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Preface and Acknowledgements 

This dissertation presents a study of the velocity structure of the crust in the Amundsen 

Basin, Arctic Ocean, as well as the basin’s ensuing depositional history. This region is only poorly 

studied due to the challenges of acquiring geophysical data in areas with permanent sea ice cover. 

However, scientific activity increased over the last decade when coastal states started to map their 

extended continental shelves under the United Nations Convention on the Law of the Sea 

(UNCLOS).  From 2007 to 2012, the Kingdom of Denmark carried out three expeditions to the 

Arctic Ocean utilizing the Swedish icebreaker Oden. The expeditions acquired a total of 1020 km of 

seismic reflection data. In addition, 118 expendable sonobuoys were deployed along the seismic 

lines to obtain information on the velocity structure in the underground. The seismic data collected 

during these cruises forms the basis of this dissertation. 

The dissertation consists of a monograph divided into four sections: 

• Chapter I is an introduction to the research project in the context of state-of-the art. This 

section addresses our motivation to study the crustal character of the Amundsen Basin as well 

as its sedimentary depositional history. 

• Chapter II is a chapter entitled: The crustal structure of the western Amundsen Basin derived 

from refraction/wide-angle reflection seismic data. The section investigates the crustal 

structure of the Amundsen Basin by developing P-wave velocity models for the sediments 

and the underlying crust. In addition, empirical relationships were used to convert seismic 

velocities to density in order to check the consistency of the velocity models with gravity 

data. This chapter is written as a paper in preparation.  

• Chapter III is a chapter entitled: Depositional evolution of the western Amundsen Basin, 

Arctic Ocean: paleoceanographic and tectonic implications. This section presents a new 

stratigraphic model and estimated sedimentation rates of the western Amundsen Basin based 
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on seismic data, magnetic data, and limited samples from cores and drilling. Four distinct 

phases of basin development are proposed that places new constraints on the Cenozoic 

depositional history of the basin. This section is currently a manuscript under review at AGU 

Paleoceanography and Paleoclimatology. 

• Chapter IV is a conclusion and perspectives for further research. 

• An Appendix containing all of the modeled record sections of the sonobuoy data. Information 

regarding access to data and databases archived at GEUS is available at https://www.geus.dk. 
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English Summary 

The Amundsen Basin is the deepest abyssal plain in the Arctic Ocean that separates the 

continental Lomonosov Ridge from the Gakkel Ridge, the current seafloor spreading axis in the 

Eurasian Basin. The basin was created by ultraslow seafloor spreading at the Gakkel Ridge and 

consists of alternating magmatic and amagmatic ridge segments; however, it is unclear if this is 

true for the entire opening history of the basin. The sedimentary history of the basin is still 

poorly constrained due to perennial sea ice cover and the associated logistical challenges of 

acquiring geophysical, geological and in particular also well data. This dissertation analyses one 

of the few geophysical data sets available for the western Amundsen Basin to improve the 

understanding of both the stratigraphic and the crustal accretional history of the basin. 

 

From 2007 to 2012, three expeditions (LOMROG I through III) were carried out to acquire 

seismic data in the western Amundsen Basin in the Arctic Ocean. The data of the LOMROG 

expeditions consist of 1028 km of seismic reflection data and 118 sonobuoys deployed along the 

seismic lines to obtain information on the velocity structure of the sediments and crust. For the 

analysis and interpretation, additional information was used including published multichannel 

seismic data in the Amundsen Basin, refraction seismic data, magnetic data, gravity data, and the 

wells of the Arctic Coring Expedition (ACEX).  

 

The seismic refraction data were used to develop P-wave velocity models for the sediments, 

crust, and uppermost mantle utilizing forward modeling techniques of travel times. The initial 

geometry of the sediment layers in the models were made in combination with the coincident 

multichannel seismic data, allowing to add more detail down to the basement than what would 

have been possible with refraction data alone. The multichannel seismic data were used to 

develop a stratigraphic model based on the reflection character, seismic facies, and geometries of 

each stratigraphic unit. Once both the velocity and the stratigraphic models were complete, 

sedimentation rates were calculated for each unit based on the velocities obtained from the 

refraction data, two-way travel times in the seismic reflection data, and age constraints from 

magnetic data and known tectonic and oceanographic events in the Arctic Ocean. The 

sedimentation rates were then used to infer possible depositional environments within the basin’s 

history. 
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The seismic stratigraphy analysis places new constraints on the Cenozoic depositional history. 

