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Abstract.  The possibility that a deep mantle plume manifests Pliocene
and Quaternary volcanism and potential elevated heat flux in West Antarc-
tica has been studied for more than 30 years. Recent seismic images support
the plume hypothesis as the cause of Marie Byrd Land (MBL) volcanism and
geophysical structure. Mantle plumes may more than double the geothermal
heat flux above nominal continental values. A dearth of in-situ ice sheet basal
data exist that sample the heat flux. Consequently, we examine a realistic
distribution of heat flux associated with a possible late-Cenozoic mantle plume
in West Antarctica and explore its impact on thermal and melt conditions

at the ice sheet base. We use a simple analytical mantle plume parameter-
ization to produce geothermal heat flux at the base of the ice sheet. The three-
dimensional ice flow model includes an enthalpy framework and full-Stokes
stress balance. As both the putative plume location and extent are uncer-
tain, we perform broadly scoped experiments to characterize the impact of

the plume on geothermal heat flux and ice sheet basal conditions. The ex-
periments show that mantle plumes have an important local impact on the

ice sheet, with basal melting rates reaching several centimeters per year di-
rectly above the hotspot. In order to be consistent with observations of basal
hydrology in MBL, the upper bound on the plume derived geothermal heat
flux is 150 mW/m?. In contrast, the active lake system of the lower part of
Whillans Ice Stream suggests a widespread anomalous mantle heat flux, linked

to a rift source.

(©2017 American Geophysical Union. A1l Rights Reserved.



Key Points

e Mantle plume in West Antarctica compatible with presence of the ice sheet
e Presence of local plume impacts thermal conditions locally

e Additional observations necessary to refine basal conditions and structure

of the plume
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1. Introduction

Improved knowledge of the Antarctic basal geothermal heat flux, qggr, is important for
sharpening our theoretical and numerical estimations of future ice sheet contribution to
sea level rise. However, only a few direct in situ measurements have been conducted at the
bottom of deep boreholes by Engelhardt [2004] and Fisher et al. [2015], due to the thick ice
cover. Other inferences of geothermal heat flux come from tectonic correlation to surface
wave maps [Shapiro and Ritzwoller, 2004], satellite magnetic data [Maule et al., 2005]
or interpretations of ice penetrating radar [Schroeder et al., 2014]. While the important
connection between heat and water has long been known to be critical to understanding
processes beneath the Antarctic ice streams [e.g., Blankenship et al., 1986], a growing
interest in the basal hydrologic conditions beneath West Antarctic Ice Sheet (WAIS) has
been motivated by both the discovery of extensive subglacial water activity [e.g., Fricker
et al., 2007; Smith et al., 2009a; Creyts and Schoof, 2009; Siegfried et al., 2014; Fricker
et al., 2016] and by the recognition that basal conditions are of major importance to the
proper formulation of numerical simulations of ice sheet evolution in a warming climate
le.g., Nowicki et al., 2013].

Quantification of the thermodynamic state of the WAIS is essential for properly assess-
ing the time scales and amplitudes of potential unstable collapse. Examination of the
error and uncertainty caused by relatively poor characterization of the ice sheet thermo-
dynamic and phase states is now under increased scrutiny, as any assessment of how future

ice flow might change is related to the heat flux condition applied at the solid Earth-ice
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interface [e.g., Rogozhina et al., 2012; Larour et al., 2012a]. A zeroth order problem is to
attack the uncertainty in background heat flux at the bed.

Snow falling on an ice sheet provides continuous replenishment of a thick thermally
insulating layer. As the ice temperature melting point decreases with pressure, the thicker
the ice sheet, the easier it is for the geothermal heat flux to raise the basal temperature to
the melting point. The sensitivity of basal melt to geothermal heat flux, gopr, is revealed
by the theory of Budd et al. [1984] for one-dimensional flow-lines. It emphasizes the linear
relation between basal temperature and geothermal flux, and predicts the presence of
basal melt water beneath most of the Antarctic ice sheet for gggr > 80 mW/m?2. Most
numerical models of the polar ice sheets assume the geothermal flux to be 42 < goyr < 65
mW /m? [Siegert and Dowdeswell, 1996; Liubes et al., 2006], as pointed out by Rogozhina
et al. [2012]. However, in West Antarctica, which experiences active Cenozoic volcanism
and rift formation, the question of higher ggpr is especially important as geothermal heat
flux exceeds 70 mW/m? in analogue regions, such as the continental United States, west
of the Rocky Mountain Ranges [Ramirez et al., 2016; Davies, 2013; Blackwell, 1989].

Pattyn [2010] has shown that more than half of the Antarctic ice sheet base reaches the
pressure melting point and estimates the total continent-wide basal melt water production
rate to be about 65 Gt/yr. Such a production rate is substantial, amounting to roughly
3% of the surface accumulation rate in Antarctica. Using lakes as an indicator of the
presence of basal melt water, similar to what was done by Siegert and Dowdeswell [1996],
the analysis of Pattyn [2010] derived a modified geothermal heat flux map connected to
the observations of Antarctic basal water conditions. However, this map lacks any new

solid Earth information that can now be derived from the large-scale broadband seismic
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stations that are currently imaging the mantle and crustal environment [e.g., Chaput et al.,
2014; Emry et al., 2015; Lloyd et al., 2015; Heeszel et al., 2016]. The three-dimensional
(3D) seismic wave velocity structure derived from this new data provides new constraints
on tectonic conditions under the ice sheet. Any ice sheet observation that confirms the
presence of mantle plume conditions has profound implications for regional mantle proper-
ties beneath the WAIS. Mantle viscosity is exponentially temperature-dependent and the
viscous response time to loading and unloading by ice is, also, governed by an exponential
dependency on the viscosity. A hotter mantle, therefore, predicts drastically reduced time
scales over which glacial isostatic adjustment stress relaxation occurs [e.g., Ivins et al.,
2000].

The hypothesis of a deep mantle plume of sufficient heat transport to manifest Creta-
ceous to Holocene age volcanism and present-day seismicity in West Antarctica dates to
the 1980’s. However, no seismic imaging provided support for a plume beneath Antarctica
until surface wave mapping by Sieminski et al. [2003] and Montelli et al. [2006] mapped
a slow structure in the top of the lower mantle beneath the western Ross Sea.

Central to the 3 km MBL uplift is a dome that contains 18 major high-standing volca-
noes of felsic alkaline and alkali basaltic chemistry. The majority of these volcanoes form
linear chains that age toward the center of the province [Storey et al., 2013]. Late Cenozoic
volcanism (28-35 Ma) may well be associated with a single active plume [LeMasurier and
Rex, 1989; LeMasurier and Landis, 1996]. Alternatively, a longer-lived and more broadly
scaled mantle upwelling may have arrived to the lithospheric environment circa 100 Ma,

with analysis of uranium and lead isotopic ratios supporting a separation from slab mate-
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rial that stagnated at the top of the lower mantle beneath Gondwana [Steinberger, 2000;
Panter et al., 2006; Sutherland et al., 2010; Spasojevic et al., 2010].

Global seismic tomography, having inherently lower resolution, seems to support the
broad-scale, longer lived model, while more recent high resolution tomography result-
ing from the broadband seismic Antarctic Polar Earth Observing Network (POLENET-
ANET) seems to support the single, younger and more spatially focused model [e.g.,
Hansen et al., 2014; Accardo et al., 2014; An et al., 2015; Emry et al., 2015; Lloyd et al.,
2015; Heeszel et al., 2016]. The seismic images reveal the pattern and amplitude of upper
mantle anisotropy as well as lateral variability in shear and compressional wave velocity,
and collectively, lend support for the hypothesis of a lower mantle plume origin as the
cause of the more youthful MBL volcanism and geophysical structure. Compelling ev-
idence of ongoing magmatic movement at lower crustal depths has been found recently
in long-period earthquakes [Lough et al., 2013], and these events indicate that the locus
of activity has moved ~ 55 km southward of the Quaternary eruptions of Mt. Waesche
in Executive Committee Range (ECR, see Figure 1). The surface manifestations of con-
tinental plumes are approachable using simple models when the lithospheric plate has
been nearly stationary over the past 30 Ma, as is the case with Antarctica [e.g., Gripp
and Gordon, 2002]. As a consequence, we may be able to further test the hypothesis of a
single focused plume by modeling its thermal interaction with the base of the ice sheet.

In this study, we conduct numerical modeling for simulating the interaction between the
solid Earth mantle plume and the ice sheet thermal structure. While our focus is primar-
ily on the MBL dome, it is also instructive to perform computations for an area around

Subglacial Lake Whillans (SLW) where there is abundant evidence for basal water. Ob-
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servations in both regions suggest the presence of magmatic activity and high geothermal
flux. While there are measurements of geothermal heat flux near mantle plumes, these
suffer from their spatial sparsity, often faced with difficult logistics in the deep ocean [e.g.,
Nyblade and Robinson, 1994]. Harris and McNutt [2007] show that there are significant
sampling deficiencies in ocean floor heat flow studies that have targeted hot spots. These
owe to the lack of sufficient spatial density combined with a heterogeneous fluid convective
transport through the shallow crust. Studies at La Réunion [e.g., Bonneuville et al., 1997]
and Hawaii hot spot tracks, where spatial sampling is highest, tend, however, to show
that the anomaly with respect to a background plate model is small, about 10 mW /m?.
Jaupart et al. [2015] conclude that the heat supplied by the mantle plume hot spot in the
oceanic lithospheric environment is suppressed by that fact that it locks deeply to the base
of the lithosphere. Studies of continental flux where plumes meet a rheologically weaker
lithosphere than beneath the ocean plates [e.g., Kohlstedt et al., 1995] reveal anomalies
that are an order of magnitude larger. The most widely studied and data-rich example
is the Yellowstone hot spot. We therefore use an analytical mantle plume model param-
eterization that is capable of producing realistic spatial patterns of geothermal heat flux
where observations are in abundance [e.g., DeNosaquo et al., 2009]. A complete discussion
of the parameterization is presented in the Appendices (see App. A, B and C).

