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Abstract The crustal structure in the interior of Greenland is largely unknown because of its remote
location below the up to 3.4‐km‐thick ice sheet. We present a model of the crustal velocity structure in
central‐eastern Greenland based on simultaneous inversion of P and S receiver functions for data acquired at
23 broadband stations between the coast and the center of the ice sheet. The area is believed to mainly
include Precambrian basement and includes a part covered by Tertiary volcanic rocks and some sedimentary
basins. Our results show a westward deepening Moho from less than 20 km at the coast to 50 km below
central Greenland. Crustal S wave velocities are generally 3.75 km/s through the whole crust which may be
relatively small for Precambrian areas, and Vp/Vs is generally around 1.73, although slightly higher in
central Greenland. In the coastal area we observe anomalously low velocities at the top of the crust. In the
volcanic area south of Scoresbysund Fjord this layer has very high Vp/Vs (>2), which indicates a high mafic
content and the presence of water‐filled cracks in the basaltic material. In the north, outside the volcanic
area, Vp/Vs is normal and the low‐velocity layer probably is instead related to the presence of sedimentary
basins. At stations in the center of our study area we find low Vs and high Vp/Vs in the lower crust. Based
on the Moho topography, our results do not support Airy type isostasy as explanation of the high topography
in eastern Greenland.

Plain Language Summary Crustal structure in interior Greenland is largely unknown due to its
inaccessibility. The origin of the mountains at the rim of Greenland is enigmatic, and cannot be explained by
standard plate tectonic processes. We present the first crustal structure profile across the mountains and
to the centre of Greenland which is needed for constraining the possible mechanisms that formed the
mountains. We conclude that crustal isostasy cannot explain their presence.

1. Introduction

Unusually high mountains are present along the whole of the passive margins on both sides of the North
Atlantic Ocean with altitudes reaching 2,500 m in southern Norway and 3,700 m in central eastern
Greenland. Similar high mountain ranges exist at other passive margins in, for example, Brasil, South
Africa, and eastern Australia. Whereas plate tectonic theory explains the presence of mountain ranges at
plate boundaries, it does not explain the existence of high mountain ranges outside plate boundaries, such
as along passive margins. In order to study the origin of such enigmatic mountain ranges, a series of experi-
ments are being conducted in Scandinavia and Greenland, in particular by seismological methods (e.g.,
England & Ebbing, 2012; Kvarven et al., 2016; Maupin et al., 2013; Stratford & Thybo, 2011; Weidle et al.,
2010), fission track estimates of uplift rates (e.g., Hendriks & Redfield, 2005; Japsen et al., 2005; Pedersen
et al., 2012), geomorphology (e.g., Japsen et al., 2006, 2009), and other geological methods (e.g., Anell
et al., 2010, 2012; Gabrielsen et al., 2010). Most studies have for logistical reasons been carried out in
Scandinavia. For an overview we refer to Anell et al. (2009). Three seismological studies were conducted
in eastern to central Greenland during 2009–2013: 10 broadband seismometers were deployed along a profile
around 73°N (Schiffer et al., 2014), an active source seismic profile was acquired around 70°N on the ice
sheet (Shulgin & Thybo, 2015), and the data for the present study were acquired between 70 and 72°N from
the east coast to the center of the ice sheet (Kraft et al., 2018).

The geological and geophysical knowledge of interior Greenland is very limited, because more than 80% of
the area is covered by the up to 3.4‐km‐thick ice sheet (Figure 1). This leads to challenging conditions for
geophysical fieldwork and previous studies were controlled‐source experiments conducted offshore on the
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continental margin and at the continent‐ocean transition (e.g., Chian & Louden, 1992; Dahl‐Jensen et al.,
1998; Døssing et al., 2016; Funck et al., 2017; Holbrook et al., 2001; Hopper et al., 2003; Kvarven et al.,
2016; Schlindwein & Jokat, 1999; Voss et al., 2009; Voss & Jokat, 2007) and on the ice‐free onshore parts
(Voss et al., 2009; Hermann & Jokat, 2016; for an overview, see Artemieva & Thybo, 2013). The GLATIS
project (Dahl‐Jensen et al., 2003) was the first seismological study to include the ice‐covered interior of
continental Greenland. These data were used for receiver function studies (Dahl‐Jensen et al., 2003;
Kumar et al., 2007), surface wave tomography (Darbyshire et al., 2004), and SKS splitting analysis (Ucisik
et al., 2008). These studies were based on data from 16 stations (of which four were located on the ice
sheet), covering an area of 2,166,000 km2 with a station spacing of several hundreds of kilometers, and
they led to the first seismological knowledge of the structure of the lithosphere of interior Greenland at
low resolution. Recently, Darbyshire et al. (2018) interpreted the crustal structure of Greenland by surface
wave analysis of new data from the Greenland Ice Sheet Monitoring Network (GLISN) project.

Only very recently the first regional seismological studies in onshore Greenland were carried out. Schiffer
et al. (2014) interpret an eastward dipping interface detected by seismic receiver functions as a fossil subduc-
tion zone close to the east coast at around 73°N based on P receiver functions. Kraft et al. (2018) image the
fine structure of the mantle transition zone and interpret it in terms of the thermal structure. Shulgin and
Thybo (2015) analyze the first active source seismic profile data acquired on the ice sheet and observe a
Moho depth of approximately 50 km in the center of Greenland to the south of the Summit station and
slightly shallower values of around 42 km in the eastern part of the ice‐covered part of our study area around
STA12 (Figure 2).

Here we provide the first detailed areal interpretation of crustal structure in an area of approximately 200 by
600 km size in central‐eastern Greenland. We base the interpretation on joint P and Swave receiver function
inversion for velocity structure by analyzing data from 23 stations that were deployed on basement rocks
near the coast and on the ice cover in the interior parts of Greenland.

