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ABSTRACT

The high-Arctic Eurekan Orogeny was caused by a northward movement of Greenland relative to North
America and Eurasia during the latest Cretaceous to late Eocene. While the Eurekan N-S shortening is
well-documented in Ellesmere Island, North Greenland and Svalbard, the nature of the event is largely
unknown in the ice-covered Arctic Ocean to the north of Greenland. In this contribution, we show that
the tectono-physiographic evolution of the oceanic Amundsen Basin, the continental Lomonosov Ridge
and the Morris Jesup Rise were all affected by significant Eurekan compression. We present the results of
3-D gravity inversion for predicting the sediment thickness and basement geometry within the Amundsen
Basin and along its borderlands. We use the recently published LOMGRAV-09 gravity compilation and
adopt a process-oriented iterative cycle approach that minimizes misfit between an Earth model and
observations. The sensitivity of our results to lateral variations in depth and density contrast of the Moho
is further tested by a stochastic inversion. Within their limitations, the approach and setup used herein
provides the first detailed model of the sediment thickness and basement geometry in the Arctic Ocean
north of Greenland. Our preferred result, using a C25 breakup scenario of the Amundsen Basin, correlates
well with seismic observations along existing and several new marine seismic profiles. Breakup-related
rift basins are predicted along the Lomonosov Ridge and a broad depocentre is predicted above high-
relief basement in the central Amundsen Basin. Significantly, an up to 7 km deep elongated sedimentary
basin is predicted along the northern edge of the Morris Jesup Rise. This basin continues into the
Klenova Valley south of the Lomonosov Ridge and correlates with an offshore continuation of the Eurekan
Mount Rawlinson Fault in Ellesmere Island. We compute the anomalous basement topography and show
evidence of deformed oceanic and continental crust in relation to this fault zone (LKFZ), suggesting that
pronounced Eurekan crustal shortening took place here.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

nental LR rifted away from the Barents-Kara shelf margins during
the earliest Cenozoic (Jokat et al., 1992; Brozena et al., 2003;

Perennial sea ice, often several meters thick, severely hamper
marine geophysical data acquisition in the Arctic Ocean north of
Greenland (Fig. 1a). Published marine seismic data are sparse, of-
ten of medium to poor quality (Jokat et al., 1992, 1995a, 1995b,
2003; Jokat and Micksch, 2004; Jokat and Schmidt-Aursch, 2007).
Large parts of the oceanic Amundsen Basin (Brozena et al., 2003)
and its enigmatic borderlands, the Lomonosov Ridge (LR), the Klen-
ova Valley and the volcanic Morris Jesup Rise (MJR) (Fig. 1b), are
therefore almost completely void of marine seismic data.

It is generally agreed that the Amundsen Basin (Fig. 1b) formed
along the slow-to-ultraslow spreading Gakkel Ridge as the conti-
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Dgssing et al., 2013b). Although still contentious, recent plate
models favor a magnetic polarity Chron C25 (C25) breakup (lat-
est Paleocene, ~56 Ma,; time-scale after Gee and Kent, 2007),
indicating that early seafloor spreading was linked to the Baffin
Bay - Labrador Sea spreading branches to the west of Green-
land (Brozena et al., 2003; Cochran et al., 2006; Dgssing et al.,
2013a, 2013b). Spreading initiated at the complex locus of a
triple-junction north of Greenland between North America (in-
cluding the LR), Greenland, and Eurasia and possibly succeeded
a widespread phase of Late Cretaceous continental rifting induced
by opening of the Labrador Sea and Baffin Bay (Dgssing et al.,
2013b). A northward movement of the Greenland plate relative
to North America and Eurasia between the latest Cretaceous and
the late Eocene (~70-35 Ma) changed the extensional setting
north of Greenland to compression during the Eurekan orogeny
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Fig. 1. Bathymetry. a. Bathymetry of the Arctic Ocean, IBCAO v. 3 (Jakobsson et al., 2012). Red lines: LOMGRAV-09 aerogeophysical survey. b. Bathymetry of the Amundsen
Basin and its borderlands. Thin black line: magnetic spreading anomaly C25 (Brozena et al., 2003). Bold black lines: existing marine seismic reflection data used in this study.
Red lines: GEUS-LOMROG2007, GEUS-2009 and GEUS-2012 seismic reflection data (Jakobsson et al., 2008; Marcussen, 2011, 2012). Filled green circles: sonobuoy seismic data
used for constraining sediment velocities. Magenta filled circles: ice-based seismometer data of the LORITA and LOREX refraction seismic profiles and sonobuoy data (buoy
12-40) with crustal velocity and thickness information. Abbreviations: LKFZ, Lincoln Sea-Klenova Valley Fault Zone (corresponds to structure G4 in Dgssing et al. (2013b);

LS, Lincoln Sea; YP, Yermak Plateau.

(Srivastava and Tapscott, 1986; Tegner et al., 2011b, 2011a), i.e.,
breakup and pre-C13 spreading along the Gakkel Ridge near
Greenland must have taken place in a state of substantial com-
pression, perpendicular to the crustal formation. While the Eu-
rekan N-S shortening is well-documented in Ellesmere Island,
North Greenland and Svalbard (De Paor et al.,, 1989; Lyberis and
Manby, 1993; Oakey and Stephenson, 2008; Tegner et al., 2011b,
2011a), the implications north of Greenland remain unresolved,
but likely had major implications for the tectonic and paleoceano-
graphic evolution of the Arctic Ocean. Thus, a major Eurekan fault
zone, involving crustal shortening (Dgssing et al., 2013b) and per-
haps subduction (Brozena et al., 2003), has been proposed along
the C25-C15(C13) northern edge of the MJR. Further, Dgssing et
al. (2013b) suggest that crustal shortening along such a boundary
(hereafter referred to as the Lincoln Sea - Klenova Valley Fault Zone
(LKFZ), see Fig. 1b) contributed to the formation of the promi-
nent plateau of the LR near Greenland, eventually bringing the LR
and the Greenland plate to their present position in the earliest
Oligocene.