The thermal regime of the 3D ice flow model is based on the enthalpy framework, an
energy-conserving formulation that allows modeling cold and temperate ice [Aschwanden
et al., 2012], and includes thermal advection, diffusion, deformational heat and basal heat
flux. The location and extent of the mantle plume beneath the WAIS is only roughly

inferred from seismic data. We therefore perform here a series of numerical experiments
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with varying plume location and intensity to characterize mantle plume-related basal
conditions in MBL and beneath the WAIS. We first summarize evidence supporting the
presence of a mantle plume in West Antarctica and validation of the mantle plume param-
eterization. We then detail the ice sheet model as well as the experiments performed. We
finally present and discuss our results and their implications for the presence of a mantle

plume in West Antarctica.

2. Geological and geophysical data supporting a youthful plume in MBL

2.1. Geochemical and geodynamic setting

A detailed analysis of the potassium-argon dating of late-Cenozoic West Antarctica
volcanism by LeMasurier and Rex [1989] revealed that the alkaline basaltic basement
rocks beneath MBL and spatiotemporal volcanism patterns of the past 18 Ma have a
mantle origin. The petrology of the magmas associated with the basement suggest that
a mantle plume rose to reach the base of the lithosphere at about 28-30 Ma, consistent
in dimension with the Yellowstone hotspot in the western United States [LeMasurier
and Landis, 1996; Winberry and Anandakrishnan, 2004; LeMasurier, 2008]. Husson and
Conrad [2012] studied mantle flow capable of either promoting or suppressing active plume
volcanism and determined that the regional tectonic setting is not incompatible with an
active mantle plume. This mantle hotspot interaction with the crust-lithosphere of this
geological province was preceded 55 Ma earlier by a larger plume event associated with a

major continental breakup [LeMasurier, 2008; Storey et al., 2013].
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2.2. Geophysical inferences from seismic data

Analysis of Rayleigh wave paths that cross Antarctica reveal low velocity structures
that have been interpreted to support the MBL hotspot hypothesis [Sieminski et al.,
2003]. Over the past 15 years, the cumulative number of ray paths has allowed much
higher resolution for seismic imaging of the upper mantle structure beneath Antarctica,
and doubled the resolving capability. Figure 2b shows the mantle shear velocity structure
from regional Rayleigh wave tomography at 130 km depth, showing a low velocity region
indicating a large thermal anomaly centered beneath MBL [Heeszel et al., 2016]. Regional
body wave tomographic images also show a low velocity anomaly at 100-400 km depth
[Lloyd et al., 2015], and seismic anisotropy measurements from shear wave splitting show
a radial pattern of fast axis directions that is interpreted as flow from a mantle plume
[Accardo et al., 2014]. Large-scale body wave tomography [Hansen et al., 2014] shows low
velocities continuing into the transition zone. This, along with receiver function images
showing a thin transition zone beneath the Ruppert Coast area of the MBL dome [Emry
et al., 2015], suggest that a plume source may not go directly into the lower mantle, but
may instead be tilted. The P-wave imaging conducted by Hansen et al. [2014] shown in
Figure 2c reveals a similar continuous feature. The seismic data are therefore consistent
with a mantle plume under MBL that originates in the transition zone or deeper in the
lower mantle.

Growth of the structural volcanic and dynamic uplift in MBL was initiated between 29-
25 Ma [LeMasurier, 2006], a time after relative motions between East and West Antarctica
have greatly diminished and the relatively stable convergent continental boundary has

been established after about 50 Ma [Fagles et al., 2004; Torsvik et al., 2008]. Plume
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theory is consistent with an instability at an unstable thermal boundary layer below the
660 km mantle seismic transition zone that could be formed at, or before, 50 Ma and

arrive at the crust 20 Ma later.

2.3. Geothermal heat flux at the base of the Antarctic Ice Sheet

Few direct observations of geothermal flux over mantle plumes exist. Using existing
mantle plume datasets as boundary conditions at the base of the Antarctic ice sheet
would therefore not allow performing simulations sampling a large spectrum of geother-
mal heat flux conditions with plume of varying intensity. We therefore rely on a mantle
plume parameterization that includes both the deep temperature driving the plume and
the buoyancy flux Rayleigh number (see Appendix A, B and C for more details on the
analytical mantle plume description). This simple parameterization does not allow re-
producing details of plume growth or plume heads but it enables us to span the range of
observed geothermal heat flux for plumes at the surface of the Earth, and a broad range of
examples are included in the Supplemental material. Our parameterization of the plume
uses the concept of a Nusselt number (g). In thermally buoyant fluid dynamics this is
just the ratio of mean vertical advective heat flux and conductive heat flux in the state of
non-fluid motion to the conductive heat flux in the state of non-fluid motion (see Howard
[1963] page 410, equation 10). It is the essence of many simplifications (or parameteriza-
tions, one important example being the “parameterized convection” used in comparative
planetology) throughout geophysical fluid dynamics wherein thermal coupling is involved
(e.g. Holland and Jenkins [1999], see also Turner [1973] Chapter 7). In the top bound-
ary layer of a convective system, vertical advection is very small, and essentially all the

transport becomes conductive. We use an approximation such that transport across a top

(©2017 American Geophysical Union. All Rights Reserved.



layer is mimicked by increasing the effective thermal conductivity within a cavity that we
define as the spatial domain of our idealized mantle plume. Such an approximation also

allows the heat transport to be kept mainly within the spatial domain of this cavity.

2.4. Plume calibration and quantification

As discussed above, precise measurements of plume heat flux are elusive and there
are limited cases to calibrate the characteristics of the parameterization. One notable
exception is the Yellowstone area, where geothermal heat flux has been extensively studied
[DeNosaquo et al., 2009; Smith et al., 2009a] and measurements are sufficiently dense
[Blackwell et al., 2007].

In order to validate our analytical plume model, we used observations of the Yellow-
stone area reported in DeNosaquo et al. [2009] (see Fig. 3). The analytical plume model
of the Yellowstone area has a 150 km radius [Smith et al., 2009a], the modeled plume head
depth is 7 km in order to account for the upper-crustal magma reservoir [Huang et al.,
2015], and the Nusselt number is equal to 8 [Smith et al., 2009a]. This Nusselt number, ¢,
approximates the advective heat transport by increasing the thermal conductivity in the
plume conduit (see appendix B). The rocks interior to the space occupied by the plume
then have, in essence, a mock model thermal conductivity, as this provides a convenient
mathematical vehicle to modulate the vertical heat transport associated with advection.
We do not advocate that this is a good model for examining any other thermally related
properties of mantle-lithosphere, yet it quite adequately represents the geometry and ver-
tical transport with respect to the bottom of the ice sheet and it’s interior, that we focus
on using the full Stokes thermomechanical ice sheet modeling. The plume origin is un-

certain, but tomography images low-velocity mantle for at least 900 km depth [Schmandt
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et al., 2012], so we assume the origin of the plume to be at 2300 km depth, within a
thermal boundary layer just above the post-perovskite transition depth. The modeled
crust is 47 km, with the upper crust being 14 km thick [Huang et al., 2015], while the
crustal heat is chosen identical to default parameters in Table 3.

While the model may have somewhat arbitrary geometrical characteristics, it serves our
unique purpose well. The analytical plume model captures the most important large scale
features of the geothermal surface expression, with a heat flux of about 200 mW/m? in
a radius of about 40 km above the plume, sharply decreasing to less than 100 mW /m?
over a distance of 100 km. This simple model does not allow reproducing the highest
geothermal flux up to 2000 mW /m? measured on the Yellowstone Plateau [Smith et al.,
2009a; DeNosaquo et al., 2009]. However, we do not explicitly model the magmatic
transport of heat that involves a liquid phase, something that affects heat flux at the
center of the these elevated values and is caused by hydrothermal fluid circulation [Huang
et al., 2015].

Plume and hotspot inter-comparisons employ some standard measures [Courtillot et al.,
2003; King and Adam, 2014] and it is most appropriate to provide theoretically consistent
quantifications. Sleep [1990] offered several ways to observationally approach quantitative
inter-comparisons. One technique is to use the geoid and topographic swell to compute the
buoyancy flux, Bpjume, and by integration over the area, a corresponding heat transport,
(plume, May also be estimated (see equations A9 and A10). This method calibrates plume
strength, something that requires accounting for the lateral advection caused by plate
motion, plume head evolution and shear. Our parameterized plume of similar central heat

flux, but lacking plate induced lateral thermal advection of mantle material (corresponding
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to our MBL case) predicts a buoyancy flux, Bpume =~ 0.10 Mg/sec for the Yellowstone
area, somewhat lower than the 0.25 Mg/sec estimate reported in Smith et al. [2009b],
while predicting Qpume ~ 4.06 GW, close to the value of 5.0 GW given by Smith et al.
[2009b] and Jaupart et al. [2015].

More precise estimates of Bpjume for MBL would require estimating the ice flow enhanced
sediment erosion and obtaining an improved understanding of the subtle plate motions
above the plume over at least the past 30 Ma. We calculate values for Bpume and Qplume
using the integrals over a circular area surrounding the plume axis (see Yoshida [2012])
from our analytical model around the center of the vertical swell, that do not include

these two effects.

3. Ice sheet modeling

Numerical modeling of ice flow and heat transport is used to evaluate the impact of the
presence of a mantle plume on the WAIS. The study is, essentially, aimed at providing
fundamental quantification of the main question posed by Blankenship et al. [1993]: What
is the relative stability of the ice sheet when underlain by an active hotspot?

While our study focuses on the environs of MBL, we also seek to determine if heat from a
mantle plume is compatible with the observational constraints for the entire base, volume
and surface of WAIS. We rely on the Ice Sheet System Model [ISSM, Larour et al., 2012b],
with formal incorporation of the analytical mantle plume model (Eq. B8), for performing
a set of experiments listed in Table 1 that address the question of plume compatibility
with available observations. Default parameters are listed in Table 3 and used for all the
experiments except if stated otherwise in the text. The model is set up to reproduce the
details of the known ice velocity field of WAIS as mapped from space (see Fig. 1).

(©2017 American Geophysical Union. All Rights Reserved.