1.1. Geological Setting

Themajor part of Greenland is a Precambrian shield including an Archaean block of unknown extent below
the ice in the south, and several Proterozoic mobile belts, partly consisting of reworked Archaean terranes

Figure 1. Geological map of Greenland (after Henriksen, 2008). Printed with permission fromGEUS (geological survey of
Denmark and Greenland). The onshore tertiary basaltic provinces form part of the North Atlantic Igneous Province
(NAIB). The Jameson Basin is the largest of the Devonian to Tertiary basins in Greenland—marked JB.
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(Figure 1). The northern half of the east coast is dominated by the up to 300‐km‐wide Caledonian fold belt,
which originates from the collision between Laurentia and Baltica after the closure of the Iapetus Ocean.

Mountain ranges exist on both sides of the North Atlantic. They include the Caledonian fold belt, an approxi-
mately 55‐Ma‐old volcanic region connected to the North Atlantic Igneous Province (NAIP), large inverted
sedimentary basins with Mesozoic sediments at elevations up to 1,000 m, and large areas with Precambrian
basement rocks (Figure 1). It is highly debated whether the current topography of up to 3.7 km on the two
sides of the North Atlantic Ocean is a remnant of the Caledonian orogeny (Doré et al., 2002; Pedersen et al.,
2012) or caused by more recent uplift during the last 65 Ma (Gabrielsen et al., 2010; Japsen et al., 2014;
Japsen & Chalmers, 2000). However, the former model can only explain the topography in the areas affected
by the Caledonian orogeny but not Precambrian areas along most of the coast of Greenland, as well as the
Mesozoic inverted basins and the NAIP related volcanic rocks that presumably erupted around sea level.
Recent GPS studies have revealed uplift rates of up to 30 mm/year at one station in eastern Greenland close
to the volcanic field (Bevis et al., 2012). Anell et al. (2009) present a review of the current knowledge of uplift
in this region.

During the initial rifting and opening of the North Atlantic Ocean, Phanerozoic sedimentary basins formed
in North and North‐East Greenland, including the Jameson Basin (Figure 1) inside our study area with sedi-
ment thicknesses of up to 18 km below Jurassic sedimentary rocks (Henriksen et al., 2009). Another enig-
matic feature of Greenland's geology are the outcrops of basalts on both the east and the west coast. On
the west coast these outcrops are believed to be between 4 and 10 km thick and most of the eruptions took
place between 62 and 60 Ma, with the youngest material dated to be 55 Ma (Henriksen et al., 2009). The
basalts at the east coast are slightly younger (56 to 55 Ma) and also form layers believed to be more than
5 km, possibly up to 10 km thick (Brooks, 2011; Larsen et al., 2014). These volcanic rocks were emplaced
as a part of the North Atlantic Igneous Province (NAIP), which covers a large area of the North Atlantic
region and had its main magmatic phase between approximately 60.5 and approximately 54.5 Ma (Jolley
& Bell, 2002; Petrov et al., 2016). Nevertheless, it is difficult to explain the magmatic material at the west
coast by the NAIP.

The suggested track of the Iceland hot spot below Greenland (Lawver &Müller, 1994) may explain the mag-
matism in West and East Greenland, but this reconstruction shows that the hot spot was located at the west

Figure 2. Topography in the study area and locations of the stations used for receiver function calculations. Blue triangles
mark the stations of the temporary deployment from 2009 to 2012, and yellow triangles mark the stations from the GLISN
and GLATIS projects. Upright triangle means that the station was installed on bedrock, and upside down triangle
means station installed on ice. SF marks the Scoresbysund Fjord. Topography data from Amante and Eakins (2012).
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coast at approximately 70 Ma and at the east coast at approximately 40 Ma. Another more recent reconstruc-
tion indicates that the Iceland hot spot remained close to the east coast of Greenland within our study area
from approximately 70 to approximately 40 Ma (Torsvik et al., 2015). Hence, the relation between the NAIP
and the Iceland hot spot track remains unclear. Henriksen et al. (2009) provide a detailed description of the
surface geology of Greenland as an authoritative source of information.

2. Data and Method
2.1. Data Set

We present the results of receiver function inversion for crustal velocity structure in central‐eastern
Greenland based on data from 23 broadband stations. The main part of the data has been acquired with
18 Streckeisen STS‐2 three‐component broadband stations, which were temporarily installed from June
2009 until May 2012 (10 stations on the ice sheet) and June 2011 (8 stations on bedrock). The stations covered
an area of around 200 km× 600 km between Scoresbysund Fjord (Figure 2) at the east coast and the center of
the ice shield. Thirteen stations formed a profile along 70°N with a station spacing of around 35 km, and the
remaining 5 stations covered the area further north (Figure 2). The 10 seismometers on the ice were installed
in 2‐m‐deep holes on a wooden plate, insulated, and then covered with snow. All stations were powered
from solar panels. Due to the high latitudes and the resulting lack of sunlight during winter all stations
ran out of power for at least three months during winter. Some of the stations on ice were tilted, probably
due to heat production of the active seismometers and therefore lost the horizontal components after around
four to five months. After the deployment described here, the GLISN project has obtained improved perfor-
mance by using insulating foam instead of wooden plates. The stations were maintained annually during
the summers.

Data acquisition was enabled by grants to HT from Research Council for Nature and Universe and the
Carlsberg Foundation. The data have been acquired in order to carry out a suite of seismological interpreta-
tions with, for example, seismic body and surface wave tomography. Acquisition involved the use of a Twin
Otter airplane for the initial deployment of the broadband stations on the ice sheet, helicopters to reach the
remote locations on bed rock, and primarily snow mobiles on expeditions for maintenance and recovery of
the stations on the ice sheet, by small groups led by HT. The data will become publicly available.

For the interpretation, we have further included data from four stations (DBG, ICESG, SCO, SUMG) of the
GLISN network (Clinton et al., 2014) and HJO of the GLATIS project (Dahl‐Jensen et al., 2003; Table 1 and
Figure 2).

