold lines indicate the dominant cooling pattern and average
cooling rates. Above is the timing of major tectonic events affecting the Amundsen Sea area and West Antarctica.
Abbreviations: WARS =West Antarctic Rift System, WA =West Antarctica, NZ = New Zealand. Grey shading refers to the
temperature sensitivities of the zircon and apatite fission track, and (U-Th-Sm)/He systems and to the overlap of the
temperature sensitivities.
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7.1.3. Trigger Mechanisms of Cretaceous Denudation
The exact timing of the onset of rapid cooling and denudation cannot be determined from our thermochro-
nology data because all of the sample age data are reset. Some of the analyzed samples do, however, record
rapid cooling as early as 120Ma. A similar timing has been identified by Welke et al. [2016] in the Ross Sea
embayment of West Antarctica from zircon helium dating of detrital samples, which show a dominant age
population of 180 to 130Ma. Based on that,Welke et al. [2016] infer a Gondwana breakup related exhumation
event for this section of the Transantarctic Mountains. At that time, the Zealandia crustal blocks (including
Campbell Plateau, Chatham Rise, North Island, and South Island; Figure S1) were still contiguous with West
Antarctica and subduction of Phoenix Plate beneath the eastern Gondwana margin was still ongoing. It
seems reasonable to assume that during the early Cretaceous, the area, being affected by long-term crustal
convergence and magmatic activity, was characterized by thickened crust and pronounced topographic
relief, probably similar to the present-day Andes orogen. Rapid cooling and exhumation is consistent with
this scenario and was presumably related to tectonic uplift and erosion. At about 100–94Ma, convergence
ceased, possibly a result of collision of Hikurangi Plateau with the subduction margin [Mukasa and Dalziel,
2000; Davy et al., 2008], and between 90 and 84Ma, the first oceanic crust was formed between Zealandia
crustal blocks and West Antarctica [e.g., Eagles et al., 2004; Wobbe et al., 2012], leaving West Antarctica as a
passive margin. For most of the samples, however, rapid cooling and exhumation continued during the late
Cretaceous, partly until ~60Ma and younger, at rates which are unusually high for passive margin settings. A
scenario which convincingly explains the high cooling rates, tectonic denudation and the overall geological
setting, involves gravitational collapse of the orogeny due to the development of an unsupported seaward
boundary following the cessation of subduction (in the sense of Rey et al. [2001]). Arguments in support of
such a scenario include: (i) a presumably strongly overthickened crust, resulting from>150Myr of subduction
and magmatic activity; (ii) thermal weakening of the lower to middle crust, resulting from strong magmatic
activity, particularly during the Cretaceous; and (iii) rapid reduction of topography. While high-standing
topography can be assumed until ~100Ma, mean surface elevation must have been strongly reduced by
~85Ma, following the reasoning of LeMasurier and Landis [1996] about the development of a widespread ero-
sion surface across West Antarctica, which had formed at sea level by ~85Ma. This rather rapid shift of highly
elevated orogenic terrain to a low-lying landscape (close to sea level) shows all of the characteristics of an
orogenic collapse. A further factor in support of late Cretaceous gravitational collapse is the unique situation
of a very rapid change from convergence to extension [Mukasa and Dalziel, 2000; Davy et al., 2008] associated
with both the separation of West Antarctica from Zealandia (Pacific rifting) and of East Antarctica from West
Antarctica (West Antarctic Rift System), thus providing space for collapse of previously overthickened crust.