3.1. Numerical experiments

We perform a number of experiments with different plume locations and parameters.
These parameters are designed to reproduce the range of uncertainties associated with
mantle properties and plume locations.
3.1.1. No-plume case

An initial run with a spatially homogeneous geothermal flux generated by crustal ra-
diogenic heat production and lithospheric heating is performed as a nominal case for
comparison with the other simulations (see Figure 4). In the absence of a mantle plume,
with a lithosphere of about 80 km, the heat produced is about 60 mW /m? [Heeszel et al.,
2016]. Proxy methods have been used to estimate basal heat flux in Antarctica, and Maule
et al. [2005] suggest a total heat flux of 55 to 65 mW /m? in West Antarctica, so we use a
uniform basal heat flux of 60 mW /m? for the no plume case (see Table 1). Such a value is
consistent with the recent estimate by Ramirez et al. [2016] for the broader West Antarctic
Rift System, a region potentially influenced by the spreading of the mantle plume head
(see Fig. 2c).
3.1.2. Plume locations

We first simulate a mantle plume under Flood Range (FR) in MBL (Fig. 1 and 2),
as seismic observations suggest the presence of a regional hotspot of late-Cenozoic age
[Lloyd et al., 2015]. The second location chosen for the plume is 55 km south of ECR,
as measurements of seismic activity suggest the presence of uppermost mantle and lower
crustal magmatic activity [Lough et al., 2013]. The third location we investigate is set
under SLW (Fig. 1), where there is little evidence of a deep-seated plume but there is

evidence of warmer than average mantle at asthenospheric depth [Heeszel et al., 2016].
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While few direct estimates of geothermal flux exist under the Antarctic Ice Sheet (AIS),
the Whillans Ice Stream Subglacial Access Research Drilling (WISSARD) project [Fisher
et al., 2015; Branecky et al., 2016] has provided the first direct observations of geothermal
flux, gggr. This area was chosen as the drill site because the presence of numerous lakes
detected from satellite laser altimetry [Fricker et al., 2007; Fricker and Scambos, 2009
suggests an important amount of basal melt water caused by elevated geothermal heat
flux in this area. The ggyr was measured in rock sediments deposited in the substructure
of SLW, and below almost 800 meters of ice. The values estimated are very high by
continental standards, reaching 285 mW/m?. The estimates are based on the measured
thermal gradient and thermal conductivity of the sediments under the ice and lake water.
The WISSARD experiment measured a value of ggyp that is significantly larger than
values mapped from geophysical inference in this region [Maule et al., 2005; Shapiro and
Ritzwoller, 2004).
3.1.3. Plume properties

Physical properties of the mantle plume are relatively poorly constrained and we there-
fore perform a sensitivity analysis to represent the range of uncertainty in the main pa-
rameters for these three sets of experiments (Plume FR, Plume ECR, and Plume SLW,
see Table 1). In our simulations, all the plumes have lower mantle origin at 2300 km below
the Earth’s surface, approximately at the top of a boundary layer above post-perovskite
transition zone [Mazwell et al., 2015]. Moving its origin to the base of the mantle changes
the geothermal heat flux by less than 3% and has a negligible impact on the basal wa-
ter production. Parameters used for mantle plume properties are as follows: our proxy

Nusselt number, ¢ (see Appendix B), is equal to 3, 30, 300 or 3000, the plume radius, c,
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to 50, 100, 150 or 200 km and the plume depth below base of the crust, D, to 20, 30 or
40 km (see Appendix C and Fig. C1). The combination of these parameters results in
48 simulations, which are performed for each of the three locations (FR, ECR and SLW).
Modeled geothermal heat flux produced at the base of the ice sheet directly above the
plume therefore ranges between 60 and 200 mW /m?, while the total heat advected by the
mantle plume ranges from 0.005 to 0.42 TW, and the buoyancy flux ranges between 0.09
and 9.3 Mg/s, consistent with estimated values for other mantle plume locations [Sleep,
1990; Yoshida, 2012; Jaupart et al., 2015].
3.1.4. Uncertainty in plume location

One of our objectives is to determine areas where the presence of a mantle plume is
compatible with the AIS as we know it. For this reason, we simulate the impact of several
mantle plumes of varying intensity for multiple locations in our model domain. We first
investigate the effect of a weak plume, Plume A (see Table 1), creating a geothermal
heat flux of qg}’{ » = 128 mW/m? at the base of the ice sheet directly above the plume
location, a total heat flow transport, (Qpume, of about 3 GW and a buoyancy flux Bpjume
of 0.18 Mg/s. In this case, plume parameters are ¢ = 200 km, D = 20 km, and ¢ =
30. In order to assess the impact of the weak plume on basal conditions, we vary its
location by increments of 50 km along both horizontal directions, which yields a total of
540 independent simulations.

We then characterize the impact of two large thermal transport enhancements, called
Plume B and Plume C (see also Table 1), both with ¢ = 3000 and ¢ = 100 km, creating
a total heat flow transport, (Qpume, of about 0.11 TW and a buoyancy flux Bpjume of 2.3

Mg/s. Plume B and Plume C have D = 20 km and D = 0 km, respectively and produce a
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maximum flux ¢y » = 180 mW/m? and ¢\v) » = 258 mW/m? at the base of the ice sheet

directly above the plume location. Plume C has a maximum geothermal heat flux of 258
mW /m? in the center of the plume, similar to the value measured by Fisher et al. [2015]
for SLW and therefore aims to test the impact of large geothermal heat flux in different
locations of our model domain. For both Plume B and Plume C, we run simulations at the

same locations as Plume A above, which yields a total of 1080 independent simulations.

3.2. Model set up and datasets

3.2.1. Domain

The model domain includes a large part of the WAIS, from the five major ice streams
feeding the Ross Ice Shelf to Thwaites Glacier. A series of smaller outlet glaciers north
of the ECR flowing toward the coastline is also included. The domain extends from the
ice sheet divide to the grounding line of each outlet glacier. Floating extensions of the
ice streams are not included in our computational domain, as their basal conditions are
determined by oceanic circulation and not geothermal heat flux. Fig. 1 shows the extent
of the modeled domain as well as the location of FR, ECR and SLW.

The domain is discretized onto 86,365 horizontal triangular elements with a resolution
of about 5 km. The horizontal mesh is then extruded into 20 vertical layers, between
the bedrock and the ice surface elevation [Fretwell et al., 2013]. Thinner layers are used
near the base and thicker layers close to the surface of the ice sheet, the deepest layer
being 50% thinner than the surface layer. The variable layer thickness reduces the overall
computational effort, while robustly capturing the sharp thermal gradient close to the

ice/bedrock interface. This results in a mesh of about 1,640,000 prismatic elements. The
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enthalpy field equation is solved using linear P1 elements while the stress balance equation
is solved using full-Stokes equations and Taylor-Hood elements [Gresho and Sani, 2000].
3.2.2. Plume-ice equilibrium state

To simulate the thermal state of the ice sheet and its basal conditions, we use an enthalpy
formulation [Aschwanden et al., 2012], integrated and validated in ISSM [Seroussi et al.,
2013; Kleiner et al., 2015]. The steady-state temperature and melting rates at the base of
the ice sheet are computed, neglecting changes due to past variations in climatic conditions
and their impact on ice sheet flow [Seroussi et al., 2013]. Horizontal and vertical advection,
as well as diffusion, internal generation of heat by viscous dissipation, basal heat due
to geothermal flux and frictional heating caused by sliding at the ice-bedrock interface
are all included in the model. The mean annual surface temperature from a regional
atmospheric climate model, RACMO 2.1 [Lenaerts et al., 2012], is imposed at the surface
of the ice sheet. Surface melt and runoff are not considered, as they are negligible in
this region of Antarctica [Lenaerts et al., 2016]. Shapiro and Ritzwoller [2004] derived
a geothermal heat flux map from surface wave mapping of the lithosphere. This map is
used in the initialization process of the ice flow model. The geothermal flux maps for all
other experiments are derived from the mantle plume and two-layer crustal heat sources
once a formal iteration process has converged.

Accurate representation of cold ice advection from the ice sheet interior is critical for
correctly capturing the thermal state of the ice sheet. In order to properly include ice
motion and therefore vertical advection, we use the 3D full-Stokes equations to compute
the stress balance and capture the 3D motion of the ice. We infer the unknown basal

friction to match observed surface velocities using an adjoint-based inversion, similar
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to those described by MacAyeal [1989] and Morlighem et al. [2010]. The cost function
employed for inversions includes logarithmic and absolute terms, capturing surface velocity
features of both slow and fast flowing regimes, as well as a Tikhonov regularization term
[Morlighem et al., 2010; Seroussi et al., 2014]. We exploit the continental-scale, horizontal
surface velocity field of Rignot et al. [2011] to guide both the inverse problem and the
inflow boundary conditions. A viscous sliding law is used at the base of the ice sheet
similar to Seroussi et al. [2013]. Ice velocity normal to the bedrock is set equal to the
basal melt rate to avoid either false cavitation or penetration into the bedrock. The upper
boundary condition on the ice is maintained as stress-free, as the atmospheric pressure
is negligible. Temperate ice that includes a positive water fraction is significantly softer
than cold ice [Duwal, 1977], so we rely on a composite rheological law that is sensitive to
both ice temperature and water fraction [Lliboutry and Duval, 1985].

The momentum balance and thermal equations form a fully coupled system, as changes
in ice temperature impact the effective ice viscosity, while changes in ice velocity impact
the temperature and heat distribution through advection and deformational heat. This
coupled system is computed until a thermomechanical steady-state solution is reached for
each iteration of the inverse problem, as in the procedure described by Morlighem et al.
[2010] and Seroussi et al. [2013].

In all the simulations performed, our goal is to determine a steady-state temperature,
thus computing the impact of differing geothermal flux assumptions on the phase state
and temperature of the ice sheet. The potential ramifications of each computed steady-

state temperature on either the stress balance or the ice stiffness are not explored as a
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solution property, for they are inherently tied to the use of surface velocity observations

as a data assimilating component to formulate the solutions.

4. Impact of mantle plume on basal conditions

4.1. Nominal case: No-plume

In the absence of a mantle plume, we consider a geothermal flux generated by the litho-
sphere and radiogenic heat from the continental crust that is homogeneous and equal
to 60 mW/m?. Temperature and melting rate simulated for this case are shown in Fig-
ures 4a and b, respectively. Our simulations reveal that the domain is dominated by
a cold base, and essentially lacks basal melting. Basal temperatures are coldest at the
ice divides and generally increase as ice flows downstream. The predicted patterns owe
to both intrinsic heating (bottom frictional heating, viscous dissipation) and geothermal
flux heating. Thwaites Glacier and the ice streams feeding Ross Ice Shelf have a tem-
perate base, and predicted melting rates are between a few mm/yr for Bindschadler and
MacAyeal ice streams and up to 90 mm/yr for the lower part of Thwaites Glacier, just
above the grounding line. The rate of basal melt water production, integrated over the
entire domain, is ~ 3.24 Gt/yr, of which ~ 1.85 Gt/yr exits through the Amundsen Sea

Sector.

