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[1] For seismic stations deployed on ice sheets, determining crustal structure using P wave receiver functions
can be difficult since ice reverberations may mask P-to-S (Ps) conversions from the crust-mantle boundary
(Moho). In this study, we assess the usefulness of S wave receiver functions (SRFs), which are not affected by
ice multiples, for investigating crustal structure beneath ice sheets by analyzing broadband seismic data
recorded across the Transantarctic Mountains (TAMs) and the East Antarctic (EA) craton. Clear S-to-P (Sp)
conversions from the Moho are obtained using standard SRF processing methods and are easier to interpret
than the corresponding Ps conversion on PRFs. When the Sp-S times are modeled together with 16–20 s
Rayleigh wave group velocities, we obtain Moho depth estimates of �40–45 km for the EA craton,
consistent with average Precambrian crustal thickness found globally but �9 km thicker than previously
reported estimates. A somewhat thinner crust (�35–40 km) is obtained beneath the TAMs, suggesting that
crustal buoyancy is at most a minor contributor to the uplift of the mountain range in this region.
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1. Introduction

[2] S wave receiver functions (SRFs) are becoming
a common technique to investigate seismic discon-

tinuities within and below the lithosphere that can-
not be well imaged using P wave receiver functions
(PRFs). For example, it is well documented that
multiples from P-to-S (Ps) conversions originating
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at the crust-mantle boundary (Moho) on PRFs
can mask Ps conversions from the lithosphere-
asthenosphere boundary (LAB), making the litho-
spheric structure difficult to discern [e.g., Farra and
Vinnik, 2000;Wilson et al., 2006; Yuan et al., 2006].
On SRFs, however, S-to-P (Sp) conversions from
the LAB can be more easily identified because they
arrive earlier than the direct S phase while all crustal
multiples arrive later. Consequently, SRF studies of
lithospheric thickness in many tectonic regions have
been published over the past decade [e.g., Farra and
Vinnik, 2000; Li et al., 2004; Kumar et al., 2005;
Hansen et al., 2007, 2009].

[3] A similar situation arises for seismic stations on
ice sheets and glaciers. Multiples from the Ps con-
version at the ice-rock interface may interfere with
the Ps conversion from the Moho, making it more
difficult to use PRFs from stations on ice to deter-
mine crustal thickness as compared to stations situ-
ated on rock [Zelt and Ellis, 1999; Julià et al., 2004].
In this study, we use broadband seismic data recorded
across the Transantarctic Mountains (TAMs) and the
East Antarctic (EA) craton to ascertain the usefulness
of SRFs for imaging the Moho beneath seismic
stations deployed on ice (referred to hereafter as
‘‘ice stations’’). An investigation of the lithospheric
thickness beneath Antarctic stations using SRFs is
ongoing. Our results indicate that Sp conversions
from theMoho can be clearly identified on ice station
SRFs. Moreover, when combined with Rayleigh
wave group velocity measurements obtained from
noise correlation [Pyle et al., 2008], estimates of
crustal thickness with an uncertainty of ±3 km can be
obtained. For the Antarctic stations, our analysis
yields crustal thickness estimates of �40–45 km
beneath EA, typical of Precambrian crustal thick-
ness found globally, and somewhat thinner crust
(�35–40 km) beneath the TAMs.

[4] In this paper, we first provide a review of the
SRF technique and describe the Antarctic data set.
Then, we outline our procedure using a simple grid
search modeling approach to combine the SRF data
with Rayleigh wave group velocities to estimate
crustal thickness. Finally, we conclude by assessing
the utility of the SRFs for estimating crustal struc-
ture beneath ice stations and discuss the tectonic
implications of our results by comparing them to
estimates of crustal thickness obtained from PRFs.