For compilation of a Moho map we included the results from another receiver function study based on data
from 10 stations in the northern part of the study area (Schiffer et al., 2014) as well as the results from several
refraction experiments in the fjords of eastern Greenland (Mandler, 1995; Schmidt‐Aursch & Jokat, 2005)
and the only existing onshore active‐source seismic profile on the ice sheet along part of our main profile
at 70°N (Shulgin & Thybo, 2015).

Data for events with magnitudes greater than 5.4 and epicentral distances between 35° and 90° were cut out
of the continuous seismological data and visually inspected for quality control. In general, the stations on ice
show a much higher signal‐to‐noise ratio than the stations on bedrock, which were close to the coast and
therefore subject to strong noise level from the Atlantic Ocean.

2.2. P Receiver Functions

We calculate P receiver functions (PRF), which utilize the difference in travel times between direct P and
their corresponding S phases that have been converted and reflected at discontinuities following the
approach of Vinnik (1977). We rotate the seismograms using the back azimuth and measured apparent inci-
dence angle into an LQT coordinate system to separate the P and S wave energy. The L axis is parallel to the
principal particle motion of direct P, and hence contains mainly P wave energy. Axis Q is normal to L in the
wave propagation plane and includes the SV motion. Axis T is perpendicular to the L and Q axes and corre-
sponds to the SH‐wave motion (horizontally polarized S wave). To equalize and remove source effects the Q
and T components are deconvolved by a time domain spiking filter derived from the L component. The
deconvolution is performed in the time domain by the technique of Berkhout (1977). Application of this
technique for calculation of PRF assumes that the P waveform which is used for deconvolution consists of
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signal and noise. A damping parameter of 3 is found by trial and error to account for the noise and is used to
minimize the distortion.

In the case of a seismically isotropic medium there is no converted SH phase. We do not observe strong
signals on the T component and hence no indication for strong anisotropy and lateral heterogeneity.
Our further analysis is based on the Q component. In order to improve the signal‐to‐noise ratio, we
applied stacking where we assume a reference slowness of 6.4 s/deg, which corresponds to an epicentral
distance of 67°.

The PRFs are band‐pass filtered with corner periods of 30 and 2 s. Additional low‐pass filtering with different
corner frequencies was tested after the initial stacking. We find that a 5‐s low‐pass filter provides the clearest
results, which indicates a picking uncertainty of approximately 0.5 s, corresponding to approximately 4‐km
vertical resolution.

The number of useful events per station varies from 8 for STA02 to over 300 for the permanent station
SUMG, which provides data for more than 10 years. To achieve a sufficient number of events per stack,
we summed in some cases the signals from two or three neighboring, temporary stations. The back azimuths
of the events available for processing are primarily in a northerly and a south‐westerly direction with a few
events from an easterly direction (Figure 3).

The single‐event PRFs are moveout‐corrected for the reference slowness before stacking all events for each
station in order to enhance the signal‐to‐noise ratio. All single‐event PRFs were visually checked and only
those with a high signal‐to‐noise ratio were kept for further processing. The maximum distance from the
conversion points at Moho to each station are around 6 km for the eastern stations, where the Moho dips
approximately 10° maximum, and around 14 km for the westernmost stations where there is very little var-
iation in Moho topography. This justifies the application of our stacking procedures, as the maximum varia-
tion in Moho depth for the stacked traces for STA2 and STA3 is about 1.7 km, which is well within our
estimated uncertainty. Likewise, the stacking of STA7 with STA9 and HJO includes an altitude variation
of 1,800 m, which is within the estimated uncertainty of 4 km. In case the S/N ratio of the data would

Table 1
Station Locations, Used Residuals, and Moho Depth Below Surface

Station

Coordinates
Ice

Thickness

Number of Events Residuals
Moho
DepthLatitude Longitude Altitude PRF SRF Δtp Δts

STA02 + STA03 70.14°N 23.089°W 513 m 26 (8 + 18) 37 (20 + 17) −0.1 s −0.3 s 14 ± 4 km
70.15°N 23.946°W 854 m

STA04 70.255°N 24.892°W 543 m 14 16 −0.125 s −0.375 s 24 ± 4 km
STA06 70.304°N 26.881°W 457 m 14 20 0.25 s 0.75 s 35 ± 4 km
STA07 + HJO + STA09 70.336°N 27.881°W 1083 m 34 (11 + 9 + 14) 34 (12 + 9 + 13) 1.5 s 4.5 s 42 ± 4 km

70.35°N 28.16°W 40 m
70.446°N 30.089°W 1845 m

STA11 + STA12 70.548°N 31.579°W 2666 m 1460 m 35 (12 + 23) 29 (10 + 19) 0.4 s 1.2 s 42 ± 4 km
70.599°N 32.538°W 2811 m 1830 m

STA13 70.621°N 33.497°W 2931 m 2270 m 20 13 −0.1 s −0.3 s 42 ± 4 km
STA14 + STA15 70.648°N 34.478°W 3008 m 2520 m 29 (10 + 19) 20 (8 + 12) 0.4 s 1.2 s 42 ± 4 km