4.2. Hotspot at MBL: coastal vs. inland locations

Figures 5 and 6 summarize the predictions of basal thermal state, when hotspot centers
are located either in a more coastal position or in the zone of the central inland domal
uplift, respectively Plume FR and Plume ECR locations, where current low-level seismicity

suggests magmatic activity. In order to examine the influence of the robustness of the
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plume heat transport, we vary the hotspot Nusselt number, plume radius, and the position
of the center-top of the plume head across a range of parameters (see Table 1), and record
the predicted melting temperatures and melt rates computed by ISSM at the ice-solid
Earth interface.

In the no-plume case experiment, the geothermal flux is uniform and equal to 60
mW /m?. In experiments that include a mantle plume, the geothermal flux at the ice
sheet base is increased to at least 76 mW /m? away from the plume (see Table 1). This is
consistent with the analytical model having the capacity to both simulate the advection
of heat from great mantle depths and allowing lateral and vertical diffusion in the mantle
and crust. The pattern of predicted basal melting (Figures 5b and 6b) is similar to the
case where the lithosphere does not have any plume (Figure 4b). Some areas have basal
melt rates that are increased by about 2 to 5 mm/yr, however. Figures 5c¢ and d, as well
as 6¢ and d show the pressure adjusted basal temperature, T, b(o), and basal melting rate,
mg"), directly above the plume for experiments Plume FR and Plume ECR, respectively.

When geothermal heat flux is primarily generated within the crust, ice in FR remains
frozen and Tb(o) = -6.6°C. For a plume intensity similar to Plume B experiments, ice
temperature reaches the pressure melting point and m}f” = 17 mm/yr. The ice base

remains frozen for qg) ]){ 7 < 100 mW/m? and above this value, melting is predicted at the

base of the ice sheet. The basal melting rate, mgo), increases linearly with flux, qg)l){F,
and reaches 19 mm/yr for the maximum flux of 198 mW /m? in this set of experiments.
Above the bedrock of the ECR, ice is colder, and the pressure adjusted temperature is

Tb(o) = -13.2°C for our no-plume simulation. The ice remains frozen until qg)}{F = 160

mW /m?, and therefore is frozen for Plume A experiment. Basal melt rates in ECR are 6.2
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mm/yr for a mantle plume similar to Plume B, and 12 mm/yr for the plume generating
the highest qg) }{ 7 in this set of experiments. The basal melt rates for many cases computed
here seem sustainable and compatible with what we understand about water transport

among subglacial lakes. Simulations suggest that the amount of water generated by a

plume located in ECR is smaller than for FR.

4.3. Mantle derived heat near SLW

An anomalously high geothermal heat flux of 285 mW /m? was measured in 2013 by the
WISSARD project in the sediments at the bottom of SLW [Fisher et al., 2015], suggesting
the presence of active extensional tectonics in the area. The negative vertically polarized
shear wave velocity, Vsy [Aki and Richards, 1980], is weaker under SLW than MBL. In
this area, there is significant evidence of uppermost mantle slow velocity anomalies in the
upper 130 km [Heeszel et al., 2016], but there are no volcanic edifices nearby, and seismic
tomography does not show deeper slow velocity zones [Heeszel et al., 2016; Hansen et al.,
2014]. This might suggest that the anomaly there is not caused by a mantle plume, but
is associated with some other manifestation of upward mobility of hot mantle, possibly
including anomalous chemistry and mineralogy, and is likely associated with the presence
of a rift consistent with Neogene extension [Granot et al., 2010].

For simplicity, we use the plume model to represent anomalous geothermal flux arriving
at the base of the ice sheet at SLW. The patterns of geothermal heat flux simulated for
Plume SLW experiments are displayed in Figure 7. Experiments are similar to those
performed for MBL, except that the heat source is centered under SLW. Tb(o) is -2.3°C
in the no-plume case. Plume intensities similar to Plume A and Plume B raise the

temperature to the pressure melting point and generate a basal melting rate of 6.5 and
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15 mm/yr, respectively (see Figure 7a and b). These experiments provide a geothermal
heat flux lower than measured by Fisher et al. [2015]. Figures 7c and d show that the
ice base above the plume remains frozen for qg)}{ r < 110 mW/m?. The basal melting
rates reach a quite substantial rate, 19 mm/yr, for the most robust plume considered here.
While the melting footprint created by the mantle plume is rather limited in space, the
location around SLW seems to have influences farther from the plume center than for the

two MBL locations investigated here.

4.4. Uncertainty in plume location

Before seismic imaging from the broadband array was available, determining the location
of the thermal fingerprint of the mantle plume in West Antarctica was impossible. While
we are now guided by the new seismic mapping information, some ambiguities in location
continue to exist. We attempt to examine this uncertainty by employing a single prototype
plume placed at different locations.
4.4.1. Plume A statistics

The weak plume, Plume A, simulates a doubling of the geothermal heat flux directly
above the mantle plume compared to the no-plume. The 540 locations selected in section
3.1.4 are regularly spaced every 50 km in both horizontal directions, and the simulations
are performed independently. Fig. 8 shows the local melt rate predicted above the mantle
plume and is denoted by the differing color of the individual squares. Half of the locations
experience basal melting in the presence of the mantle plume, with the highest ml(,o)
reaching 64 mm/yr above the plume found under Thwaites Glacier. The median melt

(0)

rate is 1, ~ ~ 13 mm/yr. The total amount of basal meltwater production estimated

under the model domain varies between 3.27 and 3.84 Gt/yr, depending on the location
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of the mantle plume. The Amundsen Sea Basin has basal friction and viscous dissipation
supplying a strong contribution to melting. Excluding this basin, the total area-wide rate
is reduced between 1.84 and 2.46 Gt /yr.

4.4.2. Plume B statistics

Plume B is similar in vertical thermal heat transfer to that of the Raton hotspot of
northern New Mexico [e.g., Blackwell et al., 2011; Zhao, 2015] with peak geothermal heat
flux qg)}, = 180 mW/m? and radius, ¢, of 100 km (see Table 1 for plume characteristics).

Figure 9 shows the predicted melting rates on top of the plumes, m,(,o). Two thirds of
the locations experience basal melting in the presence of Plume B, including most areas in
the ice streams feeding Ross Ice Shelf and the lower part of Thwaites Glacier. The highest

0)

values are found under Thwaites Glacier, with ml() > 100 mm/yr, while most areas are

predicted to have m,ﬁo) < 40 mm/yr. The distribution of melting rates is centered on

mgo) ~ 19 mm/yr. Over the entire basin, the predicted rate of total basal melt water
production varies between 3.28 and 4.05 Gt/yr. If we exclude the Amundsen Sea Basin,
this range is reduced between 1.85 and 2.65 Gt/yr.
4.4.3. Plume C statistics

Plume C brings heat to the bottom of the crust, with D equal to 0 (see Table 1).
The geothermal flux supplied to the base of the ice corresponds to a central value of 258
mW /m?, somewhat similar to the value measured by Fisher et al. [2015]. Figure 10 shows
the impact of Plume C on the predicted mg‘” for the 540 simulations. In this case, 80%

of the experiments simulate basal melting on top of the plume, with most melting rates

below 45 mm/yr and the distribution centered on 23 mm/yr. The total basal melt water
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produced over the model domain varies between 3.32 and 4.14 Gt/yr, or 1.91 and 2.73

Gt/yr if we exclude the Amundsen Sea Sector.

4.5. Impact of the plume at intraplate scale

Table 2 summarizes the main characteristics of the basal conditions and amount of
water produced for the different basins of the domain, for plumes of different intensities
located in FR, ECR and SLW. The three plume intensities reported (Plumes A, B and
C) create a maximum geothermal flux qg)}IF = 128, 180, and 258 mW /m?, respectively.

The Amundsen Sea Sector is not sensitive to variations in plume location and intensity,
as frictional heat is high in this region. The total melt water and mean basal melt rate
only vary by a few percent (see Table 2). In stark contrast, hotspots placed in coastal
positions, or anywhere within the Ross basin, have a significant impact on the rate of
melt generation. This is consistent with the plume locations, as the FR plume is located
in the Coastal basin, while plumes of ECR and SLW are located in the Ross basin and
these regions do not have the natural tendency to create high frictional heat at the ice
sheet base. The mean melt rate varies between 2.29 and 2.88 mm/yr for Ross basin and
between 0.21 and 0.46 mm/yr for the Coastal region. Most of the predicted changes are

within 200 km of the plume center. Both plume location and characteristics have a large

impact on the amount and location of melt water produced.

5. Discussion
Knowledge of subglacial conditions may lend important prognostic information about
geothermal heat flux under the ice sheets [e.g., Siegert and Dowdeswell, 1996; Llubes et al.,

2006; Pattyn, 2010], and possible mantle origins [e.g., Rogozhina et al., 2016]. The study
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of the subglacial environment is being improved with advances in both numerical ice flow
modeling [Pattyn et al., 2016] and observations [Young et al., 2016]. The basal melting
rate computed for the initialization experiment (see Table 1) based on the Shapiro and
Ritzwoller [2004] geothermal flux reaches 5.77 Gt/yr for the entire model domain, which
represents 4.67 mm/yr on average. This number agrees with the 5.3 mm/yr (65 Gt/yr for
the entire AIS) computed by Pattyn [2010] using a geothermal flux adapted from Shapiro

and Ritzwoller [2004] and Pollard et al. [2005].

5.1. Contrasting regions

High geothermal flux values can be simulated with the mantle plume parameterization
by adjustment of the Nusselt number and geometry of the plume, especially the depth
to which the top approaches the base of the crust. ICESat-1 repeat tracks [Fricker and
Scambos, 2009; Carter et al., 2009; Smith et al., 2009a] map numerous active lakes that
experience drainage events with volume change over 1 Gt on annual timescales in the
Mercer and Whillans ice streams area. These events suggest the presence of a significant
amount of basal water produced over these hydrologic basins [Smith et al., 2009a; Carter
et al., 2011].

