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Depositional Evolution of the Western Amundsen
Basin, Arctic Ocean: Paleoceanographic
and Tectonic Implications
Carlos F. Castro1,2 , Paul C. Knutz1 , John R. Hopper1 , and Thomas Funck1

1Geological Survey of Denmark and Greenland, Copenhagen K, Denmark, 2Niels Bohr Institute, University of Copenhagen,
Copenhagen, Denmark

Abstract A new stratigraphic model and estimated sedimentation rates of the western Amundsen Basin,
Arctic Ocean, are presented based on multichannel seismic reflection data, seismic refraction data, magnetic
data, and integrated with the sedimentary sequence from the central Arctic Ocean, obtained during the
Arctic Coring Expedition. This places new constraints on the postbreakup Cenozoic depositional history of the
basin, the adjacent Lomonosov Ridge, and improves the understanding of the tectonic, climatic, and
oceanographic conditions in the central Arctic region. Four distinct phases of basin development are
proposed. During the Paleocene-mid-Oligocene, high sedimentation rates are linked to terrestrial input and
increased pelagic deposition in a restricted basin. Deposition of sedimentary wedges andmass transport into
marginal depocenters reflect a period of tectonic instability linked to compression associated with the
Eurekan Orogeny in the Arctic. During the late Oligocene-early Miocene, widespread passive infill associated
with hemipelagic deposition reflects a phase of limited tectonism,most likely in a freshwater estuarine setting.
During the middle Miocene, mounded sedimentary buildups along the Lomonosov Ridge suggest the
onset of geostrophic bottom currents that likely formed in response to a deepening andwidening of the Fram
Strait beginning around 18 Ma. In contrast, the Plio-Pleistocene stage is characterized by erosional features
such as scarps and channels adjacent to levee accumulations, indicative of a change to a higher-energy
environment. These deposits are suggested to be partly associated with dense shelf water-mass plumes
driven by supercooling and brine formation over the northern Greenland continental shelf.

1. Introduction

The Cenozoic development of the Amundsen Basin (Figure 1) and its role in the paleoceanographic evolution
of the Arctic Ocean remains poorly understood. This lack of knowledge is due in part to the challenges of
acquiring data in areas with perennial sea ice cover. Only few seismic profiles have been acquired in the
region, and these are unconstrained by stratigraphic control. Seismic reflection data were mostly collected
with short streamers and small source arrays. Seismic refraction data were collected with sonobuoys and,
in some instances, recoverable ice stations (e.g., Chernykh & Krylov, 2011; Fütterer, 1992; Jokat et al.,
1995a; Jokat & Micksch, 2004; Ostenso & Wold, 1977). Rock samples collected by dredging are sparse
(Brumley et al., 2015; Knudsen et al., 2017; Michael et al., 2003) and shallow cores (Fütterer, 1992;
Svindland & Vorren, 2002) constrain only the most recent Quaternary depositional history. The only source
of deep stratigraphic information comes from scientific ocean drilling during Integrated Ocean Drilling
Program expedition 302, the Arctic Coring Expedition (ACEX). During ACEX, samples were recovered on
the central Lomonosov Ridge (LR) in 2004 to a depth of ~400 m (Backman et al., 2005). Much of the
tectono-oceanographic history of the Amundsen Basin and the adjacent LR remains unknown.

The objective of this paper is to investigate the Cenozoic depositional history of the Amundsen Basin using
new multichannel seismic reflection data gathered as part of the United Nations Convention on the Law of
the Sea program for the continental shelf project of the Kingdom of Denmark. The lines were collected in
the western part of the Amundsen Basin and along the flank of the Eurasian side of the LR (Figure 1). The data
are supplemented by published multichannel seismic data in the Amundsen Basin (Jokat et al., 1995a, 1995b;
Jokat & Micksch, 2004), magnetic data (Brozena et al., 2003), and information from ACEX drill sites (Jakobsson
et al., 2007; Moran et al., 2006). Linking these data sets offers the opportunity to advance previous strati-
graphic interpretations in the Amundsen Basin (e.g., Chernykh & Krylov, 2011; Jokat et al., 1995a) and
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improve our understanding of the sedimentary processes and tectonic evolution of the Arctic Ocean.
Moreover, the continuous basin record may also supplement the incomplete ACEX record and provide
additional constraints on the missing history of the LR. In this contribution, a new stratigraphic model of
the Amundsen Basin is presented, and four main evolutionary stages are proposed.

2. Geological and Oceanographic Setting

The LR is a sliver of continental crust that connects the Lincoln Shelf north of Greenland and Ellesmere Island
to the East Siberian Shelf, separating the Arctic Ocean into two main basins—the Amerasian Basin and
Eurasian Basin (Figure 1). The Eurasian Basin is bisected by the world’s slowest mid-ocean ridge spreading
center, with present day full spreading rates of 14.6 mm/year at the western end, decreasing to 6.3 mm/year
in the Laptev Sea (DeMets et al., 1994). It is generally agreed that seafloor spreading began in the early
Cenozoic as the LR rifted away from the Barents and Kara shelves when Greenland and North America sepa-
rated from Eurasia (Jokat et al., 1992; Poselov et al., 2014; Talwani & Eldholm, 1977; Vogt et al., 1979). Magnetic
anomalies indicate that spreading began no later than Chron C24N (~53 Ma, the timescale of Ogg, 2012, is
used throughout this paper) and possibly during Chron C25 (~57 Ma; Brozena et al., 2003; Cochran et al.,

Figure 1. Bathymetry of the Amundsen Basin and surrounding areas in the Arctic Ocean. (yellow lines) LOMROGmultichan-
nel seismic reflection data collected in 2007, 2009, and 2012. (white lines) Seismic reflection data from ARCTIC’91 (Jokat
et al., 1995a, 1995b). (purple line) Seismic reflection data from AMORE 2001 (Jokat & Micksch, 2004). (black lines) Seismic
reflection lines from NP-28 (Fütterer, 1992) and Arlis-II (Ostenso & Wold, 1977). (red lines and white rectangles) Seismic
reflection segments featured in this paper. (green lines) Major sediment pathways from Boggild and Mosher (2016).
(red-filled circle) Location of Integrated Ocean Drilling Program 302 (ACEX). (red-filled square) Location of coring station
from PS87/2014 (Stein et al., 2016). The bathymetry is based on the IBCAO grid v.3 (Jakobsson et al., 2012). BS = Barents
shelf; CB = Canada Basin; ESS = East Siberian Shelf; EAB = Eastern Amundsen Basin; EI = Ellesmere Island; FS = Fram Strait;
KS = Kara Shelf; LVS = Laptev Shelf; LS = Lincoln Shelf; NS = Nares Strait; RU = Russia; SAT = St. Anna Trough; WAB =Western
Amundsen Basin; YP = Yermak Plateau; ACEX = Arctic Coring Expedition.
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2006; Døssing, Hopper, et al., 2013; Døssing, Jackson, et al., 2013; Engen et al., 2008; Glebovsky et al., 2006;
Vogt et al., 1979).

The LR was first proposed as a continental fragment by Heezen and Ewing (1961). This was confirmed subse-
quently by seismic data (Ostenso & Wold, 1977; Sweeney et al., 1982). Seismic profiles across the LR show
structures below cover dominated by crustal scale extension. Tilted continental fault blocks are well imaged
and continuous with horst and graben-like bathymetry toward Siberia (Jokat, 2005; Jokat et al., 1992). The
oldest sedimentary rocks recovered by the ACEX drilling leg are Late Cretaceous age (i.e., prebreakup;
Backman et al., 2005). Metamorphic sandstones recovered by dredging the Eurasian flank of the ridge have
a Mid-Ordovician deformation age, showing that the LR was involved in a collisional event at that time
(Knudsen et al., 2017). The combined evidence unequivocally demonstrates the continental nature of
the ridge.

Another discovery of the ACEX expedition was the presence of a depositional hiatus spanning from the mid-
Eocene-early Miocene (Moran et al., 2006) based on biostratigraphic data (Backman et al., 2008). This hiatus is
unexpected because it is inconsistent with established postrift thermal subsidence models (McKenzie, 1978).
O’Regan et al. (2008) suggested that the ridge remained at or near sea level during the duration of the time
gap. Based on an analysis of the consolidation, strength, and permeability of the sediments recovered,
O’Regan et al. (2010) suggest that the hiatus arose from a period of prolonged low to nondeposition. The
cause of nondeposition and/or erosion has been attributed to tectonic uplift, either as a result of mantle
phase changes (Minakov & Podladchikov, 2012) or as a result of the Eurekan orogeny, which reached its peak
during the Eocene (Døssing et al., 2014). Others have related the hiatus to erosion by oceanic bottom currents
(Jokat et al., 1992; Moore and the Expedition 302 Scientists, 2006a), implying that a vigorous circulation sys-
temwas established in the late Eocene, although this may have happened in combination with tectonic uplift
(O’Regan et al., 2008).