70.671°N 35.425°W 3076 m 2790 m
STA16 70.685°N 36.379°W 3123 m 2980 m 18 18 0.7 s 2.1 s 43 ± 3
STA17 70.679°N 37.325°W 3152 m 3080 m 18 17 0.5 s 1.5 s 45 ± 3 km
STA18 71.637°N 38.291°W 3164 m 3290 m 23 18 0.75 s 2.25 s 38 ± 5 km
STA19 72.233°N 32.909°W 2860 m 2550 m 12 5 −0.2 s −0.6 s 38 ± 4 km
STA20 71.564°N 33.028°W 3164 m 2260 m 15 9 0.6 s 1.8 s 29 ± 5 km
STA22 71.944°N 27.987°W 1263 m 19 28 0.1 s 0.3 s 48 ± 4 km
STA24 71.369°N 24.891°W 224 m 23 30 0.95 s 2.85 s 24 ± 4 km
DBG 74.31°N 20.22°W 10 m 122 56 0.4 s 1.2 s 21 ± 4 km
ICESG 69.09°N 39.65°W 2932 m 2500 m 114 59 0.1 s 0.3 s 32 ± 4 km
SCO 70.48°N 21.95°W 69 m 73 91 1.0 s 3.0 s 28 ± 3 km
SUMG 72.58°N 38.45°W 3275 m 3050 m 334 262 0.9 s 2.7 s 51 ± 5 km

Note. Uncertainties of Moho depth are estimated by visual inspection of the velocity inversion results.
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have been better we could have opted for using single station inversion of the receiver functions, but the
available data do not allow such procedure due to the noise level.

The resulting PRFs show clear Moho conversions for stations on bedrock, whereas the PRF Moho signal for
the ice stations is masked by strong reverberative arrivals from multiples generated in the ice
cover (Figure 4).

2.3. S Receiver Functions

The S receiver function (SRF) method utilizes S to P converted phases. A main advantage of this method is
that the multiples do not interfere with the signal of the SRF (the Sp phases), because it arrives earlier than
the direct S wave, while the multiples arrive later. For SRF calculations we select events with an epicentral
distance between 65° and 90° and rotate the seismograms into a QLT coordinate system, where the Q axis is
parallel to the S wave particle motion in the wave propagation plane and corresponds to the SV movement.
The L axis is perpendicular to Q and in the same plane. The L component contains only P energy and is
therefore used to detect the Sp converted phases. T is perpendicular to the wave propagation plane.
Similar to the PRF, spiking deconvolution is applied with a damping parameter of 3. In an isotropic Earth
the Sp phase is generated by the SV component. In the case of anisotropy, Sp phases also originate from
the SH component (horizontally polarized S wave). To enhance the effect of SV converted phases and to
increase the signal‐to‐noise ratio, the SRFs are stacked with a weighting factor according to the noise level
in the interval from −60 to −20 s. For the SRF we use a band‐pass filter with corner frequencies of 30 and
8 s. Further details regarding the method are described by Farra and Vinnik (2000).

All S receiver functions show clear conversions from the Moho (Figure 4) also for stations on the
ice sheet.

2.4. Inversion

We calculate velocity models from our data by simultaneous inversion of the PRFs and SRFs under the
assumption of a laterally homogeneous and isotropic Earth in the vicinity of the station. Each inversion is
run for four independent, random starting models within specified allowed limits. The optimal models are
found by an iterative procedure similar to the simulated annealing approach by Mosegaard and
Vestergaard (1991). In this technique, the misfit between the actual and synthetic functions is minimized
by forming a set of model perturbations. The misfit (cost) is defined as the RMS difference between the
recorded and synthetic components of the receiver functions.

The models are defined by Vp, Vs, and layer thickness with a maximum of nine layers, where density is
derived from Vp by application of Birch's law. An Earth flattening transformation is applied according to

Figure 3. Event distribution for STA18, for P (left) and S (right) receiver functions. Each star marks the epicenter location
of an event used in the RF calculation. The concentric circles mark 30°, 60°, and 90° epicentral distance to the center of the
array.
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Biswas (1972). This technique assumes similar slowness for the P wave and the converted Ps phases in the
same recording. The actual difference can be neglected for relatively small depths (less than ~300 km) and
long periods (more than ~5 s).

The inversion iteratively modifies themodel to minimize the RMSmisfit between the observed and synthetic
RFs calculated with a Thomson‐Haskell matrix algorithm for plane waves and horizontal interfaces
(Haskell, 1962). This is done simultaneously for PRF and SRF. For each starting point, 105 models are calcu-
lated and the last 10,000 are kept. These numbers are sufficient for the trial models to converge to those pro-
viding a small misfit between the actual and modeled components of the receiver functions. The last 5% of
the trial models are used to evaluate the posterior distribution of the model parameters near the misfit mini-
mum. For visualization the parameter space is divided into cells and the number of hits per cell is shown by a
color code. We present similar statistics for synthetic receiver functions. A comparison of this statistics with
the actual receiver functions demonstrates the quality of the fit. Further information regarding the inversion

Figure 4. (a and c) P and S receiver functions for stations along the profile at 70°N and (b and d) outside the main profile.
Red/blue amplitudes relate to conversions from a positive/negative velocity discontinuity. The signal‐to‐noise level is high.
The stations on bedrock (black labels) show clear Moho P and S conversions at times of 2 to 6 s (marked with M), with
gradually increasing delay time from east to west. The stations on ice (blue labels), however, show very different charac-
teristics, including a stronger negative amplitude before 0 time than stations on bedrock which is most likely a sidelobe
of the conversion at the bottom of the ice. The first 15 s of the PRFs are dominated by high‐amplitude conversions from the
interface between ice and bedrock and their multiples (marked with Mul). This includes the time interval, where we
expect the signal from the Moho. Its amplitude is smaller and it is therefore masked by the ice reverberations. However,
the SRF shows clear conversions from the Moho (M), because they arrive before the ice multiples.
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code is provided by Vinnik et al. (2006) and Kiselev et al. (2008). Our study is the first application of this
method to data from an ice sheet.