Quantitative modeling and inversion of aerogeophysical data
provides crucial information in remote areas and/or in areas
with limited access to marine geophysical methods (Smith and
Sandwell, 1994; Engen et al., 2006; Alvey et al., 2008; Glebovsky
et al., 2013). Existing geophysical inversion models in the Arctic
Ocean focus on the large-scale sub-crustal geometry (Alvey et al.,
2008; Glebovsky et al., 2013) using publicly available Arctic grav-
ity compilations (Forsberg and Kenyon, 2004; Gaina et al., 2011)
and crude models of sediment thickness (Laske and Masters, 1997;
Kaminskii et al., 2011) as input. However, detailed models of the
basement geometry and sediment thickness variations, including

the geometry, size and distribution of sedimentary basins, are crit-
ical for determining the tectonic and paleoceanographic evolution
of an ocean basin and its adjacent continental margins (e.g., Blaich
et al., 2011; Peron-Pinvidic et al., 2012a, 2012b). At present, such
models are largely unconstrained in the Arctic Ocean north of
Greenland (Fig. 1b).

We present the results of 3-D gravity inversion for predicting
sediment thickness in the Amundsen Basin and along its inferred
continental borderlands, taking advantage of the new 2.5 x 2.5 km
gridded free-air gravity anomaly compilation of Dgssing et al.
(2013b). Our results are constrained by existing as well as sev-
eral unpublished marine seismic reflection profiles (Fig. 1b). We
generally adopt the process-oriented iterative approach of Engen
et al. (2006) and further test the sensitivity of our preferred re-
sult against lateral variations in depth and density contrast of the
Moho using joint stochastic inversion of gravity and interpreted
seismic data (cf. Hansen et al., 2012). Our final sediment thickness
(and derived basement) models indicate the existence of several
previously unknown sedimentary basins and a complex basement
geometry in the Amundsen Basin, along its continent-ocean tran-
sition zones (COTs), and beneath the LR and MJR.

2. Geophysical input data
2.1. Seismic reflection data

Following the first seismic acquisition programs from drifting
ice-stations (the Arlis-Il expedition from 1963 to 1965, Ostenso
and Wold, 1977; Duckworth and Baggeroer, 1985, and the North
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Pole-28 (NP-28) expedition from 1987 to 1989, Langinen et al.,
2009), around 1500 km of marine seismic reflection profiles were
acquired in the Amundsen Basin during the ARCTIC'91 expedi-
tion (Fig. 1b) (Jokat et al., 1995a, 1995b). Further, a continu-
ous seismic reflection profile was acquired across the Amund-
sen Basin near the North Pole (Siberian side) in 2001 (Jokat and
Micksch, 2004). From 2007 to 2012, several marine seismic reflec-
tion profiles have been collected during the GEUS-LOMROG2007,
GEUS-2009 and GEUS-2012 expeditions (Jakobsson et al., 2008;
Marcussen, 2011, 2012) onboard the Swedish Icebreaker ODEN.
These data were mainly acquired in the central Amundsen Basin
and partly over the flanks of the LR near the North Pole (Fig. 1b).
Marine seismic data are extremely sparse across the MJR, the LR,
and the Amundsen Basin near Greenland.

Fig. 2 shows examples of seismic reflection profiles from the
Amundsen Basin. The profiles generally reveal a flat seafloor at
around 4.3 km depth, which is underlain by low velocity layers
interpreted as sedimentary rocks that appear to drape a crystalline
basement with high relief. Sedimentary layers are thin or absent
over the elevated flanks of the Gakkel Ridge. Profiles near the LR
(e.g., Fig. 2c; see also Langinen et al., 2009) indicate the presence
of a narrow basement ridge that coincides with the inferred mag-
netic anomaly C25 edge of the Amundsen Basin. An adjacent 10 to
30-km-wide basin flanks the basement ridge at the foot of the LR
(Fig. 2¢). This basin may continue on the Siberian side of the LR,
see Jokat et al. (1995a).

We picked seismic acoustic basement on all available marine
seismic reflection profiles (Fig. 1b) and subsequently time-to-depth
converted the basement horizon using results of sonobuoy sem-
blance analysis (Supplementary Material, Section S1).

2.2. Seismic refraction data

The Moho is enigmatic for almost the entire study area with
only two seismic refraction profiles - both located on the LR
(Fig. 1b; Supplementary Material, Section S1). The LORITA profile
(Jackson et al., 2010), collected in 2006, transects part of the LR
near Greenland, while the LOREX profile, collected in 1979, tran-
sects the LR near the North Pole (Weber, 1979; Forsyth and Mair,
1984). Continental crustal velocities were interpreted beneath the
LR along both profiles and with maximum depth to Moho of 27 km
beneath the plateau of the LR.

In the Amundsen Basin, modeling of a Moho reflection (PmP)
from a sonobuoy seismic recording near the North Pole (Fig. 1b:
Buoy 12-40) indicates a crustal thickness of 6 km and a Moho
depth of 12 km. No seismic refraction profiles exist for the MJR.
However, seismic records from drifting ice camps suggest a thick-
ening of the crust near the northern edge of the MJR (Duckworth
and Baggeroer, 1985).