An alternative chronology to the 26-Ma hiatus model by Backman et al. (2008) was derived from Re-Os iso-
tope data produced by Poirier and Hillaire-Marcel (2009, 2011), who proposed that middle Cenozoic sedi-
mentation rates on the LR were continuous (albeit ultraslow) with a time gap of <0.4 Ma at about 36 Ma.
The two different age models have drastically different implications for the timing of a fully ventilated
Arctic Ocean and for the tectonic evolution of the LR (O’Regan et al., 2011; Stein et al., 2014). In the original
Backman et al. (2008) model (hereafter referred to as age model 1), the LR is linked to a period of delayed
subsidence, and the transition from a lake to a marine setting is placed at approximately 17.5 Ma
(Jakobsson et al., 2007). In the second model by Poirier and Hillaire-Marcel (2009, 2011; hereafter referred
to as age model 2), the onset of marine conditions in the Arctic is inferred at approximately 36 Ma, suggesting
instead that the LR experienced a gradual change in relative sea level during the Oligocene-Miocene.
Throughout the paper, when discussing timing and ages with respect to specific features and interpretations,
we refer to age model 1, since it is well established in the literature. The implications for age model 2 are dis-
cussed separately in a subsection of the discussion.

Weigelt et al. (2014) summarized previous stratigraphic interpretations of the Arctic Ocean and proposed a
new scheme based primarily on data from the Siberian Shelf and Laptev Sea. Currently, there are two princi-
pal stratigraphic schemes for the western Amundsen Basin (WAB), with very different implications for sedi-
mentation rates and oceanographic settings. Jokat et al. (1995a) suggest that prior to polarity Chron C13N
(~34 Ma), sedimentation rates throughout the basin were uniformly high, varying from 10 to 15 cm/ka.
Since that time, sedimentation rates have decreased to 1.5 cm/ka. Alternatively, Chernykh and Krylov
(2011) suggest that the average sedimentation rates have gradually decreased from about 30 to <4 cm/ka
from the onset of spreading until the late Oligocene (Chattian, approximately 28–23 Ma), after which sedi-
mentation rates sharply increased to about 10 cm/ka due to a global marine regression, and then later
decreased to <2 cm/ka during the Miocene. These different models have important implications for under-
standing the paleoceanographic environment of the Arctic Ocean.

The Arctic Ocean serves two key roles in the ocean circulation system: (1) it provides a passage between the
Atlantic and Pacific oceans; and (2) it provides a receptacle for Atlantic water masses, alters them, and then
returns them back to the Atlantic (Rudels & Friedrich, 2000). The Atlantic water inflow, primarily via the Fram
Strait and the St. Anna Trough in the Barents Sea, is mainly driven by thermohaline circulation (Beszczynska-
Möller et al., 2011). The Atlantic water current system, termed the Atlantic Ocean boundary current, is a
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subsurface water mass (depths between about 150 and 900 m) that flows in a cyclonic (anticlockwise)
direction following the topographic basin slopes and along the ocean ridges (Rudels, 1995, 2012; Tomczak
& Godfrey, 1994; Woodgate, 2013). In contrast, the uppermost waters are wind-driven and flow
anticyclonically in the Beaufort Gyre in the southern Canada Basin, where it contributes to the transpolar
sea-ice drift from Siberia toward the Fram Strait (Rudels, 2012). Despite the present understanding of
Arctic oceanography, little is known about deep ocean currents formed in the region, their role in sediment
transportation and deposition, and possible influence on the global meridional overturn circulation.

3. Seismic Database

The seismic data used in this study consist of several recent and vintage surveys acquired along the central
Amundsen Basin and the flanks of the LR within a region of very sparse coverage of multichannel seismic
reflection data. The database consists primarily of 2-D-reflection data from several marine seismic expeditions
collected for the United Nations Convention on the Law of the Sea program of the Kingdom of Denmark,
described briefly below and in more detail in supporting information S1. In addition, seismic lines from
two older surveys were used (Figure 1): ARCTIC’91 (~1,500 km) and AMORE 2001 (550 km; Jokat et al.,
1995a, 1995b; Jokat & Micksch, 2004).

The LOMROG surveys were acquired in 2007, 2009, and 2012 using a high-resolution seismic system
designed for use in Arctic sea ice and was deployed from the Swedish icebreaker Oden (Hopper et al.,
2012). Key acquisition parameters are summarized in Table 1. Details from each survey are provided in
Marcussen et al. (2008), Lykke-Andersen et al. (2010), and Varming et al. (2012). The source array consisted
of G and G-I guns with various configurations and a streamer of up to 300 m long with a group interval of
6.25 m. The nominal towing depth of both the source and receiver arrays was set to 20 m to minimize
interference with ice. Further acquisition and processing details are provided in supporting
information S1.

The seismic refraction data were obtained by sonobuoys, which recorded the shots from the seismic reflec-
tion experiments. In this study, four sonobuoys were used for constraining sediment velocities in the
Amundsen Basin (Figure 2). The velocity modeling and sonobuoy data are presented in Figures S1–S4. The
seismic energy produced by the airgun cluster could be recorded up to offsets of 20 km. Pwave velocity mod-
els of the sediments and the underlying crust were then obtained by forward modeling of the travel times
using RAYINVR software based on the algorithm of Zelt and Smith (1992). The coincident seismic reflection
data were used to guide the velocity modeling down to the basement.

4. Description and Timing of Main Seismic Units

The key seismic units were identified based on reflection character, seismic facies, and geometries (Mitchum
et al., 1977). Ages for the top of the older units were derived by establishing the point where seismic horizons
onlap the basement and then infer basement ages from the magnetic anomaly interpretation of Brozena

Table 1
Summary of Key Acquisition Parameters During LOMROG I Through III

LOMROG I LOMROG II LOMROG III

Source 1 Sercel G and 1 Sercel GI gun 1 Sercel G and 1 Sercel GI gun 2*Sercel G-Gun
Chamber volume (inch3) 605 605 1,040
Gun pressure 200 bar (3,000 psi) 180 bar (2,600 psi) 180 bar (2,600 psi)
Nominal tow depth (m) 20 20 20
Streamer Geometrics GeoEel Geometrics GeoEel Geometrics GeoEel
Length of tow cable (m) 43 43 30
Total no. of groups 48/40/32/24 32/40 32
Group interval (m) 6.25 6.25 6.25
Nominal tow depth (m) 20 20 20

Note. The data quality was enhanced by a basic processing sequence that included band pass filtering, spectral shaping
filtering, spike and noise burst editing, f-k filtering, static corrections, trace equalization, shot-mixing, stacking, and velo-
city migrations.
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et al. (2003) recalibrated to the timescale of Ogg (2012). This provides a maximum age for a horizon since the
sediments must be younger than the underlying oceanic crust. The thicknesses of the units were derived
from the two-way travel time in the seismic reflection data and from the velocities obtained from the
refraction data. For each unit, a range of sedimentation rates (min/max) was calculated based on sediment
thickness variations between individual basin segments (e.g., between structural highs) and the correlation
of key horizons to the magnetic time scale as expressed on the seafloor.

4.1. Seismic Stratigraphy

The sediments within theWAB are dominated by parallel strata forming a uniform and continuous drape over
the oceanic basement, which has a highly variable relief and in some places protrudes above the otherwise
flat and uniform basin floor. TheWAB succession is divided into six seismic units, each bounded by reflections
that are generally conformable but clearly demarcate changes in seismic facies. The thickest unit, unit 1, was
further subdivided based on facies changes or locally developed internal reflections.

Figure 3 shows a summary overview of long transects through the basin running perpendicular to the strike
of the Lomonosov and Gakkel ridges. A similar transect running parallel to the ridges through the central part

Figure 2. Magnetic anomaly map from Brozena et al. (2003) used to determine the ages of the stratigraphic units in this
study. (orange lines) Normal polarity chrons. The “y” and “o” refer to the young and old side of the anomalies, respec-
tively. (yellow lines) LOMROG multichannel seismic reflection data collected in 2007, 2009, and 2012. The seismic lines are
labeled “xx-yy”, where “xx” refers to the year the data were collected, and “yy” refers to the profile number. (white lines)
Seismic reflection data from ARCTIC’91 (Jokat et al., 1995a). The seismic lines are labeled “A91-yyy”, where “A91” refers
to “AWI1991,” and “yyy” refers to the profile number. (purple line) Seismic reflection data from AMORE 2001 (Jokat &
Micksch, 2004). (light blue-filled stars) Position where the top horizon of subunit 1a onlaps the oceanic basement. (dark
blue-filled stars) Position where the top horizon of subunit 1b onlaps the oceanic basement. (orange-filled stars) Position
where the top horizon of subunit 1c onlaps the oceanic basement. (white-filled star) Position where the top horizon of
unit 2 onlaps the oceanic basement. (green-filled circles) Deployment position of sonobuoys used in this study.

10.1029/2018PA003414Paleoceanography and Paleoclimatology

CASTRO ET AL. 1361



of the basin is shown in Figure S5. Detailed seismic sections crossing the flank of the LR into the WAB are
shown in Figures 3–7 and S6, while detailed sections of the stratigraphy in the central parts of the basin
are shown in Figures 8, 9 and S7.