Additional input parameters are the mantle travel time residuals for the P and S waves in comparison to
IASP91 (Kennett & Engdahl, 1991). We obtain these residuals from the delay times of the mantle transition
zone signals P410s and P660s (Kraft et al., 2018). The inversion is calculated to a depth of 300 km, but here
we show the results only to a depth of 70 km, since we are focusing on the crustal structure. As noted by
Silveira et al. (2010), the apparent incidence angle of the P wave depends on the crustal S wave velocity,
whereas that of the S wave depends on both P and S wave crustal velocities. Both angles are measured in
the actual recordings to rotate the axes and both are used in the inversion procedure. As a result, the absolute
values of the P and S velocities and their ratio are constrained in the inversion procedure. The inversion
result can be further constrained by teleseismic P and Swave travel time residuals (Δtp and Δts) with respect
to IASP91. These residuals are obtained from the residuals of the converted phases P410s or P660s (ΔTp410s
andΔtp660s) under the assumption that the residuals are accumulated in the depth range of themodel (from
0 to 300 km). This is justified if the differential time between P660s and P410s is close to the standard value
(23.9 s), which indicates that the 660‐ and 410‐km boundaries are located at their standard depths and the
residuals of P410s and P660s present the effect of volumetric velocity anomalies in the crust and the upper
mantle. In this case, ΔtP410s = Δts − Δtp, where Δtp and Δts can be determined from their ratio Δts/Δtp. A
typical value of this ratio is close to 3 (Vinnik et al., 1999).

In eastern central Greenland the differential time often deviates from the standard value (Kraft et al., 2018)
and accurate values of the residuals related to the crust and upper mantle are to some extent uncertain. This
made us perform inversion with trial values of the residuals. In general, the resulting overall crustal struc-
ture is independent of the residuals used (Figure 5) regarding both Moho depth and crustal velocities. The
results were selected based on the distinctness of the velocity models. As shown by the width of the high‐
density parts of the posterior distributions, the resulting Swave velocities are more accurate than the Pwave
velocities. The accuracy of the Vp/Vs ratio is sometimes sufficient to observe systematic variations of this
ratio with depth. We therefore use mainly the Vs model for our further analysis.

For the stations on ice, the thickness and the velocities of the ice were given as fixed a priori input parameters
(Amante & Eakins, 2009; Wittlinger & Farra, 2012). Although the Moho signal in the PRF is contaminated
by reverberations from inside the ice, we obtain clear results for the crustal structure from the joint inversion
of PRF and SRF for the ice stations, mainly because the relevant parts of the S receiver functions are unaf-
fected by ice multiples.

3. Results
3.1. Example Stations

To illustrate the quality of the receiver function inversion, we discuss the inversion results in detail for two
stations on the ice sheet and two stations that were located on bedrock. Stations STA13 (Figure 5b) and
SUMG (Figure 6a) were operating on 2,270‐ and 3,050‐m‐thick ice. The ice layer was given as an a priori
input to the inversion procedure with Vp = 3.8 km/s and Vs = 1.8 km/s, as seen on top of all three resulting
models (Vp, Vs, and Vp/Vs).

STA 13 (Figure 5b) shows a stable high Vs of around 3.75 km/s in the crust. The relatively constant value
through the whole crust is surprising, in particular the high Vs in the upper crust, but it is a well‐constrained
observation, as also indicated by the narrow central part of the velocity contours from the inversion. Vp is a
more uncertain parameter than Vs in RF inversion.Whether the very high Vp of around 6.5 to 7 km/s directly
underneath the ice is a real feature or an artifact of the ice is unclear. At a depth of around 28 km there is a
positive jump in Vp from 6.1 to 7.1 km/s and an increase of Vp/Vs from 1.6 to 1.8. A clear converter is
observed in all three models at approximately 42 km with velocity jumps to 7.9 and 4.65 km/s, which we
interpret as the Moho.

The inversion results for station SUMG (Figure 6a) are based on a large amount of data as this station has
been operating for a period of more than 10 years. Again the ice layer was given as fixed input. The upper
crust appears to have a very high Vp of approximately 6.8 km/s and a Vs of approximately 3.75 km/s corre-
sponding a Vp/Vs of 1.8. There is indication for a possible interface at around 12‐km depth. There is a clear
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Figure 5. Inversion results for STA13 with three different sets of travel time residuals. Each figure consists of the resulting Vp and Vs model, the corresponding
Vp/Vs ratio, the input PRF and SRF (dashed line) together with the synthetic RFs based on the velocity models, and a plot showing statistics for the travel time
residuals for the calculated models. The color coding in both models and the synthetic RF shows the number of the 105 calculated models (or synthetic RF)
that hit the respective point. The red lines in Vp, Vs, and Vp/Vs show the depth‐dependent upper and lower limits of velocity of the allowed solution space. The black
line shows the IASP91 model for comparison. The three sets of residuals are (a) Δtp = 0.2 s, Δts = 0.6 s; (b) Δtp = −0.1 s, Δts = −0.3 s; and (c) Δtp = 0.45 s,
Δts = 1.35 s. All three sets of residuals lead to the same Moho depth (approximately 42 km) and the crustal velocities are similar. The models for Δtp = −0.1 s,
Δts = −0.3 s and Δtp = 0.45 s, Δts = 1.35 s both show clear results, but the fit for SRF is slightly better in Figure 5b and the hit count for the P residual has a more
regular shape, which is the reason that we chose Δtp = −0.1 s, Δts = −0.3 s.
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discontinuity at around 37 km to velocities of 7.0 and 4.2 km/s and a surprisingly low Vp/Vs of 1.7. We
interpret the clear jump to a Vp of 8.0 km/s and the gradual jump to 4.6 km/s in Vs at around 51 km to be
the Moho. The fit between the observed and the synthetic PRFs is very good and even the internal
reverberations from inside the ice are very well reproduced.