Four distinct phases of basin development are recognized. From the onset of spreading up to the 

mid-Oligocene, a small, isolated basin dominated by processes that are tectonically controlled is 

indicated. During the late Oligocene to early Miocene, widespread passive infill associated with 

hemipelagic deposition reflects a phase of tectonic quiescence, most likely in a freshwater 

estuarine setting. During the middle Miocene, mounded sedimentary build-ups along the 

Lomonosov Ridge suggest the onset of geostrophic bottom-currents that likely formed in 

response to a deepening and widening of the Fram Strait.  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 originating below thick multi-year sea-ice over the northern Greenland 

continental shelf. 

 

P-wave modeling of the crust and upper mantle was supplemented with gravity modeling in 

order to determine the Moho depth in areas with low seismic resolution. The velocity models 

reveal a detailed picture of the crustal velocity structure of the basin. Three distinct basement 

types are identified: oceanic crust with layers 2 and 3, oceanic crust with a layer 3 that is absent, 

and an exhumed and serpentinized mantle. The total maximum observed thickness in the basin is 

6 km but typically ranges between 2–5 km. Moreover, the seismic modeling indicates the 

presence of velocities compatible with an oceanic layer 2 and 3 within the extensions of the 

amagmatic sector of the Gakkel Ridge. These results are different than previous observations 

along the Gakkel Ridge, where no oceanic layer 3 has been documented. The different basement 

types therefore indicate that there exists both a spatial and temporal variation in crustal accretion 

processes at the ridge. 
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Dansk Resumé 

 Amundsen Bassinet er den dybeste abyssale slette i det Arktiske Ocean, og adskiller den 

kontinentale Lomonosov Ryggen fra Gakkel Ryggen – den nuværende oceanbundssprednings-

akse i det Eurasiske Basin. Bassinet blev dannet ved meget langsom havbundsspredning langs 

Gakkel Ryggen og består skiftevis af magmatiske og amagmatiske sedimenter langs 

oceanryggen; det er dog uklart, om dette er tilfældet gennem hele åbningsforløbet for 

bassindannelsen. På grund af flerårigt havisdække er forståelsen af bassinets aflejringshistorie 

stadig begrænset, hvilket også hænger sammen med de logistiske udfordringer ved at indsamle 

geofysiske og geologiske data, og i særdeleshed fra boringer. I denne afhandling analyseres et af 

de få tilgængelige geofysiske datasæt for det vestlige Amundsen Bassin for at øge forståelsen af 

både den stratigrafiske udvikling samt skorpedannelseshistorien i bassinet. 

 

I perioden 2007-2012 blev der foretaget tre ekspeditioner i det Arktiske Ocean (LOMROG I-III) 

for at indsamle seismisk data i det vestlige Amundsen Bassin. Dataene fra LOMROG 

ekspeditionerne består af 1028 km refleksionsseismik samt 118 sonarbøjer, som var placeret 

langs med de seismiske linjer for at indsamle information om hastighedsfordeling i sedimenterne 

og skorpen. Til analysen og fortolkningen blev der yderligere anvendt publiceret multikanal 

seismisk data fra Amundsen Bassinet samt, blandt andet, refraktionsseismisk data, magnetisk 

data, gravimetrisk data og boringerne fra Arctic Coring Expedition (ACEX). 

 

Gennem modellering af løbetider blev de refraktionsseismiske data brugt til at udvikle P-

bølgehastigheder for sedimenterne, skorpen og den øverste del af kappen. Den indledende 

geometri for sedimentlagene i modellen blev genereret i kombination med de sammenfaldende 

multikanal seismiske data, hvilket muliggjorde en højere opløselighed af detaljer ned til 

grundfjeldet, end det ville have været muligt med refraktionsdata alene. Baseret på refleksionens 

karakter, de seismiske facies og geometrierne for hver enhed, blev multikanal-dataene brugt til at 

udvikle en stratigrafisk model. Efter færdiggørelsen af hastighedsmodellen og den stratigrafiske 

model blev sedimentationsrater udregnet for hver enhed, baseret på hastigheder fra de 

refraktionsseismiske data, to-vejs-tider i de refleksionsseismiske data, aldersbegrænsninger fra 

de magnetiske data samt kendte tektoniske og oceanografiske begivenheder i det Arktiske 

Ocean. Sedimenteringsraterne blev derefter brugt til at udlede mulige aflejringsmiljøer inden for 

bassinet historie. 
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Analysen af den seismiske stratigrafi sætter nye rammer for den Kænozoiske aflejringshistorie. 