2. Data and Methodology

2.1. SRF Technique

[5] Details of the SRF technique have been de-
scribed in several papers [e.g., Kumar et al., 2005;

Hansen et al., 2007, 2009] but will briefly be
reviewed here. To generate the SRFs, we select S
waves with high signal-to-noise ratios from earth-
quakes with magnitudes larger than 5.7, depths less
than 200 km, and distances between 60� and 80�.
This range of depths and distances minimizes any
potentially interfering teleseismic phases [Wilson et
al., 2006]. Recorded waveforms are first rotated
from the north-east-vertical (N-E-Z) to the radial-
transverse-vertical (R-T-Z) coordinate system using
the event’s back azimuth and are visually inspected
to pick the S wave onset. The three-component
records are then cut to focus on the section of the
waveform that is 100 s prior to and 12 s after the S
arrival. In most SRF studies, it is common practice
to rotate the data a second time around the incidence
angle into the SH-SV-P coordinate system. Since
these studies tend to focus on imaging the LAB,
which produces a fairly weak Sp conversion com-
pared to that generated by the Moho, this second
rotation helps to enhance the LAB conversion of
interest [e.g., Li et al., 2004; Kumar et al., 2005;
Hansen et al., 2007, 2009]. However, since we are
focused on imaging the more pronounced Moho
conversion, this second rotation is not necessary.
Using Ligorria and Ammon’s [1999] iterative time
domain method, SRFs are generated by deconvolv-
ing the R component from the corresponding Z
component, and both the time axes and the ampli-
tudes of the SRFs are reversed to make the SRFs
comparable to the more common PRFs [e.g., Li et
al., 2004; Kumar et al., 2005]. The frequency
content of the receiver function is controlled by
the width factor of the Gaussian filter, a [Ligorria
and Ammon, 1999]. Several values of a were exam-
ined; however, the best and most consistent results
are obtained using an a of 1.0. To improve the
signal-to-noise ratio, individual SRFs were stacked
at each station.

2.2. SRFs for Antarctic Stations

[6] This study utilizes data from the Transantarctic
Mountains Seismic Experiment (TAMSEIS),
which operated from December 2000 to December
2003. The experiment included 41 temporary
broadband stations distributed along the Antarctic
coast, Ross Island, the TAMs, and into EA
(Figure 1). The goals of TAMSEIS were to study
the structure of the Precambrian EA craton as
well as the origin of the TAMs. The TAMs are the
largest noncollisional mountain range in the world
[ten Brink et al., 1997] and mark the boundary
between the EA craton and Cenozoic, tectonically
active West Antarctica (WA, Figure 1).
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[7] Our study focuses on two main subarrays of the
TAMSEIS network. The first subarray included 16
stations, spaced �20 km apart, spanning a 300-km-
wide region that strikes roughly east-west across
the TAMs (EW profile, Figure 1). The second
subarray included 17 stations, spaced �80 km
apart, which extended 1400 km from Terra Nova
(TNV) NNE-SSW across the TAMs and onto the
EA craton (NS profile, Figure 1). Since our primary
goal is to evaluate SRFs for imaging the Moho
beneath a substantial ice layer, we focused on
stations located on the EA Ice Sheet. This included

stations E012 through E030 along the EW profile
and stations JNCT through N132 along the NS
profile. However, to check the consistency of our
results with those from previous PRF studies, we
also computed SRFs for several stations deployed
on rock (‘‘rock stations’’) within the TAMs.

[8] Stacked SRFs for ice stations along both the EW
and NS TAMSEIS profiles are shown in Figure 2.
Some stations did not record enough useable data
to generate a stack with a high signal-to-noise ratio,
and these stations are not shown. Stacked SRFs
were also generated for rock stations E004, E008,

Figure 1. Map of the TAMSEIS seismic stations overlain on shaded relief bedrock topography from BEDMAP
[Lythe et al., 2001]. Stations along the EW and NS profiles are shown by black triangles and circles, respectively,
except for station JNCT (white triangle), which is common to both profiles. Other TAMSEIS stations are shown by
black squares. Two stations from the Global Seismograph Network, TNV and VNDA, are also shown for reference
(white squares).

Figure 2. Stacked SRFs along the (a) EW and (b) NS TAMSEIS profiles. Stations E004, E008, and N000 are rock
stations within the TAMs, and the rest are ice stations in EA. The black line denotes the Moho conversion from each
station.
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and N000 (Figure 2) for comparison to previous
PRF studies. Since the SRFs have not been fully
rotated to the SH-SV-P coordinate system, an
initial arrival near 0 s is observed at all stations.
For rock stations, this phase is the direct S arrival.
However, for ice stations, this phase is the direct S
arrival combined with the Sp conversion from the
base of the ice. The a value of 1.0 used in our
analysis produces a fairly wide filter that smears
the two signals together. A second arrival is ob-
served at all stations at approximately the expected
time for an Sp conversion coming from the Moho.
The timing of this conversion ranges between 3.9
and 6.6 s on the EW profile and between 4.5 and
6.8 s on the NS profile (Figure 2), where the
variability of the timing indicates variations in
crustal thickness or velocity.