Without a plume-like heating source, our simulations show that intrinsic heating and
crustal sources do not provide enough energy to generate significant amounts of basal
melt water (Fig. 4b and Fig. 11a) suggested by altimetry observations for the Mercer and
Whillans ice streams, unlike what is observed for MacAyeal ice stream (Fig. 4b). The
presence of a mantle derived heating similar to Plume B, which is capable of generating a
maximum geothermal heat flux of 180 mW /m?, locally brings enough thermal energy to

the ice base to be consistent with the inferred lake activity in the Mercer and Whillans
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ice area (Fig. 11b). These observations suggest a local geothermal flux of at least 150
mW /m? is needed to properly simulate the observed subglacial lake activity observed.
Plume C experiment leads to an additional melt water production of 6% over the Ross
Basin (Table 2), concentrated around the mantle heat source location. Furthermore, the
headwaters of the basal flow are to be found at least 50 km upstream of SLW and stretch
over large areas [Fricker and Scambos, 2009; Smith et al., 2009a]. Observations of ice
shelf basal channels at the Antarctic periphery suggest that the Ross Ice Shelf receives
an anomalously large percentage of the total basal melt water transport from the ice
sheet interior [Alley et al., 2016]. The 3D thermomechanical model employed here is in
agreement with these observations, as only this part of our model domain, aside from the
Thwaites glacier system, predicts large melt water discharge. This suggests the presence
of elevated geothermal heat flux in the uppermost parts of the Mercer and Whillans ice
streams and over a region larger than simulated in our limited set of plume experiments.
Low seismic wave velocity anomaly beneath SLW weakens with depth below 150 km
[Heeszel et al., 2016; Hansen et al., 2014], suggesting a lithospheric rift origin for the
enhanced heat flux. Geometrically complex rift features may produce elevated geothermal
flux in the vicinity of the Whillans and Mercer ice streams.

In MBL remote sensing observations have not detected significant presence of active
lakes, unlike what has been observed for many regions of Antarctica. This coastal area
is covered with more limited sampling by ICESat-1 orbital tracks. However, even when
accounting for this limited number of tracks, the area density of lakes is lower in MBL
area than most other places in Antarctica. More advanced methods used recently to

determine elevation changes as the difference between surfaces also do not detect any
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alteration of the very low lake density estimated for the MBL area [Babonis et al., 2016].
It is therefore expected that basal melting is, in fact, quite limited in this region. From
a theoretical standpoint, this is somewhat logical, as ice here has relatively slow velocity
(< 300 m/yr) and the ice thickness is less than 2000 m, and both are factors that inhibit
local ice temperatures to approach the melting point [Pattyn, 2010].

The mantle and ice flow models simulated in this study suggest that a weaker plume is
viable in MBL. Geophysical and geochemical data support the hypothesis of a moderate
and fairly young mantle plume that advects heat into MBL, likely located under the ECR
[Sieminski et al., 2003; LeMasurier, 2008; Lloyd et al., 2015]. If the peak heat transport
at present-day is near 180 mW/m?, similar to the Plume B experiment, our numerical
experiments predict significant amounts of water to be present (Fig. 5b and Table 2),
clearly conflicting with observation. Plumes producing a geothermal flux lower than 150
mW /m? predict a relatively small amount of basal melt water in this area, compatible
with observations of subglacial conditions (Fig. 5d and 6d). Such values are higher than
observed at the Cape Verde hot spot, where measured geothermal heat flux does not
exceed about 75 mW/m? [Courtney and White, 1986]. Higher plume-related geothermal
flux, as high as those measured by Fisher et al. [2015], are unlikely for this region, as
they generate basal water at rates of a couple cm/yr, inconsistent with observations. The
rates of Antarctic plate translation and rotation with respect to the mantle frame are
limited over the past 75-85 Ma [Lawver et al., 1991; Gripp and Gordon, 2002; Becker
et al., 2015]. Tt might be speculated that a relatively broad scale plume impinged upon
the continent during late-Cretaceous plate breakup, having a less concentrated impact on

the lithosphere than we have modeled in our series of analogues to the Yellowstone plume.
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The heat supply associated with renewed volcanism initiated at about 30-20 Ma could be

interpreted as deriving from a less vigorous mantle upwelling.

5.2. Caveats

A limitation of our simulations comes from the thermal steady-state assumption made
to derive the thermal state of the ice sheet. This assumption has minor impact on century
scale simulations of the Greenland ice sheet evolution [Seroussi et al., 2013]. However,
variations in surface temperature and ice sheet velocities influence both the ice thermal
state and ice sheet basal conditions. The goal of the present study is to assess the range
of basal conditions under the WAIS and to provide new bounds on the geothermal heat
flux in light of newly emerging seismic mapping of the mantle. Quantitative mapping of
basal melting rates is, therefore, beyond the scope of our study. Water gained and lost by
hydrodynamic melting and freezing is unaccounted for here. However, the low hydraulic
gradients in Antarctica likely limit this water amount to less than 1% of the water budget
[Carter et al., 2009].

The mantle plume parameterization has limitations, as it does not capture details of
mantle plume growth or head evolution. However, it produces realistic geothermal heat
flux at the base of the Antarctic ice sheet, heat flow and buoyancy flux within the range

estimated, and allows sampling a variety of plume characteristics.

5.3. Future challenges
What little we yet know about subglacial hydrology comes exclusively from altimetry
mapping, radar return signals, velocity accelerations and some limited seismic and bore-

hole information [e.g., Carsey et al., 2002; Winberry et al., 2009; Siegfried et al., 2016].
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Assembling these data to form a subglacial water budget may provide us with a crude
approximation of the water production rates. Carter et al. [2011] estimate that subglacial
water is interconnected to the entire hydrologic basin and that these lakes temporarily
store most of the subglacial water that passes through them. Radar sounding measure-
ments hold some promise to provide first order observations of basal water [Schroeder
et al., 2013; Young et al., 2016] and attenuation rate through the ice column [Schroeder
et al., 2016], from which temperatures within the ice might be derived. This would allow
more sophisticated basal heat flux models to be explored. Satellite altimetry acquired
over the past decade has proven to be essential to detect the presence and activity of
subglacial lakes [Fricker et al., 2007; Carter et al., 2011; Fricker et al., 2016; Kim et al.,
2016] and is a key observation that allows us to come to the conclusion that a very high
basal heat flux can be ruled out in MBL.

Determining the magnitude and spatial distribution of basal melting is a central issue
for modeling ice sheet evolution. Internal water transport and volumetric generation rate
are fundamental to the problem of predicting future susceptibility to rapid retreat [e.g.,
Bell, 2008; Creyts and Schoof, 2009]. Water at the base of the Ross Ice Streams may be
a prime cause of the efficient evacuation of ice during the Last Glacial Maximum, in spite
of the great advancement of the grounding line over the Ross Embayment during lowering
of sea level [e.g., Bromley et al., 2012; lvins et al., 2013]. Modeling the complexities of
the last phase of deglaciation of the eastern Ross Shelf between 2.5 and 1.5 ka [ Yokoyama
et al., 2016] should consider how basal water lubrication altered upstream dynamics under

the continent bound ice sheet.
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6. Conclusions

We have investigated here the basal conditions of West Antarctica using a 3D full-Stokes
thermomechanical ice flow model and geothermal heat flux generated by a mantle plume
parameterization. Recent seismic imaging supports the idea that a mantle plume has
ascended from below the 660 km seismic discontinuity beneath the West Antarctic crust,
possibly in two or more phases. During the past decade, mapping from space has clearly
identified events that can only be interpreted as pulsations of water transport at the base
of WAIS [e.g., Fricker et al., 2007; Siegfried et al., 2014; Kim et al., 2016]. A ubiquitous
and somewhat sustained water transport is observed under the Ross ice streams [Siegfried
et al., 2016]. We show that intrinsic heating beneath the Whillans and Mercer ice streams
is quite limited and that geothermal heat flux above 150 mW/m? over a large region
plays an important role in water production. The heating likely has mantle provenance,
potentially caused by a rift in the lithosphere.

A plume source for the MBL dome is certainly possible, but it should not elevate surface
heat flux to values exceeding 150 mW /m?, as this would generate excessive basal water.
This explanation of limited plume heat transport, therefore, provides the most logical
resolution of the apparent paradox of limited lake density in MBL and the combined

seismic and petrological data supporting the presence of a plume.

(©2017 American Geophysical Union. All Rights Reserved.



Appendix A: Appendix A: Buoyancy flux and vertical heat transport within

the plume

While some debate continues over both theory and observation of mantle plumes, the
relevant laboratory and numerical fluid dynamic experiments began to be assembled in
the early 1980’s [e.g., Olson et al., 1993]. In the decades that followed, the basic concepts
of plume heat and mass transport across the mantle began to fully emerge, providing
essential scaling principles that aid in quantifying plume related heat transport to the
base of the ice sheets.

We assess here the time that is reasonable to assume for the growth of a finite-amplitude
plume into the environment of West Antarctica on time scales short (~ 20 Ma) compared
to the time of late Gondwana break-up (at about 107+5 Ma, [Storey et al., 1999]). Older
plumes and their heads are more greatly influenced by lateral mantle advection and will
tend to be more spread out than will younger ones of relatively tight spatial confinement.

The amplitude of thermal convection is connected to the dimensionless parameter known
as the Rayleigh number, Ra. In classical free convection, wherein a layer is heated from
below, this is the ratio of gravitational potential energy released by buoyant motions to the
energy lost in viscous dissipation in that same motion (less conductive loss) [e.g., Malkus,
1954]. In contrast, although plumes involve buoyant driven vertical heat transport, they
must be described in terms of transient fluid motions. Many fluid dynamic complexities
are beyond the scope of this paper, and hence we limit the discussion to the most essential
transport characteristics of the mantle plume theory. These include the time scale, t., of
the emerging plume, or the time required for evolution to a state where entrainment of

surrounding mantle material during rise dominates the volume increase. After this time,
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the volume of entrained material grows non-linearly, as does the speed of rise. A thermal
instability occurs with some initial lateral temperature difference AT}, and depth, d.