Der er identificeret fire markante faser i bassinudviklingen. Fra begyndelsen af spredningen og 

op til Midt Oligocæn ses indikation på et isoleret mindre bassin domineret af tektonisk 

kontrollerede processer. Gennem Sen Oligocæn til Tidlig Miocæn ses en udbredt passiv 

sedimentation associeret med hemipelagisk aflejring, som afspejler en tektonisk rolig periode, 

formentlig i et estuarint ferskvandsmiljø. Opbygning af sedimenter langs med Lomonosov 

Ryggen i løbet af Midt Miocæn foreslår begyndelsen af geostrofiske bund-strømme, som 

formentlig blev dannet som resultat af, at Fram Strædet blev dybere og bredere. I kontrast til 

dette, er det Pliocæne-Pleistocæne stadie karakteriseret af erosive elementer, såsom skrænter og 

kanaler med tilstødende levée-aflejringer, hvilket indikerer et skift i aflejringsmiljøet til et højere 

energiniveau. Det er foreslået, at disse aflejringer er delvist associeret med kompakte ”shelf 

water-mass plumes” drevet af underafkøling og saltvandsdannelse, hvilket er opstået under tykke 

lag af flereårig havis over den grønlandske kontinentalsokkel. 

 

P-bølge modellering af skorpen og den øvre kappe blev suppleret med gravimetrisk modellering 

for at bestemme dybden til Moho i områder med lav seismisk opløsning. Hastighedsmodellerne 

afslører et detaljeret billede af skorpens hastighedsfordeling i bassinet. Tre markante 

grundfjeldstyper er identificeret: Oceanbundsskorpe med lag 2 og 3, oceanbundsskorpe med et 

manglende lag 3 samt blottet og serpentiniseret kappe. Den maksimale tykkelse observeret i 

bassinet er 6 km, men ligger typisk mellem 2 og 5 km. Derudover indikerer den seismiske model 

tilstedeværelsen af hastigheder, der er kompatible med ”oceanic layer” 2 og 3 inden for 

udbredelsen af den amagmatiske sektor langs med Gakkel Ryggen (SMZ). Disse resultater 

afviger fra tidligere observationer langs med Gakkel Ryggen, hvor ”oceanic layer 3” ikke er 

dokumenteret tidligere. De forskellige grundfjeldstyper indikerer derfor, at der er både rummelig 

og midlertidig variation i processerne for skorpetilvækst langs ryggen.  
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Chapter I 

Introduction 

The Amundsen Basin, named after the Norwegian polar explorer Roald Amundsen, is the 

deepest abyssal plain in the Arctic Ocean (Chapter II, Fig. 1). The 4.3 km-deep basin forms part of 

the greater Eurasian Basin and is located between the Lomonosov Ridge, a continental sliver, and 

the Gakkel Ridge, the current seafloor spreading axis in the Eurasian Basin. The basin is situated in 

the high Arctic and, due to the basin’s remoteness and inaccessibility, remains an exciting frontier 

region for scientific exploration. Only during the last decades were scientists able to collect 

significant geophysical information about the basin’s character and geological history. 

Today, the Amundsen Basin is part of the world’s slowest spreading system, with full 

spreading rates decreasing from 14.6 mm/yr at the western end to 6.3 mm/yr in the Laptev Sea 

[DeMets et al., 1994]. Ultraslow accretionary ridges, such as the Gakkel Ridge, differ 

fundamentally from other faster spreading centers. Typically, seafloor spreading is a process where 

mantle material rises, decompresses, and melts [McKenzie and Bickle, 1988]. The newly formed 

magma then ascends towards the surface and gathers into magma chambers in the shallow crust. 

Some of the magma is ejected to the surface, while the rest cools in place, creating the distinctive 

~6–7 km thick [White et al., 2001] layered structure of pillow basalts, sheeted dikes, and gabbro 

[Snow and Edmonds, 2007]. When new melt material rises and is emplaced, the older material is 

pushed gradually away from the ridge, thus enabling the formation of new crust.  