2.3. Estimating Crustal Thickness

[9] To determine if the Sp times from the second
arrival on the SRFs can be reasonably interpreted
as the conversion from the Moho, we model the
Sp-S arrival time along with Rayleigh wave group
velocities to estimate Moho depth. Both the
SRFs and dispersion data are sensitive to the same
parameter, S wave velocity (Vs), but their
corresponding constraints complement in such a
way that they help bridge resolution gaps between
the data sets [e.g., Last et al., 1997]. The SRFs
primarily constrain the vertical traveltime between
the Moho and the surface while the dispersion data
primarily constrain the average crustal Vs.

[10] Dispersion data for each TAMSEIS station
were obtained from Pyle et al. [2008], who imaged
the crust and upper mantle structure of the TAMs
and surrounding areas using Rayleigh wave group
velocities obtained from the cross correlation of
ambient seismic noise. Their group velocity maps,
which were obtained by tomographically inverting
travel times between station pairs at periods be-
tween 5 and 23 s, are composed of equally spaced
hexagonal blocks whose centers are 0.5� apart. To
produce a smoothed group velocity dispersion
curve, we averaged the group velocities within
the block closest to each TAMSEIS station with
those from the nearest surrounding blocks at each
period. Along the EW TAMSEIS profile, the block
spacing is wider than the station spacing, so the
dispersion curves for some stations are the same
(see Figure S1).1 From the range of available
periods most sensitive to crustal structure, we

considered group velocities between 16 and 20 s
because the number of paths used in the ambient
noise tomography is reduced at longer periods,
making these velocities somewhat less robust [Pyle
et al., 2008].

[11] Following the approach of Last et al. [1997], a
grid search procedure was used to model the
dispersion and SRF data. First, using subroutines
from the DISPER80 package [Saito, 1988], syn-
thetic dispersion curves were generated for various
velocity-depth models and were compared to the
observed group velocities. For the ice stations, the
velocity-depth models consisted of four layers: an
ice layer, a two-layer crust, and an upper mantle
half-space. For each station, the thickness of the ice
layer was determined by averaging ice thickness
measurements acquired by ice-penetrating radar
within several kilometers of the station [Blankenship
et al., 2001; Studinger et al., 2004], and this
thickness was fixed in the grid search (see
Table S1). The Vs of both the ice layer and
the uppermost mantle were also fixed at 1.8 and
4.5 km/s, respectively. Moho depth was allowed to
vary between 25 and 52 km in 1 km increments, and
the crust was parameterized as two layers of equal
thickness. The velocities in each crustal layer were
averaged by slowness to equal a nominal mean
crustal shear velocity (Vs), which was varied
between 3.4 and 3.9 km/s. In all models, the Pois-
son’s ratio (s) of the ice, crust, and upper mantle
were set to 0.33, 0.25, and 0.28, respectively. We
used the same approach for the rock stations, except
no ice layer was included in the corresponding
velocity-depth models.

[12] Uncertainties associated with group velocity
measurements obtained from ambient noise tomog-
raphy depend on seasonal variability and generally
increase with increasing period [e.g., Yang et al.,
2007]. Since no formal uncertainties were provided
by Pyle et al. [2008], we conservatively examined
the range of models whose predicted dispersion
curves were within 0.05 and within 0.10 km/s of
the observed group velocity data. While reducing
our a priori uncertainty associated with the group
velocity measurements reduced the number of
‘‘fit’’ models, there was little affect on the resulting
mean Moho depth and Vs obtained.

[13] For each station, the models that fit the asso-
ciated dispersion data within error were examined
further by comparing their predicted Moho Sp time
to the observed Moho Sp time on the corresponding
stacked SRF. The depth and distance of each event
contributing to the stack at a given station were

1Auxiliary materials are available in the HTML. doi:10.1029/
2009GC002576.
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used to determine an average ray parameter (p).
This p was then used to compute the vertical
slowness for each layer in the model, which in
turn was used to compute the predicted Sp-S time
expected for the Moho conversion from that model.