Figure 3. Three seismic transects crossing the Amundsen Basin with line names shown along the top axis (see Figures 1
and 2 for line positions). Key seismic horizons interpreted: oceanic basement = black; top subunit 1a = light blue (C21y–
C20o, 44.5 ± 1.5 Ma); top subunit 1b = dark blue (C18o–C15y, 37.5 ± 2.5 Ma); top subunit 1c = orange (C18y–C12o,
27.5 ± 2.5 Ma); top subunit 2 = white (<C8y,< 25–20 Ma); top unit 3 = magenta; top unit 4 = yellow; top unit 5 = green; top
unit 6 = seabed. (red circles) Positions where the horizons onlap the oceanic basement (see Figure 2). (gray-dashed line)
Estimated thermal subsidence curve of the seafloor according to plate cooling models (Parsons & Sclater, 1977). y = young;
o = old.
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4.1.1. Unit 1
The lowermost unit is the thickest unit in the basin, with a maximum thickness of about 1,450 ms (~2,150 m).
The base of the unit is marked by the top of the igneous oceanic crust, which shows significant relief and
often appears to be faulted. Throughout the rest of this paper, basement refers to the top oceanic crust.
Unit 1 is the thickest in the oldest part of the basin and thins toward the Gakkel Ridge. In the central WAB,
the unit is often confined by the uneven topography and fills isolated subbasins (Figure 3a). At the LR flank,
the thickness of unit 1 ranges from about 700 to 1,000 ms (~1,000 to 1,450 m; Figures 3 and 4).

The unit can be subdivided into three subunits (Figures 3a and 3b). The lower subunit, 1a, consists of variable
internal reflections, ranging from weak or poorly defined to strong and continuous (Figures 3a and 3b). It is
not observed in areas where the basement shallows. The middle subunit, 1b, consists of predominantly weak

Figure 4. Seismic profile LOMROG2009-11 crossing the LR flank into the Amundsen Basin. Key seismic horizons inter-
preted: oceanic basement = black; top subunit 1b = dark blue (C18o–C15y, 37.5 ± 2.5 Ma); top subunit 1c = orange
(C18y–C12o, 27.5 ± 2.5 Ma); top subunit 2 = white (<C8y, < 25–20 Ma); top unit 3 = magenta; top unit 4 = yellow; top unit
5 = green; top unit 6 = seabed. A 1-D-velocity column modeled from the refraction data is shown. LR= Lomonosov Ridge;
y = young; o = old.

Figure 5. Detail of channel segment developed within unit 6 (see position in Figure 4). The channel system is characterized
by terraced surfaces back-stepping toward the ridge flank. Note the prominent development of the basinward channel
levee influenced by growth faults and asymmetric mounded depositional features seen within units 4 and 5. Unit 5 is
divided into two subunits (a and b). Key seismic horizons interpreted: oceanic basement = black; top subunit 1c = orange
(C18y–C12o, 27.5 ± 2.5 Ma); top subunit 2 = white (<C8y, <25–20 Ma); top unit 3 = magenta; top unit 4 = yellow; top unit
5 = green; top unit 6 = seabed. y = young; o = old.
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reflections and is often transparent (Figures 3a–3c). The thickness of subunit 1b is typically about 400 ms
(~500 m); however, in profile 07-01 across the central Amundsen Basin, it reaches up to 700 ms (~900 m;
Figure 3b). The upper subunit, 1c, is marked by semicontinuous relatively coherent reflections. The seismic
geometries are strongly influenced by basement relief and within the thickest sections internal discontinu-
ities are common (Figure 3c). The thickness of subunit 1c ranges from about 150 to 300 ms (~200–425)
and is the thickest near the LR. Toward the Gakkel Ridge, subunit 1c shows a more variable distribution
throughout the central basin (Figures 3a–3c).

Near the LR, subunit 1c is about 300 ms (~425 m) thick adjacent to the ridge flank and thins to about 150 ms
(~190 m) toward the WAB, apparently influenced by a broad intrabasin topographic relief defined by the top
of subunit 1b (dark blue horizon in Figure 3a). Likewise, seismic lines A91-098 and A91-100 (Figure 2) show
distinct thinning of subunit 1c (to<40 ms) over an intrabasin high. However, the regional coherency of these
basinal structures and resulting strata patterns cannot be established with the current data.

In the central WAB, subunit 1c shows onlap and thinning toward the basement highs (Figure 3). In some
areas, evidence for slope instability and mass transport deposits are observed (Figure 9b). These areas are

Figure 6. Detail from Figure 4 showing erosion within unit 5 interpreted as a buried channel segment (turquoise dot-dash
horizon). The buried channel is about 7 km wide and shows a stepwise incision with a preferential levee accumulation in a
basinward direction similar to the modern channel. Key seismic horizons interpreted: top unit 3 = magenta; top unit
4 = yellow; top unit 5 = green; top unit 6 = seabed.

Figure 7. Detail from Figure 4 displaying a thick sedimentary wedge developed within subunit 1c and fault-bounded
against the Lomonosov Ridge. The depositional body is characterized by an irregular surface with discontinuous seismic
reflections that appear to offlap and downlap top subunit 1b (dark blue horizon). Key seismic horizons interpreted: oceanic
basement = black; top subunit 1b = dark blue (C18o–C15y, 37.5 ± 2.5 Ma); top subunit 1c = orange (C18y–C12o,
27.5 ± 2.5 Ma); top subunit 2 = white (<C8y, < 25–20 Ma); top unit 3 = magenta. y = young; o = old.
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commonly related to deep-seated faults that bound the basement highs, suggesting active
tectonism during deposition.

In the lower part of subunit 1c, a sedimentary wedge characterized by a steep, lenticular reflection pattern
extends out from the LR (Figure 7). The wedge is about 3.5 km wide and has an approximate dip of 10°.
The maximum thickness of the wedge is about 325 ms (~450 m) and pinches out toward the LR with strata
downlapping toward the base horizon of unit 2 (Figure 7). Internal reflections of the wedge are weak and dis-
continuous to semichaotic. Similar wedge-like features are observed in other areas along the ridge flank
(Figure 4) including Alfred Wegener Institute (AWI) line A91-097 (Jokat et al., 1995a).
4.1.2. Unit 2
Unit 2 ranges from about 120 to 270 ms (~140–310 m) thickness (Figures 3, 4, and 9) and is typically more
transparent than unit 1, although it is occasionally marked by weak reflections showing a continuous to semi-
continuous distribution (Figures 3, 9b, and S5). Toward the Gakkel Ridge, unit 2 shows a gradual thickening. In
addition, local thickness decreases, and episodic truncation is observed over the topographic highs in the
central basin (Figures 3a–3c). The draping monotonic sedimentary cover of this unit observed throughout
the basin implies formation in a predominantly hemipelagic setting far from point sources of
sedimentary input.

Near the LR, unit 2 has a relatively uniform thickness of about 225 ms (~275 m) along seismic profile
LOMROG2009-11 (Figures 3a, 4, and 7); however, a distinct thinning of the unit (to<40 ms) similar to subunit
1c is observed over an intrabasin high along seismic lines A91-098 and A91-100 (Figure 2). Unit 2 therefore
also seems to be affected by a broad-intrabasin topographic relief in some areas along the LR.
4.1.3. Unit 3
This unit is characterized by parallel, coherent reflections that show extensive lateral continuity (Figures 3a
and S5). As a consequence, top unit 3 forms a distinct horizon that can be traced with a high degree of con-
fidence throughout the WAB. Unit 3 has a relatively uniform thickness of 225 ms (~240 m) with a maximum of
260 ms (~270 m) in the central parts of the basin. Along seismic profile 09-11, unit 3 thins toward the ridge
flank to about 80 ms (~100 m) and shows depositional pinch-out toward the underlying unit 2 (Figure 5). The

Figure 8. Seismic profile GEUS-LOMROG2012-07 crossing the western Amundsen Basin between Chrons C18o and C8y
(see Figures 1 and 2 for line position). The large thickness observed in unit 2 at C8y suggests that the true chronostrati-
graphic pinchout for unit 2 lies beyond magnetic isochron C8y. Key seismic horizons interpreted: oceanic base-
ment = black; top subunit 1b = dark blue (C18o–C15y, 37.5 ± 2.5 Ma); top subunit 1c = orange (C18y–C12o, 27.5 ± 2.5 Ma);
top subunit 2 = white (<C8y, < 25–20 Ma); top unit 3 = magenta; top unit 4 = yellow; top unit 5 = green; top unit
6 = seabed. (red circles) Positions where the horizons onlap the oceanic basement (see Figure 2). y = young; o = old.
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strong, continuous reflection pattern seen in unit 3 combined with depocenter development in the
central basin points to a predominantly hemipelagic depositional environment with limited input from
marginal sources.

Figure 9. (a–c) Detailed images from Figures 3c and S5 showing structural influence on strata development and sedimen-
tation patterns. (a) Strata dip changes in unit 3 along a basement structure (indicated by blue arrows). An upward decrease
in dip of onlapping strata from 30° to 0°is observed. (b) Example of mass movements within subunit 2a related to slope
instability and structural faulting along the flanks of a subbasin (internal horizons shown in red and purple colors). (c)
Asymmetric mounded features seen within unit 4 (purple and light green hatchured markers) inferred as contourite drift
deposits formed along a fault-bounded topographic high. Key seismic horizons interpreted: oceanic basement = black; top
subunit 1b = dark blue (C18o–C15y, 37.5 ± 2.5 Ma); top subunit 1c = orange (C18y–C12o, 27.5 ± 2.5 Ma); top subunit
2 = white (<C8y, < 25–20 Ma); top unit 3 = magenta; top unit 4 = yellow. y = young; o = old.
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Thinning and occasionally truncation of unit 3 is seen over the protruding basement structures in the central
WAB (Figures 3c and S5). In some locations, the thinning is associated with an upward decrease in dip of
onlapping strata (Figure 9a). This suggests that deposition was influenced by local structural development
of the central basement highs that could provide a sediment source from submarine weathering of
oceanic crust.
4.1.4. Unit 4
Unit 4 varies in thickness from 125 to 190 ms (~120–180 m). In contrast to the underlying unit 3, this unit
thickens from the central basin toward the LR (Figure 3a). Local thickness increases are seen to be associated
with subbasin structures toward the Gakkel Ridge (Figure 3c). The unit consists of weak to poorly defined
reflections, although some strong and laterally continuous reflections are also observed in some basinward
locations (Figures 3a–3c and S5). In the central WAB, reflections are semiparallel but interspersed with hum-
mocky geometries and occasionally gentle convex geometries that tend to form around basement highs due
to differential compaction (Figures 3a–3c and S5).