Figure 6. Examples of the inversion results for stations (a) SUMG, (b) STA04, and (c) SCO. See Figure 5 for figure description. Similar plots are shown for all sta-
tions in the supporting information.
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STA04 (Figure 6b) was installed on bedrock on the profile along 70°N. We find only 14/16 events of suffi-
ciently high quality for calculation of PRF/SRF. Despite the small number of events, the inversion shows
very clear results, as demonstrated by the fit between observed and synthetic RFs and the regularly shaped
residual histograms. A characteristic thin low‐velocity layer is identified in the uppermost crust with a thick-
ness of approximately 7 km and Vs < 3 km/s as well as a high Vp/Vs of 2. Below this low‐velocity layer the
velocities are Vs = 3.75 km/s and Vp = 6.9 km/s, resulting in an Vp/Vs of 1.84. At a depth of 25 km there is
a clear converter with jumps to 4.5 and 7.5 km/s, respectively, which we interpret as the Moho. The depth
of 25 km is in agreement with results by Schmidt‐Aursch and Jokat (2005) from a wide‐angle reflection
and refraction profile in the fjord a few kilometers north of STA04. These authors observe a steep dip of
the Moho to the west of STA04, and therefore, we choose to not combine the data of STA04 with data from
neighboring stations.

Station SCO (Figure 6c) operates also on bedrock in Scoresbysund approximately 50 km north of STA04 on
the other side of Scoresbysund Fjord. For SCO we could use data from a five‐year‐long period and also here
the fit between observed and synthetic RFs is good. The inversion results indicate also here the presence of a
low‐velocity layer at the top of the crust with a thickness of 8 km. In contrast to STA04, the Vp of approxi-
mately 5.5 km/s and the Vs of 3.1 km/s are both relatively low and the Vp/Vs of approximately 1.75 is small
and much smaller than for STA04. Below this layer we observe crust with stable Vp = 6.5 km/s and
Vs = 3.75 km/s down to a clear converter at 28 km, which we interpret as the Moho in agreement with
28 km from Dahl‐Jensen et al. (2003) and 27 km from Kumar et al. (2007). Figures showing the inversion
results for all stations of the array are shown in the supporting information.

3.2. Crustal Structure of the Study Area

The resulting Vs models from all the inversions (Figure 7) show a clear variation in crustal thickness in the
area from a very thin crust (less than 20 km thick) in the eastern part of the study area to 50‐km‐thick crust in
central Greenland. For the 5–30‐s period band, corresponding to wavelengths larger than 40 km, we find that
the picking uncertainty of arrivals is around 4 km, which is also the uncertainty we estimate by visual inspec-
tion of the inversion results.

Along the profile at 70°N (Figures 7 and 8, upper profile), we observe a relatively steep deepening of Moho
over a distance of approximately 170 km from a depth of 14 km at STA02 + STA03 to 42 km at
STA07 + HJO + STA09. Further westward the Moho deepens gradually to 44 km at STA17 without much
change in the Vs profile, although stations STA07 + HJO + STA09 and STA16 show a tendency for elevated
lower crustal Vswith constant Vp/Vs. Stations STA11 + STA12, STA13, and STA14 + STA15 are located close
to each other in the central part of the study area. They do not show elevated Vs but instead include elevated
Vp/Vs in the lower crust. These two observations indicate that a distinct lower crust is present below most of
the ice sheet along this profile. The easternmost stations show low Vs in the uppermost crust.

The other stations in the study area (Figures 7 and 8, lower profile) do not follow a linear profile, but have
been ordered according to longitude. They show a shallow Moho (22–28 km) at the coast (DBG, SCO,
STA24) followed by some undulation between 44 km at STA22 and 32 km at STA18/STA19, as the deepest
converter identified in the velocity models, and ICESG to the deepest Moho in the area of 51 km at
SUMG. For STA20 we choose the deepest converter at approximately 44‐km depth instead of the stronger
converter at approximately 25 km because the nearby refraction seismic profile shows that the Moho is
deep and because the Moho is substantially deeper than 25 km at STA19 as well as STA11 + 12 and
STA13. The strong converter at approximately 25‐km depth must therefore represent the transition into
the lower crust, and its strength may indicate that the lower crust has very high seismic velocity. The
westernmost stations STA18, SUMG, and ICESG include high Vs close to 4 km/s in the lower crust below
depths of 25–35 km without change in the Vp/Vs ratio. These three stations are located further to west
than the end of the 70°N profile, such that there is no discrepancy between the results along these
two profiles.

The southernmost station, ICESG, shows triple layering: an upper crust, a low‐velocity middle crust, and a
high‐velocity lower crust. We do not observe similar crustal layering at any other station, and ICESG is
200 km away from the nearest other station of our array.
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Some of the coastal stations (STA02 + 03, STA04, STA06, DBG, SCO, STA24) show a pronounced low‐
velocity layer in the uppermost crust with Vs < 3 km/s and a thickness between 3 and 10 km with thinning
from east to west (marked with red and black ellipses). This low‐velocity layer (Figure 8) has different char-
acteristics to the south and north of Scoresbysund Fjord. The southern group has very high Vp/Vs larger than
2 (STA02 + STA03, STA04, STA06; red ellipses) and the northern group has low to normal Vp/Vs between 1.5
and 1.75 (DBG, SCO, STA24; black ellipses). The stations with high Vp/Vs in the low‐velocity layer are
located on Tertiary basaltic rocks, while the stations with the low to normal Vp/Vs are located in the region
of the Caledonian fold belt and at the major sedimentary basin at Jameson Land.

The results indicate strong variability in Vp/Vs ratio in the shallow crust for some of the stations that were
deployed on the ice sheet. However, we have avoided interpreting these abrupt changes in uppermost crustal
Vp/Vs between neighboring stations because the influence of the presence of the ice layer may be very strong,
whereas there are no similar effects for stations on bedrock.

4. Discussion
4.1. Crustal Structure

We have constructed a map of the depth to Moho in the study area (Figure 9) based on all the available data
from the region. The overall trend includes a significant westward Moho deepening from the coast toward

Figure 7. Vsmodels for all stations. (top) Stations along the profile at 70°N. (bottom) Stations outside the profile. The blue line connects the interface that we inter-
pret asMoho. Blue labels = ice station, black label = bedrock station. Red ellipses: low‐velocity layer on top with high Vp/Vs, black ellipses: low‐velocity layer on top
with normal Vp/Vs, cyan ellipses: low‐velocity lower crust.
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the center of Greenland without significant variation in the north‐south direction and with only very little
local deviation from the general trend.