To account for variations in the ray parameter
between different events contributing to the stack,
an uncertainty of 0.3 s was assigned to the observed
Moho Sp time. If the predicted Moho Sp time for a
given model is within the uncertainty of the ob-

Figure 3. Example of data modeling from ice station E020. (a) Red lines show the predicted group velocity
dispersion curves for models that fit the smoothed dispersion data within 0.05 km/s and that fit the SRF Moho Sp
time within 0.3 s. In this case, there are 22 ‘‘fit’’ models. (b) The range of Vs encompassed by the ‘‘fit’’ models.
(c) The range of Moho depths encompassed by the ‘‘fit’’ models. Note that these Moho depths include the thickness
of the ice layer.
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served time, the model is accepted. An example of
the data modeling is provided in Figure 3.

2.4. Additional Uncertainty Assessment

[14] The range of models that fit both the smoothed
dispersion data and the SRF Moho Sp time within
the assigned error provide some estimate of the
uncertainty associated with the crustal thickness
and Vs results. An example of this is shown by the
histograms in Figures 3b and 3c. Across all exam-
ined stations, the standard deviations associated
with the crustal thickness and Vs average 1.6 km
and 0.06 km/s, respectively.

[15] However, additional uncertainties may also
arise from the fixed parameters in the grid search.
To assess how much the crustal thickness and Vs

depend on the values chosen for these parameters,
different ranges of ice thickness, ice Vs, and crustal
s were tested. Even for stations underlain by the
thickest ice layer, such as station N132 where the ice
is �3.4 km thick, the Sp conversion points at the
base of the ice layer are within 1.5 km of the station.
Ice-penetrating radar measurements [Blankenship
et al., 2001; Studinger et al., 2004] indicate that the
ice thickness varies at most by 0.2 km over this
distance range. While ice Vs can vary over a fairly
wide range depending on the thickness of the firn
layer, seismic experiments indicate that the Vs of
ice generally falls between about 1.5 and 2.0 km/s
[Kim et al., 2007]. Estimates of the crustal s were
obtained from Finotello et al. [2008], which fall
between 0.24 and 0.27. Maximizing the ice Vs

while simultaneously minimizing the ice thickness
and crustal s within the specified limits leads to
maximum values of crustal thickness and Vs.
Similarly, minimizing the ice Vs while maximizing
the ice thickness and crustal s leads to minimum
crustal parameters. On average, these ranges lead to
a 1.5 km uncertainty in Moho depth and a 0.04 km/s
uncertainty in Vs. Combining these uncertainties
with those associated with the dispersion data and
the SRF Moho Sp times, we estimate that our Vs

are resolved to within ±0.10 km/s and our Moho
depths are resolved to within ±3 km.

2.5. Validating the Grid Search Procedure

[16] To evaluate our modeling approach, our SRF
analysis was applied to rock stations E004, E008,
and N000, and the Vs and Moho depth estimates
obtained were compared to those previously deter-
mined using PRFs. Beneath stations E004 and
E008, our Vs is �3.6 km/s while beneath station
N000, it is �3.5 km/s. Estimates of absolute crustal

Vs are somewhat limited in this region, but
Bannister et al. [2003] estimated crustal Vs be-
tween 3.4 and 3.8 km/s beneath nearby station
VNDA (Figure 1), which agrees well with our
findings. The crustal thicknesses determined by
our analysis for stations E004, E008, and N000
are 29, 38, and 33 km, respectively. These esti-
mates agree well with those of Lawrence et al.
[2006], who used PRFs to obtain crustal thick-
nesses of 31, 38, and 36 km for the same three
stations. Additionally, our results are well matched
by those of Finotello et al. [2008], who used the
H-k stacking method [Zhu and Kanamori, 2000] to
examine crustal structure beneath TAMSEIS bed-
rock stations and reported a �34 km thick crust
beneath station E004 and a �38 km thick crust
beneath stations E008 and N000. The comparable

Vs and Moho depths determined for the rock sta-
tions, whether using PRFs or SRFs, illustrates that
our modeling methodology is robust and provides
confidence in our results.