Griffiths [1986] defined the Rayleigh number for plumes as:

Rap = B/Klmn()mw (Al)

where k,, and 7y, are mantle thermal diffusivity and effective viscosity, respectively. B

is a measure of the plume material buoyancy, and is time-dependent as it rises:

B = gpman,ATs - Q(t — to) (A2)

where p,,, a,,, and Q(t) are respectively the mantle density, coefficient of thermal ex-
pansion and the source volume flux (in m?3/s), that is generally a function of time, ¢.
This latter flux is initially a linear function of time, but as mantle material becomes
entrained in the upwelling thermal, it grows as t?, with 5/4 < p < 9/4 [Van Keken,
1997]. Griffiths and Campbell [1990] also defined the plume heat flow (in J/s, or Watts)
as Qplume = pmcpQ(t)ATy, with cp the specific heat.

A series of numerical and laboratory experiments by Van Keken [1997] and Weinberg
[1997] clarified the typical evolution in the presence of realistic rheological laws for mantle
rock, better defining the non-linear growth phase after reaching critical time:

D) 3/5
to — ty = (M) - Qo° (A3)
where @)y is the volume flux at ¢ = ¢y, and C is an empirical non dimensional parameter

(see Figure Al). Weinberg [1997] used the average volume flux prior to t. (Qy) to estimate
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rise times, plume temperatures and head radii as they approached the top of the upper
mantle. Experiments by Van Keken [1997] showed that a typical rise velocity across the
entire mantle is roughly 3.5 cm/yr. Cserepes and Yuen [2000] reasonably hypothesized
plume volume formation at mid-mantle depths, below the mantle transition zone at 660
km depth. Such plumes are predicted to arrive to the base of the crust in just 20 Ma.
Using the suggested ranges and parameters noted in the Appendix of Weinberg [1997], we

calculate t. in Figure Al.

A1l. Thermal energy transport

As plumes rise throughout the volume of the mantle, they naturally cool by diffusion
of their heat to the cooler surroundings and by entrainment of adjacent mantle into the
rising plume head. Using the scaling principles for mature plumes of Griffiths [1986] and
Griffiths and Campbell [1990], it is possible to derive asymptotic solutions with ¢ > ¢,
for the temperature anomaly. As the plume rises from an initial rest state at an unstable
mantle boundary, it grows to a height, z,.. Asymptotic solutions above predict the
cooling of the anomaly in time in proportion to 1/z, as well as the rise in volume, V/,
and net buoyancy, B. Rearranging Eq. (17) from Griffiths and Campbell [1990] allows
the anomaly being predicted in terms of Ra, and 7y,.

The temperature anomaly with height of rise in the mantle from starting position 2z =

0 is predicted to be:

AT = g(C)aTs [Fmlontiay s 1 (A4)

amg Zrise

with £(C) = (27/80)(6/7)*3C~2. Griffiths and Campbell [1990] also generated scaling
principles for the mature plume head volume, V, and effective Ra,. We show values
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appropriate for a plume with a size corresponding to the Yellowstone or Crozet hotspots
le.g., Campbell and Griffiths, 1990; Smith et al., 2009b] in Figure A2. Note that the
Ra, (solid lines in Figure A2) values are orders of magnitude above the critical value for
thermal instability (Ra. ~ 700 — 1400 for fluids heated from below, regardless of stress
boundary conditions).

For these supercritical values, heat transport by vertical convective motion is highly
efficient. In a thermally convecting fluid transport system the time averaged heat flux,

gy, traversing the entire system toward the cooler surface is:

oT —

where T is the total convecting plus conductive temperature, w, the vertical component
of velocity, p, the density, C'y, the heat capacity at constant volume, £, the fluid conduc-

tivity and (...) represents time-average [Malkus, 1954]. The efficiency of convective heat

transport is also measured by the ratio:

qH
Nu = A6
pCv By (A6)

where 3 is the vertical temperature gradient in the absence of convection. This ratio
is also called the Nusselt number. Using the scaling for free convection with no internal

heat sources we estimate that:

Ra
Ra,

Nu = 0.77(=—)3 (A7)

following [Turner, 1973]. This efficiency measure exceeds 300 for all values of mantle

viscosity computed in Figure A2 for source values Qg > 10m3s~!.
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A2. Plume approximation for heat transport

The temperature anomaly advected to the near lithospheric environment is also efficient.
Assuming Ra, ~ 2 x 10°, 1o, ~ 0.65 x 10! Pa s, K, ~ 1.27%m?/s (see Gibert et al.
[2003] for upper mantle estimates), ATy ~ 300°C and all other values similar to Figure
A2, we estimate that the anomaly is reduced to AT, ~ 240°C while rising 1000 km.
However, numerical experiments by Weinberg [1997] revealed this simple scaling relation
breaks down for general prediction of temperature anomalies arriving to the lithospheric
environment. Furthermore, Van Keken [1997] demonstrated the limits of the asymptotic
solutions. He performed experiments consistent with the exponent for time-dependence
of entrainment enhanced volume increase limited to p < 5/4; supercritical growth was
difficult to reach in many of his numerical experiments. Similar results were found by
Weinberg [1997], along with numerical predictions of the rise rate, and ultimate value for
AT, substantially diverging from the simple relation of Eq. (A7).

What then are the scaling properties to be employed to describe a simple model of heat
transport to the lithospheric environment? Several compelling facts can be assembled
from the collection of laboratory and numerical experiments. All of the basic parameters
that define the Rayleigh number and buoyancy in Eq. (Al) and (A9) are appropriate,
and entrainment is part of the thermomechanics of the ascent of the mantle plume. It is

also safe to assume conservation of the thermal energy on rise:

A(ATV)/dt = QuAT, (AS)

ignoring latent heat and viscous dissipation, which are reasonable assumptions for buoyant

material rise in the mantle [e.g., Busse, 1979].
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In section B these parameters, along with the deep heat flow rate, Qpume, Will be
employed for developing systematic and analytic relations for the heat flow arriving just
below the mechanical lithosphere of West Antarctica. The geometry of the approximation
is shown in Figure C1. The depth to the top of the plume from the base of the crust of the
Earth is D and the depth to the mid-point of the unstable, but mature, plume is D + z,.
At the base of the unstable layer, an anomalous temperature contrast AT}, or “starting
plume” temperature is to be assumed. The time scale over which this transition to a fully
developed plume occurs has been the focus of a number of studies in the 1990’s. The
plume head forms by a circulatory flow, before the rising material experiences any stress
or flow interaction with the surface or lithosphere [Daly and Raefsky, 1985; Griffiths and
Campbell, 1990].

The buoyancy flux, Bpume, transported by the mantle plume with the default parameters
(see Table 3) can be computed based on the mantle plume parameterization. Methods
for a full numerical plume treatment are described by Yoshida [2012] using the vertical
velocity within the plume structure. As our parameterization has only a proxy for vertical

advection of heat, and therefore no explicit vertical velocity, we approximate Qplume as:

Qplume (Z> = meV /S plume (Z) as (A9)

where p,, is the mantle/lithosphere density just above the plume, and S a cross sectional
area that lays in a plane orthogonal to the model plume vertical axis, at a distance ¢
just above the top of the plume. Here we write gpume just as a simple function of z,
but it is a highly complicated algebraic expression developed in the Mathematica coding
language, dependent upon all three spatial coordinates, x,y, z. Further discussion of this

functional form and dependency on &, radius ¢, height z, and distance above the top of
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the parameterized model plume, etc., is given below in Appendix B. The buoyancy flux

then follows as:

Botume (2) = " Qptame (2). (A10)

Fig. A3 shows that Bpume varies between 0.1 and 10 Mg/sec depending on the plume
radius and ¢, in general agreement with estimations that vary between 0.25 Mg/sec for

Yellowstone [Smith et al., 2009a] and 8.7 Mg/sec for Hawaii [Sleep, 1990].

Appendix B: Appendix B: Practical consequences of the plume hypothesis

The primary interest of examining the mantle plume structure in greater detail in
this paper is to examine the viability of the hypothesis itself and ask if the existence
of the ice sheet in its present state is, in fact, viable when supplied with the basal heat
flux enhancement that accompanies active late-Cenozoic mantle plumes. Toward this
end, we construct a detailed model that enables us to parameterize the general geometry
and vertical heat transport enhancement of the mantle plume. This involves a structure
that enables vertical heat transport by relatively rapid (by comparison to other solid
mantle deformation) vertical mantle flow. One simplification is to allow the structure
being approximated by an elongated, thin body of enhanced thermal conductivity. The
enhancement factor should be related in some way to the non-dimensional parameters
that describe dynamic models of mantle plumes.

The mathematical formulation of the solution from the standpoint of classical potential
theory is described by Landau et al. [1984], and involves elliptical integrals that follow from
applying Green’s Theorem. The solutions are discussed by Carslaw and Jaeger [1986].

Our use of this theory will assume that the plume is vertically standing and is adequately
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represented by a prolate ellipsoid having material of high conductivity embedded in an
infinite medium of lower conductivity, k,,, which we take as the mean conductivity of
mantle rock (Figure C1). The interior of the prolate ellipsoid has a higher conductivity
and the ratio of “inside” to “outside” conductivities will be given as €. As discussed
for plume thermodynamical scaling laws, Ra, greatly exceeds critical value for growth of
thermal instability, and therefore we assert that a good approximation is € ~ Nu. Rocks
inside the modeled mantle plume have an artificially high model thermal conductivity,
as this provides a convenient mathematical way to modulate the vertical heat transport
associated with advection. This assumption is not a good model for examining any other
thermally related properties of mantle-lithosphere, yet it quite adequately represents the

geometry and vertical transport with respect to the bottom of the ice sheet and its interior.

B1. Analytic plume vertical heat transport

The solution of the thermal equation reduces to applying the integral form of Green’s
Identity to Laplace’s equation with Dirichlet conditions of the second type. With z,/2
and ¢ the semi-major and minor ellipsoid axes, the resultant integral equations involve

the root, A, of:

@EA) +x T Exa (B1)

with coordinates ', v/, 2’ shifted to the center of the ellipsoid as in Figure C1. Our interest
is to express the heat transport and solid Earth quantities, so with the origin (x¢, yo, 20)

at, or near, the surface of the Earth and axis 2 oriented downward as shown on Figure C1.
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The analytical representation of the heat transport associated with the plume includes an

essential geometrical factor:

1—¢e? 1 1+e

5 los (o) —é] (B2)

A, =
2 1

that results in applying the continuity conditions at the boundary between the idealized
prolate ellipsoidal shape of the plume and the adjacent assumed homogeneous mantle.

Here, the ellipticity, € of the prolate-shaped plume (Figure C1) is:

2_42
6 = "¢ (B3)

Zo?