The onshore southeastern part of the map has particularly thin crust at the northeastern edge of the large
volcanic province related to NAIP where the crustal Vs is also relatively high. The thin crust is surprising,
as one would expect that magmatic addition to the crust, as indicated by the high Vp/Vs, would rather
thicken the crust by underplating processes (Thybo & Artemieva, 2013) than make it thinner. Thickening
by underplating processes is also observed at the continental margins around the North Atlantic Ocean
(Artemieva & Thybo, 2013) and significant underplating is observed on the continental margin of
Greenland further to the south (Dahl‐Jensen et al., 1998). The crust on the Greenland‐Iceland Ridge (in
the offshore parts slightly further to the south) has double thickness of approximately 30 km and has been
interpreted to be of oceanic origin (Holbrook et al., 2001). High mantle temperature in relation to the
Iceland hot spot may have caused the formation of very thick oceanic crust (Reid & Jackson, 1981; White
et al., 1992), although there are unresolved aspects of this model (Artemieva & Thybo, 2008). On this back-
ground the very thin crust in our area is not readily explainable. In the south, the formation of oceanic crust
leads to very thick crust due to high mantle temperature and slightly further north high influx of mafic
magma to the volcanic province results in thin crust. Thinning of the original continental crust may have
played a role, but considering the very high Vs and its likely relation to magma addition to the original

Figure 8. Vp/Vs models for all stations. (top) Stations along the profile at 70°N. (bottom) Stations outside the profile. The blue line connects the interface that we
interpret as Moho. Blue labels = ice station, black label = bedrock station. Red ellipses: low‐velocity layer on top with high Vp/Vs, black ellipses: low‐velocity layer
on top with normal Vp/Vs, cyan ellipses: low‐velocity lower crust.
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crust, this thinning must have been extreme. However, it cannot be excluded that underplating in relation to
the large igneous activity mainly has taken place within the central parts of the volcanic province and thus
may have left the rims of the volcanic province unaffected in the deep crust.

One may also speculate if we could have misinterpreted extremely high crustal velocity values at the base of
the crust as mantle velocities, but a seismic refraction profile in Scoresbysund Fjord shows no sign of such a
layer and identifies clear mantle velocity of 8.0 km/s below a depth of 20 km for stations deployed along our
profile and air gun shots in the fjord just outside the coast (Mandler, 1995). This profile does not cross the
Jameson Basin, which is located 20–40 km further to the north, and the Caledonian affected areas are
located even further to the north. Schmidt‐Aursch and Jokat (2005) report a Moho at a depth of 22 km above
clear mantle velocities of 8.0 km/s below the Jameson Basin.

The observed general trend of westward crustal thickening toward central Greenland is in accordance with
observations from seismic refraction by Schmidt‐Aursch and Jokat (2005) in the eastern part at
Scoresbysund Fjord, and Shulgin and Thybo (2015) in the western part on the ice sheet. The steep deepening
at around 27°W coincides with the location where Schmidt‐Aursch and Jokat (2005) also interpret abrupt
Moho deepening, although their observations could not constrain the actual depth on the deep western side
due to the limited extent of their profile toward the ice sheet.

Previous calculations of RF for station SUMG by Dahl‐Jensen et al. (2003) and Kumar et al. (2007) led to very
different estimates of Moho depth. Our analysis suggests a Moho depth of 51 km, based on the combined
velocity inversion of PRF and SRF. This supports the PRF results of a Moho depth of 49 km (Dahl‐Jensen
et al., 2003) rather than the value of 39 km obtained by a combination of PRF and SRF by Kumar et al.
(2007). It appears that the latter depth may correspond to the top of the lower crust (Figure 6a) as suggested
by Artemieva and Thybo (2008). The deep Moho may also find support from the results along the refraction
seismic profile located 200 km further south, which indicate a total crustal thickness of 48 km below central
Greenland and the presence of an approximately 20‐km‐thick lower crustal layer with very high Vp (Shulgin
& Thybo, 2015).

Our inversion results generally show the presence of a low‐velocity layer in the uppermost part of the crust
on the coastal stations. The Vp/Vs ratio in this low‐velocity zone is very large (Vs < 3 km/s, Vp/Vs > 2 on
STA02 + STA03, STA04, STA06) in the southern part of the region, which may indicate a high mafic content
of the crust. This supports that there has been substantial addition of melts to the crust in connection with
the formation of the volcanic province, and the low‐velocity zone may identify the thickness of the volcanic
sequences which then would show a westward thinning from approximately 7 km at the coast to its disap-
pearance at STA09. The observed low Vs and high Vp/Vs may further indicate the presence of water‐filled
cracks. Liquid tends to reduce Vs significantly, and leave Vp relatively unaffected. Planke and Cambray
(1998) find a similar high Vp/Vs for the basalts at the offshore ODP hole 917A at a location slightly further
to the south.

Figure 9. InterpolatedMoho depthmap based on all available data from the region, including the new RFs described here
and data from Mandler (1995), Schmidt‐Aursch and Jokat (2005), Schiffer et al. (2014), and Shulgin and Thybo (2015).
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The low‐velocity layer to the north of Scoresbysund Fjord at STA24, SCO, and DBG, on the contrary, has low
Vp/Vs, which indicates a different origin with a much lower mafic content than in the southern part of the
study area. These stations were installed on Precambrian bedrock in the immediate vicinity of major sedi-
mentary basins, and we suggest that the presence of sedimentary and metasedimentary strata causes the
low‐velocity layer with the observed Vp/Vs ratio of around 1.70 which is normal for the upper crust.