3. Results

[17] Our crustal thickness estimates are summa-
rized in Figure 4. Since our analysis produces
similar results for rock stations as PRFs, the Moho
depth beneath unexamined rock stations was taken
from Finotello et al. [2008] to extend the profiles
to the Ross Sea coastline. Along the EW profile,
the Moho depth increases from �25 km near the
coast to �40 km beneath the TAMs. Moving into
EA, there is some indication that the Moho shal-
lows slightly beneath station JNCT; however, it
then deepens beneath E018 and E020 to attain a
fairly uniform depth of �44 km beneath the end of
the profile (Figure 4a). The Vs along the profile
averages �3.6 km/s. Along the NS profile, the
Moho depth also increases from the coast inland,
changing from �20 km beneath TNV to �42 km
beneath N036. Along the rest of the profile, the
Moho depth across EA is fairly uniform, averaging
�44 km (Figure 4b). Vs along this profile ranges
from �3.6 km/s beneath stations in the Wilkes
Basin to �3.7 km/s beneath stations in the Vostok
Highlands.

[18] Is it reasonable to interpret the second Sp
arrival on the SRFs (Figure 2) as the Sp conversion
from the Moho, as we have done? To answer this
question, we compare our Vs and Moho depth
estimates beneath the EA craton to those from
other studies of Precambrian crust. Beneath the
Archean Yilgarn craton in western Australia, crust-
al thickness varies from 36 to 46 km, with crustal
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Vs between 3.5 and 3.7 km/s [Reading et al., 2003;
Goleby et al., 2004]. In southern Africa, crustal Vs

is fairly uniform, ranging from 3.5 to 3.75 km/s,
but the crust is thinner (35–40 km) beneath some

parts of the Archean Kaapvaal and Zimbabwe
cratons and thicker (45–50 km) beneath Protero-
zoic mobile belts [e.g., Nguuri et al., 2001; Nair et
al., 2006]. These trends may also be observed on a

Figure 4. Moho topography along the (a) EW and (b) NS TAMSEIS profiles, in relation to bedrock and surface
topography. Note the change of scale on the vertical axis. The blue shaded area indicates ice thickness, and our Moho
depth estimates are shown by black dots with ±3 km error bars, as described in the text. Moho depths beneath
unexamined rock stations are taken from Finotello et al. [2008].
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global scale. Mooney et al. [1998] compiled 249
measurements of crustal thickness and velocity
from Precambrian shields and showed there is little
difference in crustal velocity between terrains of
different age. They also argued that Archean terrains
tend to have somewhat thinner crust (�40 km)
compared to Proterozoic ones (�45–47 km).
In contrast, Rudnick and Gao [2003], who also
examined both Archean and Proterozoic terrains,
found that crustal thickness ranges from 35 to 43 km
regardless of age. The crustal thickness (�44 km)
and Vs (�3.6 km/s) estimates we obtain for the EA
craton are therefore consistent with those found
globally for Precambrian terrains, indicating that
the second Sp arrival on the SRFs is most likely
the Sp conversion from the Moho.

4. Discussion

4.1. Crustal Structure of the EA Craton

[19] Our crustal thickness estimates across the EA
craton are �9 km thicker than those reported by
Lawrence et al. [2006], who jointly inverted PRFs
and Rayleigh wave phase velocities. They obtained
a fairly uniform depth of �35 km for the Moho
beneath EA, with an average crustal Vs of�4 km/s.
To investigate this discrepancy, PRFs were
generated for stations along the EW TAMSEIS
profile, comparable to Figure 3 of Lawrence et

al. [2006]. For these stations, the Moho depth and
crustal velocity estimates from our analysis, along
with the associated uncertainties, were used to
determine the expected Moho Ps-P arrival time
on the corresponding PRF, and these were com-
pared to the Ps conversions interpreted by
Lawrence et al. [2006, Figure 5]. For several
stations, like E018 and E020, our comparison
indicates that the Moho Ps arrivals may have been
misinterpreted by Lawrence et al. [2006], possibly
because of the complexity of the PRFs from the ice
reverberations. For the remaining stations, there is
generally good agreement between the predicted
and observed Ps arrival times, illustrating the
consistency between the PRFs and SRFs. There-
fore, the discrepancy in crustal thickness estimates
between our results and those of Lawrence et al.
[2006] is likely related to differences in velocity.
The velocity models and crustal thicknesses pre-
sented by Lawrence et al. [2006] were also used to
determine an expected Moho Ps-P arrival time on
the corresponding PRFs. As shown in Figure 5,
these predicted times are generally too early, espe-
cially for the ice stations, and do not match the
observed Ps arrivals well.