LOMROG lines 09-11 and 09-10 show weakly developed mounded buildups juxtaposed on distinct topo-
graphic lows against the LR flank (Figures 4, 5, and S6). The widths and depths of the troughs, respectively,
range from 1 to 1.5 km and 50 to 80 ms (~50–80 m). The asymmetric mounded geometries are characterized
by internal discontinuous reflections formed above an erosive base at the top of unit 3. LOMROG line 2012-10
also displays a similar mounded expression of unit 4 perched against a topographic high (Figure 9c).
Although the internal reflection patterns often appear dimmed or vaguely defined, aggradational geometries
can be recognized (Figure 9c).
4.1.5. Unit 5
Unit 5 shows a consistent thickening from north to south, that is, toward the Gakkel Ridge, with basinal
depocenters increasing from about 160 to 320 ms (~150 to 300 m thick; Figures 3a–3c). Unit 5 thins
along the transect going from west to east (Figure S5). The LR profiles indicate the development of a
more localized depocenter (>250 m thick) indicated by positive relief along the northern basin margin
(Figures 3a and S6).

The seismic facies of unit 5 are characterized by coherent, parallel to semiparallel reflections across the basin
(Figures 3a–3c and S5), althoughmore uneven and discontinuous seismic facies are seen within the depocen-
ter in vicinity of the LR (Figures 5, 6, and S6). Some of the seismic sections reveal an internal organization of
unit 5 into several subunits that onlap the top unit 4 horizon in a direction toward the LR (Figures 3a and 3c).
Internal reflections appear phase reversed (i.e., negative impedance contrast), which may suggest that the
continuous reflectivity is caused by clayey intervals interspersed by more silty-sandy deposits. Below the
LR flank, the seismic facies becomes less discontinuous with mounded geometries interspersed laterally with
concave reflection patterns commonly showing erosive signatures (Figures 5 and 6). This reflection pattern is
interpreted as incised channel segments that are up to 50ms deep (~50m) and 1 kmwide, bounded by levee
deposits. In the key profile, Figures 3a and 4, the channelized deposits are seen to accumulate over the
inclined, unconformable top unit 4 horizon, which dips ~2° into the basin. The channel deposits infill the bur-
ied trough along the ridge flank (see also Figure S6).
4.1.6. Unit 6
The uppermost unit drapes the WAB and has a thickness that ranges from 125 to 250 ms (~100–200 m). The
regional thickness variations and unit geometry indicates two depositional trends: (1) a small gradual
increase in accumulation toward the basin sector bordering the Gakkel Ridge and (2) discrete, mounded sedi-
mentary buildups associated with a recent channel system (Figures 3a–3c and S5). This channel accumulation
is also imaged on the AWI lines east of the LOMROG transect in Figure 3a, suggesting that it extends at least
up to 70 km from the flank of the LR.

The basinward accumulation of unit 6 is characterized by sets of strong, continuous reflections displaying a
positive impedance (Figures 3a–3c and S5). They demarcate individual depositional units that internally show
arcuate and contorted to chaotic reflection patterns. These depositional units tend to thicken into the low-
relief subbasins and are defined by the top of unit 5. In some places, they are seen to evolve from erosional
scarps and faults above deep structures. Based on the seismic expression, they are interpreted as mass-flow
deposits, that is, debrites (Gong et al., 2014). Accordingly, the small-scale arcuate- clinoformal patterns may
be overriding thrusted layers generated by slow-moving mass-transport processes, although it should be
noted that these features approach the limit of seismic resolution (Figure 3c).

10.1029/2018PA003414Paleoceanography and Paleoclimatology

CASTRO ET AL. 1367



The accumulation zone of unit 6 along the LR is associated with a modern channel system, referred to as NP-
28, that extends from the Lincoln Shelf margin into the Amundsen Basin (Kristoffersen et al., 2004; Svindland
& Vorren, 2002). The channel itself, about 5 km wide and 80 ms (~60 m) deep, is marked by erosional surfaces
separated by gentle scarps that back-step at three distinct levels toward the LR flank. The deepest channel
segment is flanked by a scarp approximately 70 ms (~50 m) tall and dipping about 10° (Figure 5). The scarp
truncates strata that form part of a prominent levee buildup on the basinward side. Offset reflections and dis-
continuities suggest the development of small growth faults within the levee deposits (Figure 5). The levee
construction eventually merges with the abyssal plain >20 km away from the channel. Discontinuous, trun-
cated reflection patterns displaying internal onlap and lenticular to concave features are seen below the
modern channel (Figures 5 and S6). The channelized seismic facies suggests that high-energy current flows
shape the modern seafloor and have been active throughout the deposition of the unit. The basal horizon
(top unit 5) forms an erosional surface that demarcates a buried channel about 1.5 km wide and 50 ms
(~40 m) deep, filled by small clinoforms (Figure 5). The position of the buried channel relative to the modern
counterpart suggests that the main channel pathway has shifted 3.5 km in a basinward direction during
deposition of the unit. A channel feature is also observed in the southern part of the WAB bounded by the
outer Gakkel Ridge structure and a thick incised strata package, probably composed of units 5 and 6
(AWI-91-104; Figure 3c). Aside from its location and deeper bathymetry on the opposite side of the basin, this
feature differs from the NP-28 system by its dimension (~150 vs. 60 m deep) and symmetric left-side levee
formation. Hence, its mode of origin is most likely different from the NP-28 channel.

4.2. Chronology and Sedimentation Rates

The WAB contains a more than 2-km-thick, relatively conformable, and continuous seismic stratigraphic suc-
cession (Figures 3 and S5) forming a complete sedimentary record since the onset of deposition in the early
Cenozoic. Because no deep borehole data are available, it is necessary to infer ages from the stratigraphic
pinch-outs on oceanic basement. Stratigraphic ages can be estimated based on magnetic spreading anoma-
lies of the underlying oceanic crust, providing a maximum possible age for a horizon as noted earlier
(Figure 2). This primarily applies to the older units where the basement onlap relationships are clearly imaged
on the limited seismic data. Here the magnetic anomaly interpretation of Brozena et al. (2003) is used, and
ages are assigned based on the geomagnetic timescale of Ogg (2012). Jokat et al. (1995a) derived ages based
on the magnetic anomaly interpretation by Vogt et al. (1979) using ages from Cande and Kent (1992), while
Chernykh and Krylov (2011) provided their own anomaly interpretation calibrated to Cande and Kent (1995).
We report horizon ages and sedimentations rates based on new data alongside the previously published
results and their respective geomagnetic polarity timescales for better comparison (Figure 10).

Dating of the units using magnetic anomalies has a number of limitations. First, there is a large uncer-
tainty due to the ultraslow spreading. Closely spaced anomalies are difficult to distinguish from shipboard
and aeromagnetic surveys because the sensor is too far away from the anomalies (Russell, 1999). Second,
the sparse seismic data coverage in the region spanning Chrons C25N–C23N (~57–53 Ma) introduces sig-
nificant correlational gaps, leading to uncertainty of the age of the deepest units (in particular unit 1).
Finally, rough basement topography can complicate the onlap relationships so that a horizon pinches
out locally on older crust. For horizons dated this way, several seismic lines were checked when possible,
and the pinch-outs were remarkably consistent relative to the magnetic anomaly pattern, giving some
confidence that the approach provides reasonable age estimates. Thus, despite the drawbacks of dating
seismic horizons this way, it remains the only option for the deeper units and provides some information
for estimating sedimentation rates.

The range of sedimentation rates presented in Figure 10 includes the thickness variation between individual
subbasins and variation in seismic velocities for each unit. Parameters for calculating sedimentation rates are
shown in Table 2, and the locations of sonobuoys used for the velocity estimates are shown in Figure 2. To be
as representative as possible, the sedimentation rates were calculated by combining the velocities and two-
way travel time thickness observed along the different profiles (Figures 3a–3c and S5). If the measured two-
way travel time thickness of a unit was located along a profile containing sonobuoy data, the 1-D velocity
model was used to calculate the sedimentation rates. Otherwise, the sonobuoy closest to the measurement
was used. If the measured two-way travel time thickness was located at a similar distance between two
sonobuoys (e.g., LOMROG2007-01; see Figure 2), the sediment rates were calculated by averaging the
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velocities of the two sonobuoys closest to the profile. The velocity modeling and sonobuoy data are
presented in Figures S1–S4. There are two main sources of error in the sedimentation rate estimates. One
is uncertainty in the age estimates, and the second is with time-depth conversion. In the absence of direct
sampling and age dating, the former is difficult to quantify. We include in the Table 2 and Figure 10
ranges that are considered reasonable, but it should be noted that these are not rigorous error bars.