Ultraslow ridges are different from faster spreading ridges because they do not always 

involve decompressional melting. Previous geophysical studies along the Gakkel Ridge [e.g., Jokat 

et al., 2003; Michael et al., 2003] and the South West Indian Ridge [Dick et al., 2003] have shown 

that ultraslow spreading ridges consist of linked magmatic and amagmatic accretionary segments. 

Thus, some segments of the ridges are marked by unmelted mantle material that has been exhumed 
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at the seafloor. The mantle material then comes into contact with seawater and starts a metamorphic 

process that changes the mantle rock peridotite into serpentinite, thereby reducing its density and 

rheological strength [Hirth and Guillot, 2013]. This process is known as serpentinization and is 

commonly found in highly fractured and thin crust where water penetration is possible. Intense 

faulting, in addition to the variable melt supply generally found at ultraslow spreading rates, 

produces substantial topography and relief that is conserved in the older oceanic crust. This process 

results in a rough basement topography [Ehlers and Jokat, 2009] and various crustal structures 

marked by magmatic oceanic crust and different degrees of mantle serpentinization. 

Ultraslow spreading ridges remain a poorly understood type of plate boundary. Limited 

seismic refraction studies have imaged the crustal structure in the Arctic ridge system (e.g., 

Klingelhöfer et al. [2000] at the Mohns Ridge; Kandilarov et al. [2010, 2008] at the Knipovich 

Ridge]. In the western Amundsen Basin, seismic refraction data are generally concentrated on the 

Gakkel Ridge [Jokat et al., 2003; Jokat and Schmidt-Aursch, 2007]. The sparse seismic refraction 

data provide some velocity information below the acoustic basement [Jokat et al., 1995a; Jokat and 

Micksch, 2004; Døssing et al., 2014]. The seismic profiles are also widely spaced, leaving 

substantial data gaps. 

As the newly formed oceanic crust cools and subsides, it is eventually covered by sediments. 

Using seismic stratigraphy, geoscientists are able to provide a timeline of the sedimentary record 

and relate it to known tectonic, climatic, and paleoceanographic events. The sedimentary 

depositional evolution of the Amundsen Basin, however, remains largely unknown due to the 

challenges of obtaining seismic and sedimentological data in the high Arctic. This is related in part 

to the permanent sea ice cover in this part of the Arctic Ocean. Seismic imaging is significantly 

hampered by restrictive acquisition capabilities, especially by short streamers. There are only few 

rock samples from the Arctic Ocean, mostly from dredging [e.g., Michael et al., 2003; Brumley et 

al., 2015; Knudsen et al., 2017] and gravity and piston cores [Backman et al., 2004], but these 
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shallow sedimentary samples constrain only the most recent Quaternary depositional history. The 

only source of deep stratigraphic information comes from the Arctic Coring Expedition (ACEX) of 

the Integrated Ocean Drilling Program (IODP) Leg 302 in 2004, where samples were recovered on 

the central Lomonosov Ridge down to a depth of 428 m [Backman et al., 2005]. Thus, major 

questions remain in relation to the tectono-oceanographic history in the western Amundsen Basin 

and how it influenced the sedimentary record. 

Scientific activity in the high Arctic increased over the last decade when coastal states 

started to map their extended continental shelves under the United Nations Convention on the Law 

of the Sea (UNCLOS). From 2007 to 2012, three expeditions along the Lomonosov Ridge off 

Greenland (LOMROG I through III) were carried out to acquire marine seismic data in the 

Amundsen Basin and on the Lomonosov Ridge. The seismic data collected during these cruises 

consists of 1020 km of reflection seismic data and 118 sonobuoys deployed along the seismic lines 

to obtain information on the velocity structure of the sediments and the crust. For the analysis and 

interpretation, additional information was used consisting among other  of published multichannel 

seismic data in the Amundsen Basin [e.g., Jokat et al., 1995a; Jokat et al., 1995b; Jokat and 

Micksch, 2004], refraction seismic data [e.g., Jokat et al., 2003; Jokat and Schmidt-Aursch, 2007; 

Engen et al, 2009), magnetic data [Gaina et al., 2011], gravity data [Andersen, 2010], ACEX drill 

sites [Backman et al. 2005; Moran et al., 2006; Jakobsson et al., 2007], among others. Combining 

these data sets thus offers the opportunity to investigate the nature and origin of the crust and the 

sedimentary evolution of the Amundsen Basin in much greater detail. 