4.2. Crustal Structure of the TAMs

[20] Although it is fairly well constrained that
uplift of the TAMs began �55 Ma [Fitzgerald et
al., 1986], uncertainties in crustal and upper mantle
structure have lead to considerable debate about the
origin of the TAMs, and a variety of uplift models
have been proposed. For example, Stern and ten
Brink [1989] and ten Brink et al. [1997, and
references therein] suggested that the TAMs
resulted from broad flexure of the EA lithosphere
along its western, rifted edge and that lateral heat
conduction from hotter mantle beneath WA pro-
vided a thermal load that aided in the uplift.
Additionally, they contend that isostatic rebound
following erosion of the TAMs also contributed to
the uplift. Studinger et al. [2004] and Karner et al.
[2005] suggested that the TAMs developed as the
result of rift flank uplift and climate-induced ero-
sional unloading. Their models do not include a
thermal anomaly beneath the TAMs but instead
require a crustal root beneath the mountain range
to provide isostatic buoyancy. Alternatively,
Lawrence et al. [2006] proposed a hybrid model
that includes crustal isostasy, thermal loading,
erosional unloading, and a flexural response.

[21] A key constraint to distinguish between com-
peting uplift models is the presence (or lack) of a

Figure 5. Stacked PRFs along the EW TAMSEIS
profile, comparable to Figure 3 of Lawrence et al. [2006].
The transition from rock stations to ice stations occurs
approximately at station E012. The white circles
indicate peaks interpreted as the Moho Ps conversion
by Lawrence et al. [2006]. The red line denotes the
predicted Moho Ps-P arrival time determined using the
crustal thickness and velocity estimates from our
analysis, with the red shaded area indicating the
associated uncertainty. The blue line denotes
the predicted Moho Ps-P arrival time determined using
the velocitymodels and crustal thicknesses fromLawrence
et al. [2006]. Note the mismatch between the blue line
and the white circles, especially for the ice stations.
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crustal root beneath the TAMs. Our results show
that the crust beneath station E012 at the crest of
the TAMs may be �3 km thicker than that beneath
station JNCT, which is further inland toward theEA
craton (Figure 4a). However, along both TAMSEIS
profiles, the crust beneath the craton is somewhat
thicker than that beneath the TAMs. Therefore, the
TAMs are at most underlain by a small root that is
locally thicker than the surrounding regions but is
thin relative to most of the EA craton. These results
differ from those of Lawrence et al. [2006] and A.
E. Block et al. (Antarctic crustal thickness from
satellite gravity: Implications for the Transantarctic
and Gamburtsev Subglacial Mountains, submitted
to Earth and Planetary Science Letters, 2009), who
indicate that the crust beneath parts of the TAMs
could be �5 km thicker than the crust beneath parts
of EA. Crustal variations along the TAMs front
may indicate that the role of thermal versus
isostatic buoyancy varies along strike. For the
portion of the TAMs examined in the current study,
our results do not support uplift models that require
a thicker root (�5 km) beneath the mountain range
as a source of buoyancy [Studinger et al., 2004;
Karner et al., 2005; Lawrence et al., 2006].
Instead, our findings are more consistent with
flexure models, in which the TAMs uplift was
driven by thermal loading and erosion [e.g., ten
Brink et al., 1997]. Seismic tomography [Watson
et al., 2006] and gravity data [Robinson and
Splettstoesser, 1984; Stern and ten Brink, 1989]
also suggest similar lithospheric structure beneath
EA and the TAMs and corroborate thermally and
flexurally driven uplift models for this region of
the mountain range.

5. Summary

[22] In this study, we have investigated using SRFs
to image the Moho beneath stations deployed on
ice using broadband seismic data from two sub-
arrays of the TAMSEIS network. Using standard
processing methods, a clear Sp conversion from the
Moho can be identified on the SRFs. When com-
bined with Rayleigh wave group velocity measure-
ments, which constrain the average crustal shear
velocity, the SRFs lead to crustal thickness esti-
mates with an uncertainty of �10%. Across EA,
we observe an average crustal thickness of 44 ±
3 km with Vs of �3.6–3.7 km/s, consistent with
estimates elsewhere for Precambrian crust. Our
results show little evidence for a thick crustal root
beneath the examined region of the TAMs; how-
ever, given the uncertainty in our Moho depth

estimates, a small (2–3 km) crustal root cannot
be ruled out.
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