2.3. Gravity data

In 2009, DTU Space (Denmark) and Natural Resources Canada
jointly carried out the 550,000 km? LOMGRAV-09 aerogeophysi-
cal survey north of Greenland (Fig. 1a). The survey covers the LR
(Greenland side) and the adjacent shelves and basins, including
the Amundsen Basin out to the flank of the Gakkel Ridge. Us-
ing LOMGRAV-09 and existing gravity data, Dessing et al. (2013b)
recently presented a 2.5 x 2.5 km gridded free-air anomaly com-
pilation, which we adopt for this study.

Numerous elongated-to-subcircular free-air anomalies (+20-
30 mGal) are revealed across the flat abyssal plain of the Amund-
sen Basin (Fig. 3a). This observation supports the seismic observa-
tions (Fig. 2) that oceanic sediments blanket a widespread rough
basement. A semi-continuous gravity high (~20 mGal) and ad-
jacent low (<—50 mGal), located beneath flat seafloor along the

Amundsen Basin flank of the LR, appear to correlate with the C25
seismic basement ridge and adjacent basin observed in Fig. 2c
(cf. Dgssing et al., 2013b). Another prominent gravity low, located
north of the MJR (Fig. 3a), has been suggested to relate to sedi-
ments infilling depressed oceanic crust along a Eurekan compres-
sional plate boundary (see Fig. 1b: LKFZ) (Brozena et al., 2003;
Dgssing et al., 2013b).

Fig. 3b shows the Thermal Bouguer Anomalies (TBAs), i.e., the
free-air gravity anomalies corrected for seafloor topography and
upper mantle thermal structure (see below). Note the sharp transi-
tion between positive TBAs in oceanic crust and negative TBAs over
inferred continental crust (Engen et al., 2008; Jackson et al., 2010)
of the LR and MJR. This observation suggests a relatively narrow
COT and a steep Moho along the edges of the oceanic Amundsen
Basin.

3. Previous studies

In order to isolate the gravity signal of the sediments, we need
to remove the gravity effects of the seafloor (Bouguer correction)
and the base of the crystalline crust (Moho) as well as the regional
gravity effect originating from the upper mantle thermal struc-
ture (Breivik et al., 1999). While seafloor topography is relatively
well constrained in the study area (Jakobsson et al., 2012), the
crustal thickness remains enigmatic. We therefore have to make
some crude assumptions about the Moho configuration in order to
overcome the non-uniqueness of the inversion problem. Engen et
al. (2006) propose a 3-D model setup and inverse iteration scheme
for predicting sediment thickness from gravity and sparse seis-
mic profiles as calibration points in an oceanic basin with known
bathymetry but unknown Moho configuration. They use a process-
oriented iterative cycle approach (Watts and Fairhead, 1999) in
which gravity is predicted from a layered Earth model, compared
with observed gravity, and iteratively adjusted to minimize a mis-
fit function. They assume an oceanic Earth model in which the
sedimentary layer is treated as a single, low density unit and the
base sediment - top crystalline crust interface (basement) forms
a relatively high density contrast surface. They further assume a
fixed relationship between the base of the sedimentary layer and
the Moho that is given by an oceanic crustal thickness parameter.
This assumption includes areas of known transitional and conti-
nental crust, i.e., they iteratively compute the Moho configuration
by adding the oceanic crustal thickness to the latest predicted top-
basement model. They apply their model setup and inversion ap-
proach to synthetic data as well as real data from the Norwegian-
Greenland Sea. Predicted sediment thicknesses are shown to corre-
late reasonably well with observed thicknesses, in particular away
from spreading centers. However, first-order errors (>2 km) are
encountered within the COTs and across the continental shelves
due to insufficient removal of the mantle thermal structure and
notably the assumption of a constant oceanic crustal thickness.
Here, residual gravity anomalies result in an over-prediction of the
sediment thickness.

4. Iterative inversion
4.1. Setup

We adopt the process-oriented inversion scheme of Engen et al.
(2006) (see Supplementary Material, S2) with a few modifications
relating mainly to the Earth model assumption (see below), the
introduction of a sediment grain density parameter (Ogrqin), and
a moving window smoothing filter. We base our work on power
series expansion (Parker, 1973; Chappell and Kusznir, 2008a) to
compute the gravity response of a three-dimensional Moho sur-
face and a sediment layer with depth-dependent density distri-
bution. Calculating topography from gravity implies the need of
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Fig. 2. Seismic characteristics of the Amundsen Basin. a. Line drawing of seismic reflection profile AWI2001-0300 (redrawn from Jokat and Micksch, 2004. b. GEUS-
LOMROG2009-12-GEUS-LOMROG2009-16. c. GEUS-LOMROG2009-11. d. GEUS-LOMROG2012-01-GEUS-LOMROG2012-04. In (c): note the basement high and the adjacent
basin along the foot of the LR. The basement high correlates with the inferred location of spreading anomaly 25. Note the difference in scales between (a) and (b)-(d).

Vertical exaggeration is approximately 1:20 in all profiles.

a stable downward continuation, which exponentially amplifies
short-wavelength noise. Similar to Engen et al. (2006), we adopt
the stable downward continuation filter of Morgan and Blackman
(1993).