Symmetry considerations allow the solutions to the boundary value problem for
Laplace’s equation for temperature and vertical conductive heat transport to be repre-
sented exterior to the mantle entraining rising plume. It is assumed that the surrounding
mantle have a constant steady background vertical temperature gradient, applicable to
|Z'|, |y'| > =z,. Toward this purpose, a solution of the diffusion equation for this region

is constructed from:

1—e? 1 14 e* _
/ / / — *
Ay, 7)) = &3 '[gloge(ﬁ> —e*] (B4)
A A z° — 4c?
= . B5
e*(z',y, 2') 22 TN (B5)
For example, the spatial dependence on the plane z/ = —(D + z;) (or equivalently,

2o = 0) is accounted for by A:

1
A (ay) = 3 {22 @7+ ) + 42D+ D4 R y) 40 (@) (BO)
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with p, (z/,y') = 2D — ¢* + D? + 2’? + y’?, and where we use the subscript s to indi-

cate evaluation near the Earth’s surface.

B2. Steady heat transport to the base of the crust

The background heat transport away from the plume is:
Qg (T0, Yo, 20) = — /fmff VT, (B7)

where we use the subscript bg for properties away for the plume. The 3D expression for
A, an expression for the plume-enhanced vertical heat transport outside the perimeter of

the plume, here idealized by the boundary of the prolate spheroid, follows as:

T,
" aZO

Qplume<$07 Yo, ZO) = -k

{1+T(5—1)-[A+<20—D—Ze

)8A
2

b e

where
Y(e,ze,¢c) = [1 + (e —1)A] " .

The model prediction of heat flux at the Earth’s Moho (crust-mantle interface) are found
by setting zo = 0. In the case when there is negligible heat production within the crust,
this near-surface value for gpuume (%o, yo,0) will closely match the prediction of heat flux,
qaur, into the base of the ice sheet. The two-dimensional (2D) spatial-dependence of a
typical solution using Eq. (B8) is shown in Figures B1 and B2. The relationships that
are formed for the analytical model are highly non-linear in their coupling of all spatial
and geometrical parameters. This manifests a non-uniqueness in relating gpjume to all the
geometrical and the Nusselt number. This fact is well-depicted in Figure B2 (also see
Supplementary material), wherein we explore the gume dependency on ¢ and . Further
dependency on D is discussed in the Supplementary material and may be found to be

especially relevant to oceanic hot spots.
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More than one plume may be accounted for by replacing the first term in brackets on
the right-hand-side of Eq. (B8) from ‘1’ to ‘1/N’, where ‘N’ is the number of plumes
at different locations, but of identical geometry and transport properties. We caution
that the surface flux have asymmetrical patterns. A view from recent seismic tomography
of Yellowstone plume crust-mantle reveals asymmetries that might also characterize the

hotspot in MBL [Huang et al., 2015].

Appendix C: Appendix C: Crustal heat generation

In this appendix, we describe how the crustal model transfers heat from the lithosphere
across the crust to the base of the ice sheet. It is important to include the radiogenic heat
sources of the crust. The cratonic crust of East Antarctica is generally of either Archean
or Proterozoic age [Fitzsimons, 2003; Heeszel et al., 2013]. Hence models from other con-
tinental provinces of similar age may be employed for constructing the radiogenic sources
that supply heat to the surface of bedrock. Post mid-Cretaceous West Antarctic tectonic
history, in contrast, is complicated by subduction, back-arc tectonics, and rifting [ Weaver
et al., 1994; Dalziel and Lawver, 2001; Eagles et al., 2004; Torsvik et al., 2008]. Conse-
quently, the evolution of the modern crust likely involves recycling of mantle, crustal and
lithospheric elements. The tectonic involvement with mantle dynamics makes an assess-
ment of the radiogenic content of the crust during late-Cenozoic time more ambiguous
than that of the large craton to the east.

With this background in mind, we model the plume heat transport to the base of the ice
sheet through a crustal model with two layers. The layers, of thickness H; and temperature
T;, are denoted “1” and “2” for upper and lower crust, respectively (see Figure C1). We
use the symbols ¢, and 7, as the heat flux and temperature at the base of the crusts.
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We solve the steady-state diffusion equation for the two layers with boundary conditions,
T1(0) = m, Th (Hy) = Ty (Hy), k10T1 (Hy) 0z = koOTy (Hy) /02,0T5 (2) /02 = qb/ ko,
with z,, the total crust thickness.

Using the first derivative of the solution in the upper crust evaluated at z = 0, the heat

flux to the surface may be easily computed as:
qerr = [AiH) + Ag (2 — H1)] + g (C1)

with A; the crust heat production in layer .

A baseline study of heat generation and flux in cratonic terrain was performed by
Mareschal et al. [2004], who determined that a radiogenically enriched layer of 10 km
thickness overlays a crustal layer typical of Archean crust in northern Canada. Using
values for A; and A, equal to 1.7 x 107 W/m3 and 0.4 x 1075 W/m? for the upper and
lower layers, respectively, from this study, as well as H; = 17 km and z,, = 38 km, the cal-
culated heat flux from the crustal radiogenic heating is 37.3 mW /m?. Important sources
for generating a surface heat flux near the values of 97 mW /m?, as suggested by Damiani
et al. [2014] for MBL, must be found in the mantle, for here we have actually used the
enriched values for radiogenic heating in this calculation. Our model will nevertheless
include a two-layer crust of thickness corresponding to that of the MBL. The properties
used for our study are based on the average values determined by Chaput et al. [2014]:
Zm = 31.4 km, with an upper crustal thickness H; = 14 km. These are typical of moder-
ately extended continental terrain [e.g., Campillo and Paul, 1992] and crustal radiogenic
heat source values reduced by 1/3 below those of the cratonic Canada: A; = 1.33 x 1075
W/m? and Ay = 0.27 x 107 W/m? (see Table 3). This creates a crustal heat of 30.7

mW /m? that in used in our experiments in the presence of a mantle plume (see Table 1).
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Figure 1. Modeled ice surface velocities overlaid on a MODIS Mosaic of Antarctica. Locations mark
Marie Byrd Land (MBL), Ames Range (AR), Crary Mountains (CM), Executive Committee Range
Iman (ECR), Flood Range (FR), Mount Takahe (MT), Mount Waesche (MW), Toney Mountains (TM), and
the Whillans Ice Stream Subglacial Access Research Drilling project drilling site (SLW). Black lines
delineate the contour of the model domain and the three main basins: the Amundsen Basin, the Ross
Basin and the Coastal Basin. Grey lines indicate ice surface elevation every 250 m. Stars indicate active
volcanoes and white symbols represent the three locations where the plume experiments with varying
mantle plume parameters (Plume FR, Plume ECR, and Plume SLW, see Table 1) are performed.
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Figure 2. a) Map of S velocity at 150 km depth from Shapiro and Ritzwoller [2002], b) Map
of S-wave velocity at 130 km depth in Antarctica from regional Rayleigh wave phase velocity
inversion [Heeszel et al., 2016]. Vsy is the velocity of the vertical component of the seismic shear
wave (see Aki and Richards [1980], p. 100). c¢) Mantle cross-section through the tomographic
P-wave model of Hansen et al. [2014] along profile A-A’. Other profiles are shown in Hansen

et al. [2014]. Acronyms refer to Thwaites Glacier (THW) and Marie Byrd Land (MBL).
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250 something that affects heat flux at the center of the these elevated values and is caused by hy-
251 drothermal fluid circulation [Huang et al., 2015].
252 Plume and hotspot inter-comparisons employ some standard measures [Courtillot et al.,

253 2003; King and Adam, 2014] and it is most appropriate to provide theoretically consistent quan-

254 tifications. Sleep [1990] offered several ways to observationally approach quantitative inter-

255 comparisons. One technique is to use the geoid and topographic swell to compute the buoy-

256 ancy flux, Bplume, and by integration over the area, a corresponding heat transport, Qplume,

257 may also be estimated (see equations A.9 and A.10). This method calibrates plume strength,

258 something that requires accounting for the lateral advection caused by plate motion, plume head

259 evolution and shear. Our parameterized plume of similar central heat flux, but lacking plate

260 induced lateral thermal advection @@@timq&%&(ﬁggfpom?g%%ﬂ amPen. All Ri ghts Reserved.
261 dicts a buoyancy flux, Bpiume ~ 0.10 Mg/sec for the Yellowstone area, somewhat lower than

262 the 0.25 Mg/sec estimate reported in Smith et al. [2009b], while predicting Qpiume == 4.06
263 GW, close to the value of 5.0 GW given by Smith et al. [2009b] and Jaupart et al. [2015].

264 More precise estimates of Bpjume for MBL would require estimating the ice flow en-
265 hanced sediment erosion and obtaining an improved understanding of the subtle plate motions

266 above the plume over at least the past 30 Ma. We calculate values for Bpjume and Qplume Us-
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287 We perform a number of experiments with different plume locations and parameters. These
288 parameters are designed to reproduce the range of uncertainties associated with mantle prop-

289 erties and plume locations.

290 3.1.1 No-plume case

291 An initial run with a spatially homogeneous geothermal flux generated by crustal radio-

292 genic heat production and lithospheric heating is performed as a nominal case for compari-

293 son with the other simulations (see Figure 4). In the absence of a mantle plume, with a litho-

204 sphere of about 80 km, the heat produced is about 60 mW/m? [Heeszel et al., 2016]. Proxy

205 methods have been used to estimate basal heat flux in Antarctica, and Maule et al. [2005] sug-
296 gest a total heat flux of 55 to 65 mW/m? in West Antarctica, so we use a uniform basal heat
207 flux of 60 mW/m? for the no plume case (see Table 1). Such a value is consistent with the

=a  recent estimate by Ramirez et al. [2@fD €1 The Rrivades Wath ACREHIRIS By Uregoh. A1l Rights Reserved.

299 potentially influenced by the spreading of the mantle plume head (see Fig. 2c).

302 3.1.2 Plume locations
303 We first simulate a mantle plume under Flood Range (FR) in MBL (Fig. 1 and 2), as
304 seismic observations suggest the presence of a regional hotspot of late-Cenozoic age [Lloyd

305 et al., 2015]. The second location chosen for the plume is 55 km south of ECR, as measure-
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448 well as hantle’plume experiments with Plume A (128'm 2Yand Plume B (180 mW/m?) characteristics.