For comparison to previous work, the correlative seismic units dated by Jokat et al. (1995a) are shown in
Figure 10. Subunit 1a corresponds to seismic units AB-1 through AB-3 identified by Jokat et al. (1995a), while
subunit 1b roughly corresponds to AB-4. For the remaining units, the ages between this study and the corre-
sponding units differ due to the assumptionmade by Jokat et al. (1995a) of a constant sediment rate of about

Figure 10. Seismic-stratigraphic units and horizon ages defined in the western Amundsen Basin compared to previous
basin studies and the ACEX borehole stratigraphy. The numbers shown are the inferred sedimentation rates (cm/ka).
Color coding indicates the four interpreted depositional environments discussed in the text. (magenta horizons and
colored stars) Aeromagnetic dated boundaries (see also Figure 2). (yellow horizons) Boundaries inferred from oceano-
graphic considerations. (dark blue horizons) Boundaries inferred from estimated sedimentation rates. (light blue horizons)
Cosmogenic dated boundaries (Frank et al., 2008; recalibrated according to Chmeleff et al., 2010.). Geomagnetic polarity
timescales based on Cande and Kent (1992; left), Cande and Kent (1995; middle), and Ogg (2012; right). (black) Normal
polarity chrons. (white) Reversed polarity chrons. CK92 = Cande and Kent (1992); CK95 = Cande and Kent (1995); O12 = Ogg
(2012); CK [2011] = Chernykh and Krylov (2011). ACEX = Arctic Coring Expedition.
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1.5 cm/ka from the late Eocene onward for dating their remaining horizons (Figure 10). Based on the revised
chronology, subunit 1c and unit 2 are largely equivalent to AB-5 and AB-6. Finally, the uppermost succession,
represented by units 3–6, corresponds to AB-6 through AB-8 defined by Jokat et al. (1995a). Due to the sparse
LOMROG data within the older part of the basin (Chron C21y onward), a subdivison of the oldest unit, 1a, into
the three smaller units as defined by Jokat et al. (1995a) was not possible. However, two additional
sedimentary units are identified, units 2 and 4, within AB-6 and AB-7, respectively. In addition, a more
detailed description of unit geometries and seismic facies of the basin succession is presented, notably
along the LR flank (Figures 3 and 4).

The ages of the horizons top units 1a–1c were assigned based on where the horizons onlap the oceanic base-
ment (Figure 2). The approximate ages are 45, 38, and 29 Ma, respectively. These ages indicate that the early
basin evolution corresponds to relatively high sedimentation rates, >10 cm/ka, peaking during the early
Eocene (Figure 10). The ages for the horizons top units 1a and 1b are the most robust in the data based
on the multiple locations where onlap is observed (Figure 2). These units correspond to the seismic units
AB-1 through AB-4 identified by Jokat et al. (1995a), which were also dated by the same sections of onlap
but using an alternate magnetic anomaly interpretation as discussed above.

This study differs in the dating method used by Jokat et al. (1995a) for subunit 1c and unit 2 (AB-5 and AB-6).
In the model by Jokat et al. (1995a), AB-5 was calculated by assuming an average sediment rate of about
1.5 cm/ka and a 40 m thickness for the entire unit, yielding a span of ~3 Ma and an age of ~36 Ma for the
top boundary of AB-5 (Figure 10). In contrast, this study incorporates the subsequent AWI data presented
by Jokat andMicksch (2004). Whereas the original profiles by Jokat et al. (1995a) show gaps and/or high base-
ment topography when crossing Chron C8y (e.g., A91-102 and A91-104 located in Figure 2), Jokat and
Micksch (2004) show a continuous profile that appears typical for the basin (Figure S5). Thus, the age for unit
1c, corresponding to the lowermost interval of AB-5, was assigned based on the youngest two onlaps
observed in the AWI and LOMROG data between Chrons C12o and C8y (Figure 8 and Figure S7).

The age of horizon top unit 2 was inferred from seismic profiles 12-07 and AWI2001-0300. In the AWI profile, a
clear onlap for unit 2 is observed (Figures 2 and S7) at about Chron C8y (~25 Ma). This onlap coincides with
regional basement shallowing toward the Gakkel Ridge. In the nearby LOMROG profile, unit 2 is observed at
the same time interval with no clear onlap and no significant basement shallowing (Figure 8). Since unit 2
shows no significant thinning here and seems to continue beyond Chron C8y along 12-07, it is possible that
this horizon is likely younger than 25 Ma, probably ~25–20 Ma. However, more data are required to validate
and/or constrain the age for the top of unit 2.

The magnetic anomalies do not provide age constraints beyond Chron C8y (~25 Ma). Ages for units 3–6 are
estimated based on comparison to previous work and correlations with changes in facies patterns that can be
related to known tectonic and oceanographic events in the Arctic Ocean. The top of unit 3 is assigned an age
of 20–15 Ma based on the inferred onset of a ventilated regime in the Arctic Ocean according to age model 1
(Figure 10). Thus, we correlate the oxygenated late Miocene interval in the ACEX record (starting at 193-m

Table 2
Chronology, Thickness, and Velocity Ranges Used for Calculating Sediment Rates

AB unit Age of top horizon Thickness (TWT) Velocity(km/s)

Unit 6 — 100–200 m (125–250 ms) 1.54–1.6
Unit 5 4–2 Maa 150–300 m (160–320 ms) 1.9–2.0
Unit 4 10.6–8 Ma 120–182 m (125–190 ms) 1.9–2.0
Unit 3 20–15 Ma 130–270 m (125–260 ms) 2.0–2.4
Unit 2 Younger than C8y (< 25–20 Ma) 140–310 m (120–270 ms) 2.1–2.4
Unit 1c C18y–12o (27.5 ± 2.5 Ma) 190–430 m (150–300 ms) 2.5–2.8
Unit 1b C18o–15y (37.5 ± 2.5 Ma) 470–910 m (375–700 ms) 2.6–2.9
Unit 1a C21y–20o (44.5 ± 1.5 Ma) 1,500 m (925 ms) 3.1–3.2

Note. Only basinal thicknesses were used for calculating sediment rates, while sections influenced by tectonic factors
(e.g., thin sediments above basement ridges) were omitted. Locations of key sonobuoys used for the velocity estimates
are shown in Figure 2. The velocity modeling and sonobuoy data are presented in supporting information S1. Ages are
calibrated according to the timescale of Ogg (2012) except for unit 6. TWT = two-way travel time.
aBased on estimated sedimentation rates.
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core depth) to a phase of sediment drift accumulation along the LR indicated within unit 4. The top of unit 4 is
assigned an age of 10.6–8 Ma based on correlation to a 10Be dated hiatus at 135.5–140.4 m in the ACEX core
(Frank et al., 2008; recalibrated according to Chmeleff et al., 2010) and the onset of ferromanganese crust
growth on the LR flank (Knudsen et al., 2017). This latter observation is consistent with the onset of a
higher energy environment inferred above unit 4 and that is necessary for the crust to grow and be
preserved (Föllmi, 2016). Unit 4 thus was deposited during a relatively long interval of slow sedimentation
(rates estimated between 1.3 and 1.9 cm/ka). The lower end of this range is comparable with that found in
previous studies for the same interval corresponding to seismic units AB-6 through AB-8 (Jokat et al., 1995a).

An age of 8 Ma for the top of unit 4 yields gross sedimentation rates between 3.1 and 6.3 cm/ka for the
youngest units, 5 and 6. This is within the lower range of the shallow core results obtained by Svindland
and Vorren (2002; 5.9–24.7/ka over the last 17 ka) and Backman et al. (2004; 1–25/ka). The rates imply that
the base of unit 6 is approximately 2–4 Ma, that is, late Pliocene–early Pleistocene.

5. Sedimentary and Paleoceanographic Evolution of the Amundsen Basin

Analyses of the LOMROG seismic data and the tie of key horizons to the magnetic stratigraphy of the Arctic
Ocean (4.2) provide significant new input to the evolution of theWAB (Figure 11). The Cenozoic development
is discussed based on seismic geometries and facies pertaining to the updated stratigraphic scheme of the
present study. The paleoceanographic history inferred from our results is discussed in relationship to pre-
vious studies that notably builds on the sedimentary records derived from the ACEX samples. As noted ear-
lier, recently published age models have called into question the nature of the late Eocene-mid-Miocene
hiatus based on earlier ACEX results. In this discussion, the original ACEX age model (Backman et al., 2008)
is used. The implications of the alternative age model (Poirier & Hillaire-Marcel, 2009, 2011) are considered
in a separate subsection.

5.1. Eocene-Early Miocene Evolution (Units 1–3)

Deposition of subunit 1a began from the onset of spreading in WAB in the late Paleocene at ~57 Ma until the
mid-Eocene at ~45 Ma. LOMROG lines 07-01, 09-12, and 12-11 (Figure 2) indicate thicknesses greater than
1 km and thus high sedimentation rates. This likely reflects enhanced supply of terrestrial material,

Figure 11. Line drawing of profile LOMROG2009-11 (Figures 4–7) with inferred depositional environments and horizon
ages. Main sedimentary pathways are indicated by green arrows. Ages for units are derived from ties to the magnetic
anomaly interpretation of Brozena et al. (2003). Color coding same as Figure 10. LR = Lomonosov Ridge.
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possibly derived from weathering and erosion from the LR, although sediments may have also originated
from regional highs that are now at conjugate positions, for example, the Barents Shelf and Yermak
Plateau margins. The high sedimentation rates may also be linked to increased pelagic deposition associated
with high biological productivity (Stein et al., 2006) that characterizes the early–mid-Eocene greenhouse cli-
mate conditions (Zachos et al., 2008). Moreover, an intensified hydrological cycle (Carmichael et al., 2016;
Pagani et al., 2006) resulting in episodic fresh water accumulation (Brinkhuis et al., 2006) apparently enabled
high biological productivity as evidenced by the large quantities of the freshwater fern Azolla in the central
Arctic (Brinkhuis et al., 2006; Speelman et al., 2009; van der Burgh et al., 2013) and in adjacent regions (e.g.,
Collinson et al., 2010).