Our Earth model (Fig. 4) consists of four layers: (i) water,
(ii) low-density (Cenozoic) sediments, (iii) crystalline crust (or pos-
sibly dense pre-Cenozoic sediments in continental settings), and
(iv) upper mantle. We differentiate laterally between inferred con-
tinental and oceanic settings in terms of crustal density and thick-
ness as well as upper mantle density. We assume a regional iso-
static model of the continental Moho using an elastic thickness
Te = 20 km, which is typical for rifted passive margins (Watts,
2001). In oceanic settings, the fixed relationship approach between
the base of the sedimentary layer and the Moho (cf. Engen et
al., 2006) potentially results in an unrealistic short wavelength
Moho relief in areas of strong basement relief, which is not com-

monly observed in seismic models of slow to ultraslow spread-
ing oceanic crust (Fig. 4: inset figure). Instead, we assume a
fixed (but filtered) relationship, i.e., during each inversion step
we iteratively compute the oceanic Moho by adding an oceanic
crustal thickness parameter to the latest predicted top-basement
model and subsequently apply a moving window smoothing fil-
ter. This approach prevents (i) a high-frequency Moho relief and
(ii) simulates a transition zone between the oceanic and conti-
nental Moho at the COTs. Three different filter sizes were tested
(0, 40, and 80 km). The preferred 40-km filter generally produces
(i) a subdued Moho relief that correlates well with seismic ob-
servations in the nearby slow to ultraslow Boreas Basin (see inset
in Fig. 4), and (ii) a relatively steep Moho at the COT that cor-
relates well with TBAs (Fig. 3b) and interpretations of a slightly
sheared breakup along the Gakkel Ridge (cf. Minakov et al., 2011;
Dgssing et al., 2013b).
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4.2. Control parameters

The set of main parameters that control the result of our inver-
sion are (Fig. 4; cf. Supplementary Material, Section S3): (i) thick-
ness of oceanic crystalline crust (toceanic), (ii) density of oceanic
crystalline crust (Ooceanic), (iii) density of uppermost sediments
(Pupper sedi» (iv) sedimentary matrix density (oOgrain), (V) density of
oceanic upper mantle (Oocean upper mantle »» (Vi) thermal diffusivity of
mantle rocks (k). During each inversion step, we compute the sed-
iment density compaction parameter (a) based on pyppersedi and
Perain and a best fit to seismically converted sedimentary densities
(Supplementary Material, Section S3.4). While allowing the inver-
sion to test different oceanic crustal thicknesses as well as oceanic
crustal and upper mantle densities in the Amundsen Basin, the
continental Moho geometry was held fixed during the iterative in-
version. However, three different continental crustal densities were
tested (Supplementary Material, Section S3.1). This decision was
made for the simplicity of our model setup and the fact that the
focus of our inversion is mainly on the oceanic Amundsen Basin
and its immediate borderlands.

The six main control parameters (Supplementary Material, Sec-
tion S3.1) should minimize the misfit between observed and pre-
dicted data and be consistent with a priori information. We define
a cost function ¢(m) (modified from Engen et al.,, 2006) that pe-
nalizes deviations from observed seismic basement, observed grav-
ity, as well as from mean control parameter values:

@(m) o WSHCS_O'S (Sobs — Spred) H + Wg”(:go5 (8obs — 8pred) ”
+ Wn ”cao's(mref —m) ” (1)

Vectors Sops and Spreq represent observed (from seismic) and
predicted sediment thickness, gy and gpreq represent observed
and predicted gravity, and myes represents the a priori control pa-
rameter value of m. C are covariance matrices with variances on
their diagonals and zeros elsewhere, i.e., we assume that data er-
rors and control parameters are independent. ||...|| denote L1 vec-
tor norms. W are weights designed to (i) bring each term to the
same order of magnitude and (ii) penalize skewness in the residu-
als.

The free-air gravity anomaly field is corrected for seafloor to-
pography and lithospheric thermal structure during each new in-
version run (Supplementary Material, Section S4). The resulting
TBAs are then inverted for values of the control parameters us-
ing 3-D initial sediment thickness and Moho depth models (Sup-
plementary Material, Section S5) and the assumptions described
in Section 4.1. We adopt the C25 (latest Paleocene, ~56 Ma)
breakup model for the Amundsen Basin (Brozena et al., 2003;
Cochran et al., 2006; Dgssing et al., 2013a, 2013b) but in addition
test for a C24 breakup scenario (e.g., Engen et al., 2008).

5. Results
5.1. Sensitivity analysis

We test the sensitivity of our inversion results to each main
control parameter using the perturbation approach of McGillivray
and Oldenburg (1990) to calculate differential sensitivities. The
ranges of the control parameters (Supplementary Material, Sec-
tion S3.1) span a six-dimensional model space that is searched
for the minimum cost point (Eq. (1)). Two parameters at a time
are kept fixed, while the minimum obtained by varying the four
remaining parameters is contoured as a check on the minimiza-
tion routine. The two fixed parameters are subsequently step-wise
perturbed until their entire parameter spaces are checked. Fig. 5
shows the result of 49,000 realizations of the cost function for
different permutations of the control parameters, all displayed

against Oyppersedi- Density of the uppermost sediments (Oupper sedi),
density of the sedimentary matrix (0gqin), and thickness of the
oceanic crystalline crust (toceqnic) are reasonably well-constrained
(Figs. 5a and 5b) to their a priori values (Supplementary Mate-
rial, Section S3.1), while the densities of the oceanic upper man-
tle (Oocean upper mantle) and crystalline crust (Ooceqnic) as well as the
mantle thermal diffusivity («) are less constrained to the a priori
values (Figs. 5c-5e).

5.2. Predicted sediment thickness and top basement

We generate a preferred (C25 breakup scenario) model using
the best fit parameter values in Fig. 5. The final model is generally
able to successfully reproduce the seismic sediment thicknesses
with ~50% and ~80% of all misfits being less than 250 and 500 m,
respectively (Fig. 6a). Similarly, ~93% of all gravity misfits are less
than 5 mGal (Fig. 6b). Examples of predicted and observed sedi-
ment thickness and free-air gravity along various seismic lines are
shown in Fig. 6c¢.