7.2. Cenozoic Geodynamics—Rifting and Glacial Erosion?
7.2.1. Cenozoic Tectonics
Basically, all samples follow the same cooling pattern: rapid cooling during the Cretaceous shifting to less
rapid cooling during the Cenozoic (Figure 4). However, the exact timing of the onset of rapid cooling
and/or the shift toward slow cooling varies between individual samples from ~100Ma to 50Ma, with no
apparent relation to the geographical positions of samples (Figure S5). We explain this spatial variance by
rift-induced block faulting, juxtaposing rocks that were at slightly different crustal depths at the time of clo-
sure of the ZFT and AFT systems. This explanation is also in agreement with the fragmented bathymetry
underlying Pine Island Bay (Figures 2 and 3), typically consisting of deeply incised valleys (on average at least
~500m deep) separating island groups. However, unlike AFT and ZFT ages, AHe ages show a relationship
between age and geographical position through a younging trend from 94Ma (MBL-76-10) to 66Ma
(PS69-Li) across the bay toward the east and constant ages of ~90Ma along Pine Island Trough (Figure 3).
This pattern can best be explained by large-scale crustal tilting toward Pine Island Glacial Trough as a result
of stress relief in response to crustal extension of basement within Pine Island Bay. Tilting must have occurred
after the AHe system entered the PRZ (i.e., post-66Ma) and was associated with little erosion, so that the AHe
system was persevered and does not reflect posttilting exhumation (Figure 3). Basement tilting toward Pine
Island Trough suggests that (i) the deeply incised Pine Island Trough indeed follows a tectonic structure [e.g.,
Jordan et al., 2010; Gohl et al., 2013a, 2013b] and (ii) that this structure was active during post-Cretaceous
times. Thus, our data support the idea of Pine Island Trough being a branch of the West Antarctic Rift
System connecting Amundsen Sea with the continental interior (and related consequences regarding pene-
tration of warm sea water beneath the West Antarctic Ice Sheet) and also provide the first direct indications of
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Cenozoic activity of this rift branch [e.g., Jordan et al., 2010; Gohl et al., 2013a, 2013b; Warner and Roberts,
2013; Favier et al., 2014; Mouginot et al., 2014].
7.2.2. Erosional Response to Glaciation
Glaciation of West Antarctica is considered to have commenced at the Eocene-Oligocene boundary [Wilson
et al., 2013], that is, during a time when climate was generally warmer than today. Thus, unlike most present-
day polar glaciers, the ice may have not been frozen to its bed, creating a more erosive regime than that of
present-day polar glaciers. Thus, one would expect that early continental glaciation caused enhanced ero-
sion, monitored at least by the AHe system, similar to that which is described for Alaska [Berger and
Spotila, 2008]. Such a scenario would also be consistent with West Antarctic topography having been much
higher at the Eocene-Oligocene transition than today, as suggested by Wilson et al. [2012]. However, AHe
ages from this study show that net denudation along the eastern Amundsen Sea coast was not sufficient
to completely reset the AHe system during the entire Cenozoic (which requires removing>2 to 4 km of over-
burden, depending on the geothermal gradient ranging somewhere between 60 to 20°C/km) and modeled
thermal histories extracted from the data give no indications for any changes at the Eocene-Oligocene
boundary. Therefore, based on the present data, we suggest that glacial erosion was limited and that the
present-day basement morphology around Pine Island Bay and its adjoining coasts, basically results from
the Cretaceous, contradicting the suggestions made by Wilson et al. [2012].

Thermal history inversions for most of the samples exhibit recent accelerated cooling. However, this change
from slow to rapid cooling occurs at temperatures<40°C, outside the temperature range where the AFT and
AHe thermochronometers are most sensitive. Therefore, we are hesitant about providing an explanation for
this “cooling event.” On the other hand, previous studies have shown that modern annealing algorithms do
not produce young cooling events as modeling artifacts and that the AFT system is capable of monitoring
thermal histories even at temperatures cooler that the top of the nominal partial annealing zone [Spiegel
et al., 2007]. One potential explanation would be an erosional response to isostatic uplift resulting from recent
ice loss, currently reaching uplift rates of>20mm/yr for the Amundsen Sea coast [Groh et al., 2012]. However,
in order to explain the cooling signal observed from our data, similar uplift rates must have persisted over the
last ~50,000 yrs, and furthermore, uplift must have been balanced by erosion. Prerequisites for both of these
behaviors seem unlikely.

8. Conclusion

We present the first low-temperature thermochronology results for Pine Island Bay and its adjoining coasts,
West Antarctica, combined with petrographic analysis of prevalent subglacially derived clasts from the
Amundsen Sea margin. Our data show that the batholithic belt comprising basement of the numerous
islands in Pine Island Bay extends farther inland beneath the catchments of Pine Island and Thwaites glaciers
and that the batholithic rocks were most likely intruded into low-grade metamorphic rocks. All analyzed
rocks, of either island exposures or detritus from the catchments of Pine Island Glacier, Thwaites Glacier,
and the Abbot Ice Shelf, show exclusively Cretaceous ages for the applied dating systems (e.g., zircon and
apatite fission track, apatite (U-Th-Sm)/He thermochronology for bedrock, and apatite fission track for sedi-
ment samples). Thermal history modeling has revealed that the eastern Amundsen Sea area of coastal
West Antarctica experienced rapid Cretaceous and slow Cenozoic cooling (Figure 4).

Rapid Cretaceous cooling occurred at the same rates across the transition from active margin to a passive
margin tectonics along the Amundsen Sea area and was dominantly related to tectonic denudation.
During the late Cretaceous/early Cenozoic, rapid reduction in mean surface elevation along the former active
margin is evidenced by the development of the West Antarctic erosion surface [LeMasurier and Landis, 1996].
This rapid change from strong relief to a low-lying landscape (at or close to sea level) suggests that the area
experienced free-boundary gravitational collapse following the end of subduction. Cenozoic tectonics, as
monitored by our thermochronology data, is expressed by crustal tilting within eastern Pine Island Bay,
implying that Pine Island Trough represents a branch of the West Antarctic Rift System active during the
Cenozoic and connecting eastern Amundsen Sea with the continental interior of West Antarctica. At the
end of the Cretaceous, rapid cooling ceased, and practically all sample host rocks had cooled to ambient
temperatures below 60 to 50°C, indicating net denudation of about 3 km or less for the entire Cenozoic.
These low denudation rates suggest that the Pine Island Bay area was neither affected by pervasive tectonic
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activity post-Cretaceous nor did climate changes during the Cenozoic led to strongly enhanced erosion. This
latter point is not consistent with reconstructions made by [Wilson et al., 2012]. More research activity is
required to ultimately reconcile the offshore sedimentary record imaged geophysically with thermochrono-
logical studies of rocks exposed on land.
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