The upper range of the sedimentation rates for subunit 1a is poorly constrained due to sparsity of data within
the older part of the basin (Chron C21y onward). Although precise paleowater depth estimates for the LR are
challenging due to the absence of micropaleontological markers in the ACEX record, benthic-agglutinated
foram assemblages dated around the Paleocene-Eocene thermal maximum (~55 Ma) suggest that the LR
was close to sea level at that time (O’Regan et al., 2008).

Deposition of subunit 1b, approximatelymid-Eocene to late Eocene, ismarked by a decrease in sedimentation
rates compared to subunit 1a (Figure 10). The lower range of the rates estimated, 6 cm/ka, is roughly in accor-
dancewithprevious studies,while thehigher range, 12 cm/ka, is basedon a thick development of the unit seen
in the central WAB (Figure 3b). The observations from the LOMROG seismic data imply that the position of the
main depocenter during the late–mid-Eocene shifted toward the center of the basin near 07-01 (Figure 2).

The subunit 1c wedge infills the Amundsen Basin asymmetrically from NW to SE toward the Gakkel Ridge
(Figures 3, 4, and 7). This subunit was deposited between 37 and 29 Ma corresponding to the late Eocene
to mid-Oligocene epochs. Low-angle progradational features are observed, suggesting lateral transport of
sediments away from the LR toward the central basin. The evidence for slope instability and mass transport
(Figure 9b) that appear to correlate with sediment transport over the basement highs (Figure 9) suggests that
tectonic instability influenced the late Eocene-mid-Oligocene basin development phase. Steeply dipping
reflections, bounding wedge-shaped bodies, seen within subunit 1c are interpreted as submarine fan depos-
its extending from the ridge flank (Figure 7). Similar features, but more vaguely defined, are seen on other
profiles along the LR flank (e.g., 09-07 located in Figure 2) and A91-097 (Jokat et al., 1995a). This suggests that
sediments were actively eroded from the LR where it merges into the Lincoln Shelf margin.

Jokat et al. (1995a) suggest that the mid-Eocene (46 Ma) marks the onset of LR subsidence to greater depths,
shifting the depositional style in the Amundsen Basin from slope-rise to pelagic sedimentation. This may
have been accompanied by deposition of biosiliceous ooze deposits with an admixture of terrigenous mate-
rial along the basin margins. An increase in ice-rafted debris from 47 Ma has been related to an early cooling
phase and the initiation of sea ice and glacial ice in the Arctic Ocean (St. John, 2008; Stickley et al., 2009).

Sedimentary subunits 1b and 1c (mid-Eocene to mid-Oligocene) correspond to the lower half of the 44–
18 Ma depositional hiatus inferred in the original study of the ACEX cores (Backman et al., 2008; Figure 10).
This time gap overlaps the main phase of Eurekan compression in North Greenland, Ellesmere Island, and
Svalbard from 55 to 33 Ma (e.g., Gion et al., 2016; Oakey & Chalmers, 2012; Oakey & Stephenson, 2008;
Piepjohn et al., 2016). Several recent studies suggest that the Eurekan orogeny affected large parts of
the Arctic Ocean (Døssing, Hopper, et al., 2013; Døssing et al., 2014; O’Regan et al., 2008). In particular,
gravity inversion shows that Eurekan compression may have affected the oceanic crust of the
Amundsen Basin, the western LR, and below the Lincoln Shelf toward the Morris Jessup Rise, including
crustal thickening and uplift of the LR plateau (Døssing et al., 2014). Ensuing erosion from uplifted areas
may have been more significant on the shallower parts of the LR closer to the Greenland margin than
at the deeper portions lying nearby the ACEX site. The present day depth of LR near Greenland is
~600 m, whereas the ACEX site is at 1,200 m. Although Eocene reconstructions of paleowater depths exist
for the central LR (e.g., Mann et al., 2009; O’Regan et al., 2008), there is limited information for the portion
of the LR closest to the Lincoln Shelf. Thus, shallow or even subaerial areas near the Lincoln Shelf could
have also served as an additional source for erosion and deposition. In the context of the regional tectonic
configuration, it is most likely that the sedimentary signatures, for example, sedimentary wedges, observed
within subunit 1b and 1c are linked to compression along the LR associated with Greenland’s northward
motion into the Arctic Ocean.
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The magnetically defined chronology of units 1b and 1c timing would fit
into a model, whereby the LR was tectonically active and experienced
postbreakup uplift during the late Eocene (Figure 12; Døssing et al.,
2014; O’Regan et al., 2008; Minakov & Podladchikov, 2012).

In comparison with the high accumulation rates that characterize the
Eocene, units 2 and 3 appear as condensed intervals with inferred sedi-
mentation rates between 2.3 and 5.0 cm/ka (Figure 10). Based on the char-
acter of passive infill (e.g., parallel strata with basal onlap toward the LR), it
is suggested that these units were deposited primarily by pelagic sedi-
mentation in a relatively low energy environment. Thus, their signature
appears associated with a period of limited tectonism following the
Eurekan compression. The onset of a reduced stress regime along the LR
likely ended in the middle-late Oligocene after which the proto-Fram
Strait oceanic gateway may have begun to form through in response to
trans-extension and subsidence (Engen et al., 2008; Jakobsson et al., 2007).

5.2. Mid-Miocene-Late Miocene Evolution (Unit 4)

The thickening of unit 4 along the base of the LR is consistent with an ori-
gin related to oceanographic bottom currents (Figure 3a). Although down-
slope processes, for example, local submarine fans, may also be
considered for this margin-bound depocenter, the lack of sedimentary
input sources is conspicuous. Moreover, the buried, asymmetric mound-
moat geometries along the ridge flank (Figures 3a, 4, and S6) and the
low-relief mounded accumulations over some of the structural highs
(Figure 9c) are reminiscent of contourite drifts that commonly drape the
lower slope of continental margins (Rebesco et al., 2014). The buildup of
contourites reflects enhanced deposition of fine-grained sediments along
the fringe of bottom-current pathways that are generally controlled by
large-scale meridional overturning circulation. Flow speeds that favor drift
accumulation are commonly in the range of 5–15 cm/s, while erosional
elements, for example, at the base or within juxtaposed moat-channels,
imply velocities exceeding 25 cm/s (Hernández-Molina et al., 2008).
Contourites are widespread within the high-latitude ocean basins, ranging
in scale from small patch drifts (10–100 km2) to giant elongated drifts
(>100,000 km2; Faugères & Stow, 2008; Rebesco et al., 2014). In the
Arctic region of the North Atlantic, slope-controlled contourite drifts are
documented along the Western Spitsbergen margin (Rebesco et al.,
2013), the eastern Fram Strait (Howe et al., 2008), and the Yermak
Plateau (Mattingsdal et al., 2014). By analogy with these areas of current-
induced sedimentation, unit 4 was likely influenced by geostrophic
bottom currents flowing along the LR and tracing minor topographical
variations within the WAB. Theoretically, this paleo-current system would
follow the modern counterclockwise circulation pattern of the Arctic
(Rudels, 2012) and thus flow from the Laptev Shelf margin toward
Greenland as shown in Figure 12.

The lack of any robust dating for the horizons bounding unit 4 adds uncer-
tainty to the onset of geostrophic flow responsible for focused sedimenta-
tion along the LR. However, since the drift formation is associated with
large-scale movement of bottom waters, thus implying a full-scale ventila-
tion of the Arctic Ocean, unit 4 is likely linked with a deep water connec-
tion through Fram Strait gateway. Different timings have been proposed
for when this deep-water connection between the North Atlantic and
the Arctic Basin became established. Wolf-Welling et al. (1996) proposed

Figure 12. Conceptual scenarios illustrating the gross depositional evolution
in the western Amundsen Basin since the mid-Eocene. The panels show
kinematic evolution of key features using present day contours. (top) Middle
Eocene (about 45 Ma) modified from Døssing, Hopper, et al. (2013). The main
faults of the Eurekan compression and main crustal discontinuities/trans-
forms (dashed/dotted lines) are shown. Pink arrow indicates the direction of
Greenland motion. Black arrows indicate seafloor spreading; red/brown
arrows indicate sediment transport from possible source areas. (middle) Mid-
to late Miocene (about 20 Ma). Blue arrows indicate potential pathway of
geostrophic currents along the base of slope. (bottom) Plio-Pleistocene sce-
nario. Green arrows indicate channel pathways linked to brine formation and
dense shelf water cascades. The Plio-Pleistocene depocenter (units 5 and 6)
in the central basin is marked in gray. GR = Gakkel Ridge; LR = Lomonosov
Ridge; LRP = LR Plateau; MJR = Morris Jessup Rise; NB = Nansen Basin;
YP = Yermak Plateau; WAB = western Amundsen Basin.
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a late Miocene gateway based on sediment samples. This contrasts with tectonic reconstructions (Engen
et al., 2008) and ACEX core data (Jakobsson et al., 2007) that suggest an early Miocene timing. More recent
studies based on seismic interpretation studies along the Yermak Plateau that include ties with paleomag-
netic and biostratigraphic age constraints from Ocean Drilling Program drill sites favor a mid-Miocene age
(Geissler et al., 2011; Mattingsdal et al., 2014). The timing of a late Miocene onset of deep-water circulation
in the Arctic Ocean is synchronous with the formation of the major North Atlantic drifts (Wold, 1994) and
is also recognized as a major phase in sediment drift accumulation in Baffin Bay (Knutz et al., 2015).
Comparing the broadly defined seismic stratigraphic chronology with records from the North Atlantic and
Baffin Baymakes a mid-Miocene age (20–15Ma) seemmost likely for the onset of current-induced deposition
along the LR (Figure 11).