Maps of the predicted sediment thickness, basement depth,
Moho depth and smoothed excess sediment thickness are shown in
Figs. 7a-7d, while 2-D crustal transects, extracted from the best fit
inversion model (Fig. 7), are displayed in Fig. 8. Sediments are pre-
dicted to be absent or generally very thin over the ~200-km-wide
flanks of the Gakkel Ridge (Figs. 7a, 8b and 8c). Up to 1-km-thick
sediments are predicted in certain areas within the Gakkel rift val-
ley, which is partly supported by seismic observations (cf. Jokat
and Schmidt-Aursch, 2007). However, some of the predicted sedi-
ments in the rift valley may be due to insufficient removal of the
mantle thermal structure.

From the Gakkel Ridge, sediment thicknesses and basement
depths generally increase with crustal age toward the margins of
the Amundsen Basin. A high basement relief generally character-
izes the basin with individual highs rising to 1 km or more above
the surrounding basement (Figs. 7b and 8). This observation in-
dicates a widespread tectonized oceanic crust (cf. Hopper et al.,
2004; Sauter et al., 2004). The inversion further predicts a complex
basement structure beneath the overall smooth seafloor expression
of the LR (Fig. 7b) (cf. Dgssing et al., 2013b), which is generally
covered by a <500 m low-density (Cenozoic) sedimentary layer
(Fig. 7a). In contrast the predicted basement structure of the MJR
(Fig. 7b) closely resembles the seafloor morphology (Fig. 1b) indi-
cating a thin cover of sediments across this feature.

An elongated, broad (200 x 400 km) sedimentary depocentre
is predicted in C25-C15(C13) crust in the Amundsen Basin with
overall sediment thicknesses and basement depths of more than
2 km and 6 km, respectively (Figs. 7a, 7b and 8). The outline of
the depocentre is well-imaged in the smoothed excess sediment
thickness map (Fig. 7d), computed by a simple band-pass filtering
(Smith and Sandwell, 1994) of the predicted sediment thickness
(Fig. 7a) and keeping wave-lengths between 30 and 140 km. To-
ward the LR, the depocentre is bounded by a 10 to 20-km-wide
semi-continuous basement high that coincides with the edge of
the inferred C25 margin of the Amundsen Basin (Figs. 7b, 8b
and 8c). On the LR side of this high, sediment thicknesses and
basement depths increase abruptly into elongated semi-continuous
sedimentary basins, which are located beneath flat seafloor along
the Amundsen Basin flank of the LR (Figs. 7a and 7b). The base-
ment high and adjacent basin correspond to the seismic C25 base-
ment high and sedimentary basin in Fig. 2c and is also observed in
the NP-28 drifting ice-station seismic data (Langinen et al., 2009).

Sediment thicknesses and basement depths within the C25-
C15(C13) depocentre generally decrease to ~1.5 km and ~5.5 km,
respectively, toward the North Pole area (Figs. 7a and 7b). South-
ward, thicknesses increase to 2.5-3 km near the MJR, while base-
ment depths tend to decrease. The predicted increase in sediment
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thickness is supported by Duckworth and Baggeroer (1985), who
report more than 2-km-thick sediments in oceanic crust just to
the north of the MJR. The thickening of the depocentre (Fig. 7a)
culminates in a 250-km-long and up to 50-km-wide basin imme-
diately north of - and parallel to - the edge of the MJR. Here,
sediment thicknesses and basement depths are predicted to reach
more than 3 km and 7 km, respectively (Figs. 7a, 7b, 8d and 8e).
This elongated basin terminates abruptly against steeply rising
basement of the MJR (in places more than 5 km over a distance
of 30-50 km) and generally has the greatest basement depths just
north of here. Interestingly, the inversion predicts a direct corre-
lation of this basin with thick sediments (~3-3.5 km) and deep
basement (~6.5 km) located against the LR in the Klenova Val-
ley (Figs. 7a and 8f). The overall arcuate-shaped outline of these
anomalously thick sediments correlate with the proposed loca-
tion of the Eurekan LKFZ (see Fig. 1b) (cf. Brozena et al., 2003;
Dgssing et al., 2013b).

5.3. Sources of error

Small sedimentary misfits (<250 m) are generally observed
beneath the flat abyssal plain of the Amundsen Basin and in ar-
eas with a relatively smooth seabed (Fig. 6¢). The greatest de-
viations (>500 m) between interpreted (from seismic) and pre-
dicted sediment thicknesses are generally found along the steep
flanks of the LR (Fig. 6¢c: GEUS-LOMROG2009 Line 11) where
the sharp and large-amplitude seafloor relief produced by rotated
fault blocks (cf. Cochran et al., 2006) is not fully resolved by
gravity. Here, the crustal density, Moho depth, and upper man-
tle temperature are also expected to vary substantially. Further,

the Earth model (Fig. 4) assumes a simple crustal structure over-
lain by homogeneous, low-density (Cenozoic) sediments. The as-
sumption of a single sedimentary layer is not valid in all conti-
nental areas where the gravity basement in places is likely com-
prised by densified Mesozoic sediments (e.g., Jokat et al., 1992;
Jackson et al., 2010). However, in accordance with seismic obser-
vations (Jackson et al., 2010), almost no low-density sediments
are predicted above crystalline continental basement (e.g., at the
plateau of the LR; Fig. 7a). Elsewhere in inferred continental set-
tings, notably in areas of the LR with Mesozoic sediments, the
predicted sediment thicknesses may be too large.