Around stations STA11 + STA12, STA13, STA14 + 15, and STA19 in the center of the array we observe a
relatively low Vs and high Vp/Vs ratio in the lower crust. According to results along the coincident refraction
seismic profile, Vp is normal for this part of the area, although it is significantly higher further to the west.
This unusual Vp/Vs could indicate the presence of fluids in the lower crust (Kennedy & van Soest, 2007;
Vinnik et al., 2017).

4.2. Isostasy

The presence of the ice sheet complicates assessment of the isostatic state of the region because the density of
ice (approximately 0.8 g/cm3) is much smaller than the bedrock (approximately 2.75 g/cm3). Moho deepens
significantly along the profile at 70°N from around 15 km at the coast to around 50 km close to the center of
Greenland (Figure 10b). The topography increases from around 1,000 m near the coast to around 3,000 m in
the center of Greenland with a pronounced low at around 27–29°W, where the profile line crosses one of the
many fjords in the area. The overall topographic variation could at first sight be indicative of Airy‐type
crustal isostatic equilibrium.

However, the presence of the low‐density ice sheet should be taken into consideration. The bedrock topogra-
phy is relatively high in the eastern end of the profile and decreases gradually from around 2,000 m at 30°W
to around sea level (0 m) in the central part of Greenland at 40°W. We have transformed the ice layer into an
equivalent layer of bedrock which results in the “equivalent topography” illustrated by the dashed, green
curve in Figure 10a, using 0.8 g/cm3 for the ice density and 2.75 g/cm3 for bedrock. This bedrock density
corresponds to an average crustal Vp of 6.23 km/s according to the Nafe‐Drake relationship.

Figure 10. Profile along 70°N. (a, top) Bedrock topography (brown), ice surface (blue), and a theoretical bedrock layer
equivalent to the ice load (green dashed) using 0.8 g/cm3 for the ice density and 2.75 g/cm3 for bedrock. (bottom)
Moho based on RF inversion results (black) and predicted Moho based on Airy‐isostatic balance models for a constant
density of 2.75 g/cm3 (red). (b) Heights used for isostatic calculations.
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To assess whether the topography is isostatically supported by the crust, we calculate predicted isostatic
Moho depths based on the assumption of full support by Airy isostasy (Figure 10b). Under this assumption
the relation between total crustal thickness (hc) and topography (ht) can be expressed by

hc ¼ hi þ ht 1þ ρc= ρm−ρcð Þð Þ

where hi is the crustal thickness where the surface is at sea level (here we use 28 km corresponding to the
Moho depth at station SCO), ρc is the average density of the crust, and ρm is the average density of the mantle
(3.3 g/cm3; Figure 10c). Hereby we assume that there are no lateral density changes in the crust and upper
mantle along the profile (ρc = 2.75 g/cm3; red line), which is justified by the very modest lateral variation in
crustal Vs along the profile (Figure 7). The calculated isostatic Moho profile shows relatively modest varia-
tion. It shows clear differences to the Moho profile derived by RF inversion, in particular at the eastern
and western parts of the profile. In the east the observed Moho is almost 20 km shallower than predicted
for Airy isostasy, while for the western part the observed Moho is substantially deeper than predicted.

We conclude that the relation between the equivalent topography and crustal thickness cannot be explained
by Airy‐type isostasy for the crust alone. We also notice the positive free air gravity anomaly in the eastern
end of the profile with an amplitude of at least +80 mGal (Artemieva et al., 2016). Future studies, based on
refraction seismic profiling (Shulgin & Thybo, 2015), will investigate if crustal density variation along the
profile may explain the low bedrock topography in central Greenland.

In any case, the observed true topographic variation in relation to the gradual Moho shallowing outside the
ice sheet cannot be explained by simple Airy‐type crustal isostasy. There is no indication for significant
variation in crustal velocity and therefore also not for variation in crustal density in the eastern part of the
profile. This indicates that crustal isostasy cannot explain the significant topographic variation in the study
area. Similar results have been found on the opposite side of the Atlantic Ocean in southern Norway, where
it appears that only two thirds of the topographic relief may be explained by Airy‐type isostasy for the
topography around the Norwegian mountains (Anell et al., 2010; Stratford et al., 2009) such that Pratt type
of isostasy may be inferred to explain the transition into the Baltic Shield (Frassetto & Thybo, 2013).

5. Conclusions

We have presented a model of the crustal velocity structure in central‐eastern Greenland between the
Atlantic coast and Summit Station based on joint inversion of P and S receiver functions. Our results show
a westward deepening of Moho from less than 20 km at the coast to up to 50 km in central Greenland. At the
south‐eastern edge of our study area we observe an extremely thin crust close to the coast in the area of sub-
stantial volcanic sequences.

The coastal stations show the presence of a low‐velocity layer in the uppermost crust. In the southern part of
the study area, very high (>2) Vp/Vs ratio indicates high mafic content, originating from addition of mag-
matic material to the crust to 7‐km depth. The extremely high Vp/Vs (>2) is mainly due to low Vs, whereas
Vp is relatively constant. This indicates that water‐filled cracks may be present in the basaltic material. The
northern coastal stations also show a low‐velocity layer in the same depth range, but with normalVp/Vs. This
observation may be explained by the presence of sedimentary basins in the vicinity of the stations, which,
however, were installed on Precambrian bedrock.

In the center of our study area the lower crust has low Vs and high Vp/Vs lower crust, which may be attrib-
uted to the presence of fluids in the lower crust. The westernmost part of the study area includes a lower
crust with high Vs and high Vp/Vs ratio coinciding with very deep Moho which might be indicative of a high
mafic content of the lower crust, for example, from magmatic underplating.

The observed crustal thicknesses cannot be explained by Airy‐type isostasy. The assessment of isostasy is
complicated by the presence of the ice sheet and further analysis of the density structure is required for
assessment of the state of isostasy in the area, which includes the highest mountains in Greenland.
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