The commencement of the sedimentary drift in unit 4 likely corresponds to a full ventilation of the Amundsen
Basin associated with a deep Fram Strait opening. The section of reddish heterogenic mudstone above
193 mcd at the ACEX site may provide a suitable sedimentary analog to the contourite drifts observed in unit
4. A paleomagnetic age of 17–18 Ma at the base of this interval provides a minimum age but an older onset,
for example, 20–25 Ma, of a fully ventilated oceanic regime cannot be ruled out (Geissler et al., 2011;
Mattingsdal et al., 2014). Moreover, an alternate age model for the ACEX site has been suggested based on
recent data (see section 5.3 below). The preferred stratigraphic model based on the new seismic data and
all previous work indicates relatively low average sedimentation rates for unit 4 (Figure 10). This may suggest
that the current-induced sedimentation was intermittent and/or that the unit bounding unconformities con-
tain significant depositional gaps (Figure 5).

5.3. Implications of an Alternate Age Model (ACEX 2)

In the previous sections, the discussion of the seismic-stratigraphic interpretation was within the context of
the original agemodel from the ACEX results. However, the Paleogene chronology of the Arctic Ocean, and in
particular the tectonic history leading to the transition from a lake to a full marine setting, was contested by
Poirier and Hillaire-Marcel (2009, 2011) based on Re-Os isotope analyses. Their alternate age model (ACEX 2)
suggests that the transition from an isolated, euxinic lake-stage to a semiventilated ocean basin occurred in
the lowermost Oligocene at about 36–37 Ma rather than in the early Miocene as proposed by Jakobsson et al.
(2007). Following this oceanographic event and a small hiatus (~0.4 Ma), a 5.7-m interval of gray- and
black-colored mudstone was deposited, informally known as the Zebra unit (ACEX unit 1/5). Poirier and
Hillaire-Marcel (2009, 2001) interpreted this as an estuarine transitional phase when bottom water oxygen
levels fluctuated over the LR. While the age of the base of unit 1/5 is constrained, the Os-isotope stratigraphy
is inconclusive concerning the duration of the transitional interval. Therefore, uncertainty remains as to when
the Arctic Ocean became fully ventilated. A simple linear interpolation between the Re-Os isochron age at the
base of unit 1/5 and the oldest 10Be age (of ~ 11.3 Ma (Frank et al., 2008; recalibrated according to Chmeleff et
al., 2010) yields an apparent sedimentation rate of approximately 0.2 cm/ka. However, Poirier and
Hillaire-Marcel (2011) note that in the absence of terrigenous input, such low sedimentations would require
much lower 187Os/188O values due to the concurrent influence of global cosmic dust. Thus, higher sedimen-
tation rates within the Zebra unit are likely and one or more condensed sections, or hiati, may exist above the
onset of estuarine conditions at 36 Ma. In particular, the lithological contact between units 1/4 and 1/5 at
~193mcd is consistent with an abrupt change from oxygen deficient to oxygen rich bottomwater conditions
(Moore and the Expedition 302 Scientists, 2006b).

The geodynamic model by O’Regan et al. (2008) and the notion of a delay in ridge subsidence due to com-
pression were criticized by Chernykh and Krylov (2017). Based on a revised seismostratigraphic model for the
central Amundsen Basin, the authors argue that the brief hiatus at 36–37 Ma and the low sedimentation rates
within unit 1/5 were caused by a sea-level rise due to influx of Atlantic waters. However, the observation of
the late Eocene-early Oligocene downlapping wedge extending from the ridge in unit 1c and the presence of
a large depocenter in 1b suggests that a substantial terrigenous input in the Amundsen Basin remained pre-
valent until at least early Oligocene times. This late Eocene-early Oligocene timing would also broadly coin-
cide with a phase of tectonic instability indicated by folding of sedimentary packages in the eastern
Amundsen Basin (Gaina et al., 2015) and an observed seismic unconformity along the LR (Bruvoll et al.,
2010). This high volume of terrigenous input would therefore likely match older multiproxy, geochemical,
and sedimentological interpretations linking shallow waters in the central LR to higher depositional rates
before the hiatus (März et al., 2011; O’Regan et al., 2008; Sangiorgi et al., 2008).
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Poirier and Hillaire-Marcel (2011) argue that a possible marine invasion at 36 Ma reflects basin wide ventila-
tion of the Arctic Ocean via a crustal stretching-created corridor within the proto-Fram Strait. Here it is ques-
tioned whether basin wide ventilation at this stage is consistent with plate-tectonic constraints on the
opening of the Fram Strait. Following a prolonged phase of compression during the Eurekan and
Svalbardian orogenies from 56 to 33 Ma (O’Regan et al., 2008), plate reconstructions show that the crust in
northeast Greenland and west of Svalbard experienced trans-extension beginning in the Oligocene around
30 Ma. Major extension followed much later (Gion et al., 2016). This does not fit with opening a seaway con-
nection already at 36 Ma. Seismic refraction data on Svalbard show that present day crust is 32–33 km thick
(Ritzmann et al., 2004), and surface wave dispersion and receiver function analyses show that northern
Greenland crust is 30–37 km thick (Dahl-Jensen et al., 2003; Gregersen et al., 1988). Assuming that the com-
pressionally thickened crust in the proto-Fram Strait was on the order of 35 km thick and that 30 km thick is
isostatically at sea level, exceptionally fast and geologically unreasonable strain rates would seem to be
required to thin sufficiently to open a significantly wide and deep gateway before the Miocene.

Consequently, the estuarine regime with fluctuating oxygen levels conditions implied by the Zebra zone was
most likely controlled by at most a shallow connection across the proto-Fram Strait (Engen et al., 2008). The
regional crustal-tectonic constraints and the seismic-stratigraphic evidence indicating a high sediment sup-
ply to the WAB suggest that the estuarine transitional phase (Poirier & Hillaire-Marcel, 2011) was associated
with vertical adjustments along the LR. This is consistent with the hypothesis of a compressional tectonic
regime that delayed the submergence of the LR (O’Regan et al., 2008) although we cannot rule out that other
factors, for example, oceanographic, may have played a role (Chernykh & Krylov, 2017).

It is possible that erosion of LR prior to submergence may be linked to the sharp contact between units 1/4
and 1/5 in the ACEX samples. The duration of a hiatus at this level is uncertain, but given a depositional rate of
about 0.2 cm/ka of the Zebra zone (Poirier and Hillaire-Marcel, 2011), the hiatus extends from ~33 to 17 Ma
(ACEX 2 in Figure 10). However, erosion linked to compression may have been more intense on the shallow
ridge segment toward the Lincoln Sea compared to the deeper lying central portions in vicinity of the North
Pole. Thus, the ACEX record may not accurately record the depositional changes that we infer for the WAB
based on the present seismic data.

5.4. Late Miocene-Quaternary (Units 4–6)

Seismic reflection geometries showing present and buried channel features within units 5 and 6 provide evi-
dence for confined and apparently erosive bottom currents trailing the northern margin of the WAB.
5.4.1. Channel-Levee Development Along the LR
Erosional features observed in unit 6 and the seafloor horizon below the LR flank include back stepping
scarps and channel incision (Figure 6), suggesting a high energy environment associated with deposition
of sand and winnowing/bypass of fine-grained sediments (Pickering et al., 1995). The transport of sediments
in the fine sand fraction would require average current speeds >30 cm/s, that is, far greater than the geos-
trophic speeds normally associated with oceanographic boundary currents (McCave & Hall, 2006). The devel-
opment of a prominent basinward levee suggests that the channel morphology was maintained by overbank
deposition of muddy sediments carried by suspension currents periodically spilling over the channel path-
way. This asymmetry of the channel profile is similar to other high-latitude sediment transfer systems of
the northern hemisphere where downslope currents are deflected to the right into the basin due to the pro-
nounced Coriolis effect (e.g., Klaucke et al., 1998; Menard, 1955). The high-amplitude discontinuous seismic
facies of unit 6 continues into the basin, implying that the unit corresponds to a period of enhanced current
influence on sedimentary deposition and distribution in the WAB. This interpretation is supported by fining-
upward sandy facies interpreted as distal turbidite deposits observed in shallow cores (Fütterer, 1992;
Svindland & Vorren, 2002).