The inversion is also sensitive to positional errors, unmapped
structures, and errors in the bathymetric and gravimetric data
set. We use the IBCAO v. 3.0 bathymetric data set of the Arctic
Ocean (Jakobsson et al., 2012), which is based on a compilation of
multi- and single-beam data, vintage submarine single-beam data,
and digitized contours from published regional-scale bathymetric
charts. Parts of the study area are still sparsely surveyed, and the
quality and density of bathymetric soundings vary with a tendency
of decreasing resolution toward Greenland. Similarly, the quality
and resolution of the gravity data set (Fig. 3a) decrease signifi-
cantly outside the LOMGRAV-09 area (see inset figure in Fig. 3a).

Finally, using a computationally fast 1-D plate cooling model
(see Supplementary Material, Section S4), rather a 2-D or 3-D cool-
ing model that incorporates lateral heat transfer, introduces errors
in the thermal gravity correction, mainly at the COTs (Chappell
and Kusznir, 2008b). However, the errors due to a 1-D cooling
model are generally small for mature margins like the LR, and in
the ocean centre, the errors are negligible (Chappell and Kusznir,
2008b). Chappell and Kusznir (2008b) further show that a 25 km
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misinterpretation of the continent-ocean boundary location land-
ward at a 50 Ma old passive margin (~age of the LR margin)
results in errors in the amplitude of the computed thermal gravity
correction of 5-10 mGal. The same misinterpretation oceanward
(i.e., equal to the distance between the C24 and inferred C25 mag-
netic spreading isochrons in the Amundsen Basin; see Supplemen-
tary Material, Section S4) will have a negligible effect.

5.4. Testing a C24 breakup scenario

Considering the uncertainty in breakup age of the Amundsen
Basin (Brozena et al.,, 2003; Engen et al., 2008; Dgssing et al.,
2013b), we test for a C24 (~53 Ma) breakup model (Engen et al.,
2008) which implies that the continent-ocean boundary is located
near anomaly C24. The C24 best fit model results are shown in
Figs. 5 and 8 together with the preferred C25 results. As expected,
the difference between the C25 and C24 inversion results is pre-
dominantly observed within the C24-C25 area (Figs. 8c and 8e),
which is regarded as continental in the C24 model. For the best
fit C24 inversion results, ~40% and ~67% of all misfits are less
than 250 and 500 m, respectively. Hence, the C24 model setup is
less successful in fitting the observed seismic sediment thicknesses
compared with the C25 setup (see Section 5.1).

5.5. Sensitivity of the preferred C25 model to lateral variations
in the Moho

In the iterative inversion approach, we assumed a fixed (but
filtered) relationship between the base of the sediments and the
oceanic Moho (Fig. 4: toceanic), While a regional isostatic Moho was
assumed in continental regions (see Section 4.2). The oceanic up-
per mantle and crustal densities (Oocean upper mantles Poceanic) Were
allowed to vary as part of the inversion but were assumed to be
laterally homogeneous during each inversion run. For simplicity,
we assumed fixed continental upper mantle and crustal densities
(Pcontinental upper manties Peontinental) (S€€ Supplementary Material, Sec-
tion S3). The oceanic and continental layer-boundaries and layer-
densities were then interpolated by a moving-window smoothing
filter (40 km in total width) during each iteration to simulate the
COTs at the inferred transition between continental and oceanic
settings.

Considering the lack of seismic information of the Moho and
the crustal and upper mantle density variations (Sections 2.1
and 2.2), we set out to test the sensitivity of the C25 preferred sed-
iment thickness model (Fig. 7a) against lateral variations in depth
and density contrast of the Moho using a non-linear stochastic in-
version scheme (cf. Hansen et al., 2012). We focus on the complex
and least constrained area near Greenland that also contains the
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LKFZ. As a priori input models, we use a slightly smoothed ver-
sion of the preferred C25 sediment thickness model in Fig. 7a, the
smooth Moho depth model in Fig. 7c, and a Moho density contrast
grid computed using the best fit inversion parameter values of
Poceanics Pocean upper mantles Pcontinental and Pcontinental upper mantle (Fig. 5;
Supplementary Material, Section S3: Table S2). We allow for lateral
isotropic ranges in the Moho depth of 75 and 150 km and corre-
sponding (vertical) standard deviations of 1 and 2 km, respectively,
around the a priori Moho model, both in oceanic and continental
areas. We allow for similar lateral isotropic ranges in the Moho
density contrast, i.e. 75 and 150 km, and a standard deviation of
+100 kgm~—3 around the a priori contrast grid. We add an addi-
tional uncertainty of 2 mGal to the Thermal Bouguer Anomalies
(TBAs) to account for an uncertainty (§qge) of &2 Ma in the oceanic
crustal ages, which is related to the ambiguity in the identification
of seafloor spreading magnetic anomalies as well as the age de-
termination. We keep the best fit values of oyppersedi» Ograin and K
(Fig. 5). Background theory and plots of various results are shown
in Supplementary Material, Section S6.

2D extracted profiles of the computed prior and posterior prob-
ability of locating top-basement and Moho along three profiles
(Figs. S12-S14 in Supplementary Material, Section S6; profiles cor-
responding to parts of profiles C, E and F in Fig. 8) indicate that the
sediment thickness variations obtained in the iterative inversion
(Fig. 8) are also sampled in the posterior models of the stochastic
inversion. This in particular includes features like the C25 base-
ment high, the LKFZ, the Amundsen Basin depocentre, and the
general decrease in sediment thickness along the LR toward its
plateau, i.e., the results of the stochastic inversion suggest that the

preferred sediment thickness model from the iterative inversion
(Fig. 7a) is reasonably robust and relatively insensitive to the con-
ditioned variations in the depth and density contrast of the Moho.