Objectives 

The seismic refraction and reflection data were analyzed to investigate the crustal velocity structure 

and depositional history of the basin.  Our objectives are therefore: 
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1) To map the crustal character and thickness in the western Amundsen Basin and in particular 

check for the possible presence of exhumed mantle in the basin based on refraction/wide-

angle seismic data, coincident multichannel seismic reflection lines, magnetic data, and 

gravity data (Chapter II). 

2) To investigate the Cenozoic depositional history of the western Amundsen Basin by 

developing a new stratigraphic model and estimated sedimentation rates based on 

multichannel seismic reflection data, magnetic data, and information from drill sites 

(Chapter III). 
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Chapter II 

The crustal structure of the western Amundsen Basin derived from 
refraction/wide-angle reflection seismic data 
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The crustal structure of the western Amundsen Basin derived from refraction/wide-angle 

reflection seismic data 

Carlos F. Castro 1,2,*, Thomas Funck 1, and John R. Hopper 1 

1 Geological Survey of Denmark and Greenland, Øster Voldgade 10, 1350 Copenhagen K, 

Denmark 

2 Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark 

 

Abstract 

Two geophysical expeditions (LOMROG II and III) were carried out in 2009 and 2012 to 

acquire seismic data in the western Amundsen Basin in the Arctic Ocean, a basin that was 

created by ultraslow seafloor spreading at the Gakkel Ridge. Previous studies show alternating 

magmatic and amagmatic segments at the ridge but it is unclear if this is true for the entire 

opening history of the basin. The seismic refraction data were used to develop P-wave velocity 

models down to the upper mantle employing forward modeling techniques of travel times. For 

the modeling and interpretation, information from the coincident seismic reflection data were 

used. Two-dimensional gravity modeling was used to determine the Moho depth in areas with 

low seismic resolution. The models distinguish three different basement types:  oceanic crust 

with layers 2 and 3, oceanic crust that is lacking a layer 3, and exhumed and serpentinized 

mantle. The maximum observed crustal thickness is 6 km. Areas with thin crust (< 3 km) may be 

underlain by partially serpentinized mantle. Where exhumed mantle is observed, a 

serpentinization front is separating highly serpentinized mantle at the top from partially 

serpentinized mantle below. The presence of oceanic crust within the extension of the presently 

amagmatic sector of the Gakkel Ridge indicates that there is both a spatial and temporal variation 

of crustal accretion processes at the ridge. 
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1. Introduction 

 Crust created by ultraslow spreading, such as the one present in the western 

Amundsen Basin in the Arctic Ocean (Fig. 1), differs fundamentally from crust created by faster 

spreading. Typically, seafloor spreading is a process where mantle material rises, decompresses, 

and melts [McKenzie and Bickle, 1988]. The newly formed magma then ascends towards the 

surface and gathers into magma chambers in the shallow crust. Some of the magma is ejected to 

the surface, while the rest cools in place, creating the distinctive 6–7 km thick [White et al., 

2001] layered structure of pillow basalts, sheeted dikes, and gabbro [Snow and Edmonds, 2007]. 

When new melt material rises and is emplaced, the older material is pushed gradually away from 

the ridge, thus enabling the formation of new crust. 

Ultraslow ridges are different from faster spreading ridges because they do not always 

involve decompressional melting. Previous geophysical studies along the Gakkel Ridge [e.g., 

Jokat and Schmidt-Aursch, 2007; Jokat et al., 2003; Michael et al., 2003], the current seafloor 

spreading axis in the Eurasia Basin, show that the ridge consists of alternating magmatic and 

amagmatic segments at the ridge.  Thus, some segments of the ridge may display oceanic crust 

while other segments may result in direct emplacement of mantle at the seafloor [Michael et al., 

2003]. Uncertainty remains, however, on whether the magmatic processes described above are 

valid for the entire history of the basin.  