_19—

(©2017 American Geophysical Union. All Rights Reserved.



q (mW/mZ) Mb (mm/yr)
GHF

200 100
80
150
60
40
100
20
200 km 50 0
a b

20

s -5

° 1-10

1-15

3
Pressure adjusted basal temperature (DC)
)
=
[S)
Basal melting rate (mm/yr)

. : : : 0
50 100 150 200 ¢ 50 100 150 200
Geothermal flux at the top of the plume (mW/mZ) Geothermal flux at the top of the plume (mW/mz)

Figureific 6. 3208 s SibramditR LQE e, Sk e neiimnetiss avith a plume located inland,

450 Executive Committee Range, .
beneath the Executive Committee Range.

20—

(©2017 American Geophysical Union. All Rights Reserved.



2
q (HrrF1W/m ) Mb (mml/yr)

G

200 100
80

150
60
40

100
20

200 km
a b

20 2 —20
) °
g = L4 —
.. -1 9 LY E‘
8 e° 115 e
I, E : £
/ —~ 2 & 2
3 °, 8
-3 8 o8 110 =
B o E
14 5 °® =
] ° 15 a
-5 2 ° o
a °
]
y : : ——-6 & —amm——eo®ee - —(
50 100 150 200 c 50 100 150 200 d
Geothermal flux at the top of the plume (mW/mz) Geothermal flux at the top of the plume (mW/mz)
498 Figure 7. Same as Figure 5 but with a plume located beneath Subglacial Lake Whillans.

Figure 7. Same as Figure 5 but with a plume located beneath Subglacial Lake Whillans.
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Figure 8. Impact of Plume A (weak plume) in different locations. Square color marks the
basal melt rate at the base of the ice sheet directly above the center of the plume for each of the
540 independent simulations with different plume locations. Background map is the basal melt

rate for the no-plume case.
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Figure 9. Same as Figure 8 with Plume B.
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501 vations of ice shelf basal channels at the Antarctic periphery suggest that the Ross Ice Shelf

592 receives an anomalously large percentage of the total basal melt water transport from the ice

593 sheet interior [Alley et al., 2016]. The 3D thermomechanical model employed here is in agree-

594 ment with these observations, as only this part of our model domain, aside from the Thwaites

595 glacier system, predicts large melt water discharge. This suggests the presence of elevated geother-
596 mal heat flux in the uppermost parts of the Mercer and Whillans ice streams and over a re-

507 gion larger than simulated in our limited set of plume experiments. Low seismic wave veloc-

598 ity anomaly beneath SLW weakens with depth below 150 km [Heeszel et al., 2016; Hansen

599 et al., 2014], suggesting a lithospheric rift origin for the enhanced heat flux. Geometrically com-

600 plex rift features may produce elevated geothermal flux in the vicinity of the Whillans and Mer-

601 cer ice streams.

605 In MBL remote sensing obs@%po:}lzh&glggtjdgt%ae(ps?gm%§ %&%%ceU&jaaﬂé 1a‘ﬁ§s,l Rights Reserved.
606 unlike what has been observed for many regions of Antarctica. This coastal area is covered

607 with more limited sampling by ICESat-1 orbital tracks. However, even when accounting for

608 this limited number of tracks, the area density of lakes is lower in MBL area than most other

609 places in Antarctica. More advanced methods used recently to determine elevation changes

610 as the difference between surfaces also do not detect any alteration of the very low lake den-

614 sitv estimated for the MBI . area [Babonis et al.. 20161 It is therefore exnected that basal melt-



time to nonlinear growth by entrainment
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Figure A1l. Time to nonlinear growth (t.) as a function of starting volume flux (@) using
Eq. (A3). The values of ay,, AT, pm are 2.1075°C~1, 250°C and 3950 kg m?, respectively. Note
the strong dependence on C, an experimentally based parameter with 0.5 < C < 4.0, according

to Van Keken [1997].

(©2017 American Geophysical Union. All Rights Reserved.



0 5 10 15 20 25 30

T T T T T T T ]
o 19
B 18
L 1
7L 1, ©
o | S ] ©
a% ________________________ ﬁ<
S sl - - - 16
m L 4 —~
o - 1 ~
— i 1 3
5F 1° XL
4L 14
: Ra and Volume for evolved plume ]
3f 13
I T TR T TN T AN TN TN SN TN NN TN SN TR SN NN SRR TN SN TN SN TN SRR TN TR NN TR SN SR TN N S T

0 5 10 15 20 25 30
Q0 (m3/ sec)

Figure A2. Effective Ra, (solid lines) and mature plume head volume V' (dot-dashed and
long-dashed lines for 28 Ma and 18 Ma, respectively) as a function of starting flux, @y, using
Eq. (A3). Scaling is Ra, = 9o, ATsQ3 /Nomkn, and V = (4C/9)/* /@15/4Q63/2Ra§/4t9/4 [Griffiths,
1986]. Values of «, and ATy are similar to Figure Al. Values used for C' and &, are 2.8 and
2 x 107%m? /s, respectively. Orange, red, green and blue colors correspond to 7y, = 2.5,6.5,20

and 65 x 10%° Pa s, respectively.
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Figure A3. Buoyancy flux (in Mg/sec) produced by the mantle plume parameterization and
the buoyancy flux formula (Eq. A10) as a function of plume radius and e. Evaluation of the

integral is computed 10 km above the plume top.

(©2017 American Geophysical Union. All Rights Reserved.



Figure B1. Example of heat flux in mW/m? (gpuume at 20 = 0, no crust heat included).
Geophysical parameters for the mantle plume are k,, = 2.22W/m°C, z, = 525km, ¢ = 300,
D = 15km, ¢ = 125 km and 0T},/0zy = 11°C'/km. The rationale for the assumed value for ¢ is

given in Section A1l. Values of 'x’ and 'y’ are in km.

(©2017 American Geophysical Union. All Rights Reserved.



Figure B2. Plume model heat flux at zp = 0, as in Figure B.1, but with variations in Nusselt
number (¢) and radius (¢). The top of the plume is located at a depth D = 20 km below the
crust (see Figure C.1). Frames (a) to (f) show increase with ¢ at constant . Frames (g) to
(i) show similar increases in ¢, but at twice the value of €. Frames (j) to (1) show the effect of
increase in € at constant ¢ = 300 km. This display reveals the non-unique relation between plume

parameterization and surface heat flux.
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Figure C1. Schematic of the crust and mantle plume sources of heat transport to the base of
the ice sheet. The primed frame is centered in the mantle plume, the '0” frame at the base of the

crust, and the z,y, z frame at the surface of the solid silicate Earth.

(©2017 American Geophysical Union. All Rights Reserved.



Experiments gggr source  Plume Plume depth* Plume radius € Max. qorFr Q;’fume
location (km) (km) (mW/m?)  (TW)
Initialization SRO4* N/A N/A N/A N/A N/A N/A
No-plume 60 mW /m? N/A N/A N/A N/A N/A N/A
Plume FR Plume param. FR 20-40 50-200 3-3000  60-200  0.002-0.42
Plume ECR  Plume param. ECR 20-40 50-200 3-3000  60-200  0.002-0.42
Plume SLW  Plume param. SLW 20-40 50-200 3-3000  60-200  0.002-0.42
Plume A Plume param. Varying 30 200 30 128 0.003
Plume B Plume param. Varying 20 100 3000 180 0.11
Plume C Plume param. Varying 0 100 3000 258 0.11

Table 1. List of experiments. ¢ is a proxy for the Nusselt number (see section 2.4). * Plume

depth refers to the top of the plume depth below the crust. ** @Qpume Was computed based on

the equations in Yoshida [2012]. *** SR04: Shapiro and Ritzwoller [2004]
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Table 2. Basal melt parameters at basin scale

Entire Domain Ross Basin Coastal Basin Amundsen Basin

(r)2-3 (r)4-5 (r)6-7 (r)8-9 Experiments Total melt Plume melt Total melt Mean melt Total melt Mean melt Total melt Mean melt

(Gt/yr)  (mm/yr)  (Gt/yr)  (mm/yr)  (Gt/yr)  (mm/yr)  (Gt/yr)  (mm/yr)

Plume A FR 3.18 10.5 1.44 2.29 0.34 2.39 1.41 6.33
Plume B FR 3.29 17.1 1.46 2.32 0.41 2.83 1.41 6.34
Plume C FR 3.34 26.0 1.46 2.33 0.46 3.17 1.41 6.35
Plume A ECR 3.22 0 1.57 2.50 0.27 1.85 1.38 6.45
Plume B ECR 3.37 6.2 1.64 2.62 0.28 1.90 1.38 6.50
Plume C ECR 3.46 20.8 1.75 2.78 0.28 1.90 1.38 6.50
Plume A SLW 3.27 7.1 1.63 2.59 0.21 1.43 1.43 6.19
Plume B SLW 3.34 14.9 1.75 2.78 0.21 1.44 1.45 6.19
Plume C SLW 3.40 24.4 1.81 2.88 0.21 1.44 1.45 6.19

(©2017 American Geophysical Union. All Rights Reserved.



Table 3. Model parameters
Parameter Value Description
Zm 31.4 km Crust thickness
H,; 14 km Upper layer crust thickness
Ay 1.33 1079 W/ m3® Upper crust heat production
Ay 0.27 107 W/ m?® Lower crust heat production
D Variable Mantle plume depth below the crust
c Variable Mantle plume radius
€ Variable Ratio of the “inside” to “outside” conductivity
Zy Variable Mantle plume length
0Thy/ 020 13°C/km Linearized gradient of the background temperature
Ko, 24 W/m/°C Mantle conductivity
() plume Variable (J/s) Plume heat flow
Bplume Variable (Mg/s)  Plume buoyancy flux
Jplume Variable (mW/m?) Plume induced geothermal heat flux
qGur Variable (mW/m?) Geothermal heat flux
qg)l){F Variable (mW/m?) Geothermal heat flux on top of the plume
i 917 kg/m? Ice density
k; 2.4 W/m/°C Ice thermal conductivity
L; 334 kJ /kg Ice latent heat
T, Variable (°C) Basal ice temperature
Tb(o) Variable (°C) Basal ice temperature on top of the plume
1y Variable (mm/yr) Basal ice melt rate
(0)

Variable (mm/yr)

Basal ice melt rate on top of the plume