6. Discussion
6.1. Anomalous basement topography

Oceanic basement depth is generally expected to increase pro-
portionally to the square root of crustal age as a consequence of
passive cooling and densifying of the crust since its formation at
the spreading centre (Parson and Sclater, 1977; Stein and Stein,
1992). This model is generally accepted for ocean basins younger
than ~70 Myr (Crosby and McKenzie, 2009; Adam and Vidal,
2010), such as the Cenozoic Amundsen Basin. Anomalous oceanic
basement topography is basement that differs from this theoretical
basement depth. As such, maps of basement depth anomalies are
useful for delineating patterns related to regional and local tecton-
ics and volcanism (Louden et al., 2004).

We correct the predicted basement depth (Dpgsement) (Fig. 7b)
for sediment loading in each point assuming local isostasy (Adam
et al., 2005):

Ps (2) — Pm
;Jasement = Dpasement — (7 tg (2)
Pm — Pw
where Dgasemem is the corrected basement depth and ¢ is the to-

tal sediment thickness predicted from gravity (Fig. 7a), ps(z) is
the sediment density (see Supplementary Material, Section S3.4)
computed in each point from predicted sediment densities and
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averaged over the entire sedimentary column using 100 m in-
tervals, pp is the best fit oceanic upper mantle density, and o,
is the density of water. The expected (unloaded) basement depth
(Dtheoretical) i the basement predicted by a model of conductive
cooling of the underlying lithosphere as a function of its age.
Here, we use the crustal age model of the Amundsen Basin (Sup-
plementary Material, Section S4) and the GDH1 oceanic thermal
subsidence model of Stein and Stein (1992), with an assumed zero
age depth of 2600 m. We compute the anomalous basement to-
pography (ADpgsement) By removing Dpeoreticar from the sediment-

/ .
corrected basement (D} .....):
I
AD basement = Y pasement — D theoretical - (3)

Fig. 9 shows the computed ADpgsement fOr the oceanic Amund-
sen Basin. Note that the amplitude and width of the interpreted
C25 basement high along the LR (cf. Figs. 2¢, 8b and 8c) increases
markedly toward the LKFZ at the LR-MJR corner of the Amund-
sen Basin. Here, a total elevated basement depth of ~1200 m is
predicted relative to the depressed basement in the centre of the
Amundsen Basin. Fig. 9 also highlights another distinct basement
high, which is parallel to the northern edge of the MJR. This high
separates the broad Amundsen Basin depocentre and deep base-
ment to the north from the deep elongated sedimentary basin pre-
dicted along the LKFZ immediately north of the MJR (see Figs. 7a
and 9). The high is 20 to 50-km-wide and characterized by anoma-
lous basement depths of up to ~700 m relative to the centre of the
Amundsen Basin.
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against the LR and the nascent Amundsen Basin. Bold red line: Location of pro-
file shown in (b). b. Interpreted crustal transect along the LR, Klenova Valley and
MJR based on the extracted Profile F in Fig. 8. Note the suggested interpretation of
a possible accretionary wedge at LKFZ in the Klenova Valley. Vertical exaggeration
for the cross-section in (b) is approximately 1:22.

6.2. Eurekan compression north of Greenland

Based on the interpretation of new magnetic and gravity
data, Dgssing et al. (2013b) suggest that significant Eurekan
transpression-to-compression took place along the more than
600-km-long offshore LKFZ, which they correlate with the onshore
Eurekan Mount Rawlinson Fault in Ellesmere Island. The results of
our inversions (Fig. 7) confirm the location of the LKFZ as a dis-
tinct line of thick sediments and deep basement, notably north of
the MJR and in the Klenova Valley against the LR (Figs. 8d-8f).
In accordance with Dgssing et al. (2013b) we further suggest that
the predicted patterns of anomalous basement topography (Fig. 9),
in particular the southward increase in amplitude and width of
the C25 basement high as well as the smaller basement ridge
just north of the MJR, are products of oceanic crustal formation
during Eurekan N-S compression along the LKFZ. The compres-
sion resulted in deformation of nascent oceanic crust against the
LKFZ and may also have been responsible for creating the over-
all bowl-shaped deep basement structure in the centre of the
Amundsen Basin (Fig. 9). We tentatively suggest that Eurekan com-
pression caused uplift and crustal shortening of the LR against
the LKFZ and thereby contributed to the formation of the promi-
nent plateau of the LR near Greenland (Fig. 10b) (cf. Dgssing et
al., 2013b). This interpretation is based on the bathymetric outline
of the LR, being shallowest against the LKFZ (Fig. 1b), the overall
southward predicted thinning of low-density (Cenozoic) sediments
and the crustal thickening along the crest of the ridge toward the
plateau (Figs. 8f and 10b). The above model for the plateau con-
tradicts the purely magmatic origin as suggested by Jackson et al.
(2010).
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6.3. The MJR volcanic province — a product of compression?