It is uncertain when the high-energy depositional phase along the LR began, but it may be associated with a
hiatus observed in the ACEX cores (Frank et al., 2008) and the onset of Fe-Mn crust formation on the ridge
flank (Knudsen et al., 2017), suggesting an age of 10.6–8 Ma (Figure 10). The channelized sedimentary regime
observed in units 5 and 6 is thus tentatively correlated to the U 1/1-U 1/3 interval of the ACEX record, which
represents large scale-glaciation of the northern hemisphere (Zachos et al., 2001). The lower sedimentation
rates of the ACEX sequence compared to the Amundsen Basin record reflects the hemipelagic environment
of the ridge that is isolated from downslope sources. Based on typical sedimentation rates of high-latitude
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channel systems influenced by turbidite overbank deposition, sedimentation rates on the thickest part of the
levee (unit 6) may be as high as 25 cm/ka (Svindland & Vorren, 2002). However, average values integrated
over longer time scales are likely to be an order of magnitude lower (Backman et al., 2004).

A crucial question relates to the flowmechanisms that generated the channelized seismic pattern and reflec-
tion truncation that mark the boundaries of units 5 and 6. The erosive character of the seabed suggests that
the dominance of vigorous currents takes place at present, or at least, is a very recent phenomenon. Thus, it
could be related to processes occurring during both glacial and interglacial periods. Dilute suspension cur-
rents operating on distal submarine fans are conventionally driven by high fine-clastic yields produced by
fluvial-deltaic systems (Kneller & Buckee, 2000). The release of suspension-driven currents can be triggered
by high fluvial discharges forming hyperpycnal plumes (Mulder & Syvitski, 1995; Parker, 1982). This latter pro-
cess is particularly well-described for the Laurentide Fan in the Labarador Sea where sedimentary records
show a high frequency of graded beds related to meltwater plumes (plumites; Piper et al., 2012).
Radiocarbon dating of these deposits indicate that the discharges were primarily released during deglacia-
tions or major collapse phases of the Laurentide Ice Sheet and related to Heinrich events (Rashid et al.,
2003). However, observations from temperate glacial margin environments are not transferable to the
Northern Greenland margin where meltwater production is severely limited by extremely low temperatures
and precipitation (mean temperature ranges from�33 to 0 °C, and net annual precipitation is typically about
150–200 mm; Serreze & Barry, 2005). Considering the extreme climate condition of the North Greenland-
Arctic margin, which is presently dominated by >2-m-thick multiyear sea ice (Lindsay & Schweiger, 2015),
it is difficult to envisage a meltwater-driven mechanism as the primary factor for the recent development
of channels and channel related deposits.

Based on seismic reflection data collected mainly from drifting ice stations, Kristoffersen et al. (2004) pro-
posed the existence of a submarine fan in the Amundsen Basin. The authors suggest that this fan is asso-
ciated with the NP-28 channel system and developed during the Pliocene-Pleistocene as a product of
enhanced glacial sediment input in the sea passage between the Lincoln Shelf margin and the LR. The
seabed morphology and spatial distribution of the NP-28 channel was further characterized by Boggild
and Mosher (2016) using shallow seismic data. The depocenter geometry of the fan system extending from
the Lincoln Shelf is contested by Døssing et al. (2014) based on excess sediment thickness mapping that indi-
cate a separation between sediments confined along the LR near the North Pole and sediments further south
in vicinity to the North Greenland margin. Thus, even though enhanced glacial sediment delivery to the shelf
edge was likely important, other processes have to be considered given the basinal distribution of late
Cenozoic depocenters with high accumulation rates and the low potential for glacial meltwater generation.
5.4.2. Brine Formation as a Mechanism for Enhanced Sedimentary Fluxes
As an alternative to meltwater-driven density currents operating on conventional high-latitude fans, the pos-
sibility that the channel development within units 5 and 6 is related to dense brines generated from annual
sea-ice formation is considered (Rudels, 1995). Modern oceanographic studies suggest that brine formation is
an important factor for Arctic deep-water formation, although evidence to constrain these processes and the
vertical fluxes in the Arctic Ocean is sparse (Haley et al., 2008; Jones et al., 1995). Conversely, brine formation
linked to cooling and sea-ice production in polynya regions is a well-documented on Antarctic margins
where it contributes to the generation of Antarctic bottom water, for example, Weddell Sea (Gill, 1973;
Smith et al., 2010), the Ross Sea (Assmann et al., 2003), the Adélie Coast (Kusahara et al., 2011; Marsland
et al., 2004), and East Antarctica (Ohshima et al., 2013). Density stratification and water mass instability in
these regions have also been linked to supercooling as the brines pass below thick permanent ice shelves
at depths >100 m (Foldvik & Gammelsrød, 1988). As the cascades of dense, saline water masses enter the
slope regime, energetic bottom currents are produced with speeds recorded of up to 50 cm/s (Ohshima et al.,
2013). These currents are able to winnow and erode shelf and slope deposits (Presti et al., 2003) and thus may
be an important factor in the formation of gullies and channels that are widely observed along the Antarctic
margins (Gales et al., 2013).

In the Arctic Ocean, a model-based study by Backhaus et al. (1997) invokes sediment plumes triggered by
brine release and polynia surface cooling as an important process driving vertical water mass exchange on
the Eurasian Arctic margins. The shelf area north of Greenland is a potential source area for cascading brine
plumes similar to the processes observed on the Antarctic margins. At the ACEX site, brine-driven water
mass circulation has been inferred from radiogenic isotope studies of late Cenozoic material (Haley et al.,
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2008). In that study, the Siberian shelf regions are inferred as the main source area of the brines, but since the
ridge site is at a depth of intermediate water masses, the geochemical signatures cannot be compared to the
deep-water setting of the WAB.

The LOMROG data suggest that the main accumulation area of the Pliocene-Pleistocene package was located
in the central parts of the basin, while a secondary depocenter is associated with levee buildup along the NP-
28 channel (Figures 3, 5, and S5). Bathymetric data suggest that the NP-28 channel branches off into the basin
before reaching the North Pole (Boggild & Mosher, 2016). The branching, possibly related to levee breaching
(avulsion) and Coriolis current deviation, points in the direction of the principal depocenter in the central
basin. However, the present data coverage prevents firm conclusions on the regional distribution of transport
pathways. It is possible that, rather than being supplied uniformly from the Nares Strait and Lincoln Shelf
region, the sedimentary basin infill of units 5 and 6 originated from a broader area of North Greenland and
Morris Jessup Rise, transported by dense sediment-laden plumes formed by surface cooling and brine-
rejection (Figure 12). The channelized features seen within unit 5 could potentially form the distal component
of fluvial systems active on the North Greenland margin during the Pliocene–early Pleistocene warm periods
(Funder et al., 2001). However, for unit 6, associated with thick Arctic sea ice and the extreme cooling and
major sea-level low-stands of the late Pleistocene, brine-related plumes are suggested as a more feasible
mechanism for carrying sediments far into the basin. This process may also be important as a source for
Arctic deep water, thus maintaining the baroclinic pressure gradient that drives southward export of water
masses through the Fram Strait (Mauritzen, 1996; Rudels, 1995; Rudels et al., 2002).

6. Conclusions

Interpretation of newmultichannel seismic reflection data is used to constrain the Cenozoic depositional his-
tory in the WAB and the adjacent LR. The study reveals a more detailed picture of the sedimentary packages
than previously described (Chernykh & Krylov, 2011; Jokat et al., 1995a; Kristoffersen et al., 2004) and provides
new insights into bottom current activity and sediment transport in an area that is largely unknown due to
the challenges of acquiring data in the high Arctic.

Four main phases of basin development are identified (Figure 12):

• From the onset of seafloor spreading up to the mid-Oligocene, a small, isolated basin dominated by pro-
cesses that were tectonically controlled is indicated. The high sedimentation rates in this period are linked
to terrestrial material and increased pelagic deposition in a dominantly freshwater environment (Brinkhuis
et al., 2006).

Mass transport from structural highs filled a large depocenter with sedimentary wedges. These are linked
to the Eurekan compression that resulted in uplift and possibly erosion of the Lomonsov Ridge adjacent to
the Lincoln Sea. This interpretation is consistent with recent data showing that the ridge is thicker and shal-
lower than the ridge at the ACEX drilling locations (Døssing et al., 2014). This has important implications for
understanding the early subaerial exposure and subsidence history of the ridge compared to that inferred
from the ACEX cores (e.g., O’Regan et al., 2008) and adds further complications for correlating the deep
basin stratigraphy to that on the ridge crest.

• During the late Oligocene to early Miocene, the WAB was marked by a phase of passive infill driven primar-
ily by hemipelagic deposition. We infer that the observed sedimentary signatures are associated with lim-
ited tectonism in the basin and scarcity of sediment sources. Our results combined with tectonic models for
the Fram Strait region do not support a fully ventilated basin since the late Eocene implied by Poirier and
Hillaire-Marcel (2011). However, it is possible that shallow oceanic gateways existed, sustaining an estuar-
ine circulation system. This transitional regimemay be reflected by deposition of the Zebra zone sediments
from about 36 Ma.

• During the middle Miocene (20–15 Ma), the Amundsen Basin shifted from an isolated basin to an ocean
connected to the global meridional ocean circulation system. This change is demarcated by the com-
mencement of sedimentary drift accumulation controlled by geostrophic currents. We infer this deposi-
tional phase to be correlative with the condensed late Miocene section in the ACEX borehole of the
central LR.
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• The two uppermost sedimentary units of likely Plio-Pleistocene age are marked by features controlled by
erosion and deposition, such as channels, levees, and scarps, indicative of a high-energy current processes.
The modern and buried channel systems are likely generated by dense water masses cascading from the
shelf regions north of Greenland. This suggests that brine production by sea-ice freezing may play a bigger
role in the Arctic than previously thought.
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