The outline of the MJR is clearly observed by high-amplitude
positive magnetic anomalies (Dgssing et al., 2010, 2013b), which
probably image a large volcanic province. No samples have been
dredged from the MJR but Tegner et al. (2011b, 2011a) suggest
that the province is part of the alkaline volcanic rocks of the
Kap Washington Group in North Greenland. These rocks possibly
formed during latest Cretaceous (71.2 £ 0.5 Ma; “°Ar-3%Ar dat-
ing) continental rifting and further show a thermal resetting age
of ~49 Ma, which has been attributed to peak-Eurekan deforma-
tion (Tegner et al.,, 2011b, 2011a; Dessing et al., 2013b). However,
recent geochemical and radiometric dating results from dredged in
situ rocks from the offshore Yermak Plateau, which is the conjugate
to the MJR (Brozena et al., 2003), indicate stretched continental
crust that is strongly affected by alkaline magmatism that formed
around 51 Ma (Riefstahl et al., 2013). The age for the offshore
Yermak Plateau magmatism potentially constrains the age of the
MJR volcanism and correlates with the peak age of Eurekan de-
formation in North Greenland (cf. Tegner et al., 2011b, 2011a).
In accordance with Brozena et al. (2003), we therefore suggest
that the MJR volcanism mainly formed during peak-Eurekan de-
formation at the LKFZ. This interpretation further implies that the
MJR volcanism took place in a state of compression at the LKFZ
between an extended continental margin to the south and the ac-
tive Gakkel spreading centre to the north (Fig. 10a). Interestingly,
Riefstahl et al. (2013) find an anomalous geochemical signature in
the rock samples from the Yermak Plateau which they attribute
to Caledonian age subduction in the area. Could this signature
relate to Eurekan tectonics instead, i.e. seafloor subduction and
possibly even subduction of the actively spreading Gakkel Ridge at
the LKFZ? This would imply mantle upwelling continuing within
a slab window beneath a lithospheric plate after ridge subduc-
tion (Thorkelson, 1996) and may provide a possible explanation
for the magmatism within the highly extended continental crust
of the MJR and the Yermak Plateau. Similar ridge subduction took
place for the Cocos-Nazca spreading ridge segments from about 7
to 2 Ma beneath Central America (Johnston and Thorkelson, 1997)
and is currently occurring for the Chile Ridge, which is subduct-
ing beneath southern South America (Russo et al., 2010). However,
whether Eurekan subduction of Amundsen Basin crust - and in
particular subduction of the Gakkel spreading centre - took place
at the LKFZ is not resolved by our data.

6.4. A note on paleoceanography

Similar to oceanic basement depth, sediment thicknesses are
expected to increase with crustal age (Louden et al., 2004; Engen
et al, 2006). However, at smaller scales, sediment thickness is
strongly controlled by the original structural configuration of the
underlying basement (Louden et al., 2004). In addition, the general
pattern can be modified substantially by bottom-currents (Faugéres
et al,, 1993) and the availability of sediments, notably in the Arc-
tic regions, where sediment input is affected by glaciations, pro-
glacial outwash, and resulting gravity flows to the deep basin
(Kristoffersen et al., 2004; Louden et al., 2004).

Based on vintage seismic data, collected mainly from drifting
ice-stations, Kristoffersen et al. (2004) propose the existence of a
submarine channel and an associated continuous sedimentary fan
extending along the Amundsen Basin flank of the LR. This interpre-
tation, however, is not entirely supported by the smoothed excess
sediment thickness map (Fig. 7d). Rather, the elongated sedimen-
tary basin, confined along the LR near the North Pole, appears
to be separated from the broad pattern of relatively thick sedi-
ments further south near Greenland. We suggest that the sedimen-
tary basin near the North Pole relates to rifting during breakup,

since the LR in this area strikes perpendicular to the proposed
slightly transtensional breakup stresses and therefore suffered from
greatest extension (Brozena et al.,, 2003; Minakov et al., 2011;
Dgssing et al., 2013b). In contrast, Fig. 7d indicates that sediment
input to the Amundsen Basin depocentre came from the topo-
graphically confined Klenova Valley, which was probably fed from
nearby high-standing sources such as the elevated LR plateau and
the Lincoln Sea glacial shelf (cf. Kristoffersen et al., 2004). We
suggest that the submarine channel south of ~88°N, observed in
seismic data along the LR (Kristoffersen et al., 2004), acted as a
sediment bypass channel from where sediments were dumped into
the broad and thick depocentre of the Amundsen Basin.

7. Conclusions

We present the results of 3-D gravity inversion for predict-
ing the sediment thickness and basement geometry within the
Amundsen Basin and along its continental borderlands in the Arc-
tic Ocean north of Greenland. Our study provides the first detailed
insights into the crustal and basement structure in an area that is
underexplored by seismic data due to ice-related limitations.

We adopt the recently published LOMGRAV-09 gravity compi-
lation and follow a process-oriented iterative cycle approach, as-
suming a fixed (but filtered) relationship between the base of the
oceanic sedimentary layer and the oceanic Moho as well as a re-
gional isostatic Moho in continental settings. The sensitivity of our
results to lateral variations in depth and density contrast of the
Moho is subsequently tested by a stochastic inversion.

e Our results are mainly limited by the lack of borehole informa-
tion in the Arctic Ocean as well as the sparsity of high quality
seismic data and the uncertainty in the bathymetric data in
the study area, notably toward Greenland.

Within its limitations, our results provide the first detailed
model of the sedimentary thickness and basement geometry
beneath the oceanic Amundsen Basin and the inferred conti-
nental LR, MJR and Klenova Valley.

e Our preferred results, using a C25 breakup model for the
Amundsen Basin, provide a superior fit to seismic data com-
pared with results from a C24 breakup model.

A very variable basement relief is predicted in the Amundsen
Basin and beneath the LR and MJR.

Elongated basins are predicted along the LR and interpreted as
rift-related features, while a broad, ~ 200 x 400 km depocen-
tre is predicted in the central Amundsen Basin. The outline
of this depocentre indicates main sediment transport from the
Klenova Valley between the LR and MJR.

A distinct fault zone (LKFZ) is predicted along the northern
edge of the MJR, continuing south of the LR and beneath
the Lincoln Sea Shelf. Thick sediments are predicted within
the LKFZ and evidence is shown of deformed continental and
oceanic crust on both sides of the fault zone. We suggest that
pronounced Eurekan crustal shortening took place along the
LKFZ, affecting pre-C13 crustal formation in the Amundsen
Basin and possibly contributing to the uplift of the LR plateau
as well as the excess volcanism over the MJR.
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