Only few seismic studies have been carried out in the western Amundsen Basin. This is 

related to the permanent sea ice cover in this part of the Arctic Ocean. Seismic refraction data in 

the region were acquired by sonobuoys, and a few cases, recoverable ice stations [e.g., Ostenso 

and Wold, 1997; Fütterer, 1992; Jokat et al. 1995a; Jokat and Micksch, 2004]. Moreover, many 

of the seismic refraction surveys concentrated on the Gakkel Ridge [Jokat et al., 2003; Jokat and 

Schmidt-Aursch, 2007]. In the western Amundsen Basin, a few seismic refraction experiments 

provide some velocity information directly below the acoustic basement [Jokat et al., 1995a; 
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Jokat and Micksch, 2004; Døssing et al., 2014]. The seismic profiles are widely spaced, which is 

why large parts of the Amundsen Basin are not studied at all. 

The main objectives of this investigation are to map the crustal character and thickness in 

the western Amundsen Basin, and in particular check for the possible presence of exhumed 

mantle in the basin. To achieve this aim, we rely on new refraction/wide-angle reflection seismic 

lines collected in the western side of the Amundsen Basin (Fig. 1). The data are supplemented by 

coincident multichannel seismic reflection lines, magnetic data, and gravity data. The 

distribution of our data off-axis from the spreading center offers the opportunity to investigate 

the nature, distribution, and origin of the crust in greater detail and thus advance our 

understanding of the prevalent crustal accretionary processes in the basin. In this contribution, 

we present the results of a seismic refraction dataset that fills in many of the data gaps in the 

western Amundsen Basin. 

 

2.  Geological setting 

The Arctic Ocean is composed of two main ocean basins: the Amerasian Basin and the 

Eurasian Basin (Fig. 1) that are separated by the Lomonosov Ridge. The ridge is a continental 

sliver that extends from the North American to the Siberian margin. The geological history in the 

Amerasian Basin remains heavily contested due to sparse geophysical and geological data 

[Chian et al., 2016; Grantz et al., 2011; Vogt et al., 1979]. This scientific dispute has resulted in 

a number of plate-reconstruction models associated to the origin of the basin that are 

summarized in Lawver [1990]. In contrast, there is general consensus that seafloor spreading in 

the Eurasian Basin began in the early Cenozoic as the Lomonosov Ridge split off the Barents 

and Kara shelves when Greenland and North America separated from Eurasia [Poselov et al., 

2014; Jokat et al., 1992; Talwani and Eldholm, 1977; Vogt et al., 1979]. Magnetic anomalies 

indicate that spreading along the Gakkel Ridge may have started at Chron C24 (≈ 53 Ma; 
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timescale after Ogg [2012]) [Engen et al., 2008; Glebovsky et al., 2006; Vogt et al., 1979] or at 

Chron C25 (≈ 57 Ma) [Døssing et al., 2013a, 2013b; Cochran et al., 2006; Brozena et al., 2003]. 

West of 3° 30’ E, spreading began at a later stage at around 33 to 31 Ma when the Morris Jesup 

Rise and the Yermak Plateua became separated [Brozena et al., 2003]. Today, the Gakkel Ridge 

connects the global mid-ocean ridge system via the Lena Trough and the Molloy/Knipovich 

ridges and is the world’s slowest spreading center, with full spreading rates decreasing from 14.6 

mm/yr at the western end to 6.3 mm/yr in the Laptev Sea [DeMets et al., 1994].  

The earliest crustal investigations of the Amundsen Basin and the Gakkel Ridge were 

carried out by ice stations during the late 1970s/ early 1980s by Ducksworth et al. [1982] and 

Jackson et al. [1982]. Here, Jackson et al. [1982] report a 2-3 km thick oceanic crust at the 

Gakkel Ridge. Early models of melt generation beneath mid-ocean ridges [Reid & Jackson, 

1981; Bown & White, 1994;] predicted low melt production and thinner crust than the global 

average of 7 km for normal oceanic crust [White et al., 1992]. These predictions were partially 

supported by subsequent seismic refraction investigations among other slow spreading ridges 

(e.g., Klingelhöfer et al. [2000] at the Mohns Ridge; Crane et al. [2001] and Okino et al., [2002] 

at the Knipovich Ridge, and Muller et al., [1999, 2000] at the South West Indian Ridge) 

indicating that once the spreading rate dropped to about < 20 mm yr-1, conductive cooling 

limited melt supply [Reid & Jackson, 1981; Bown & White, 1994; White et al. 2001]. 

Additionally, these seismic studies offered a more detailed view of the velocity structure at slow 

spreading centers: unlike normal oceanic crust, seismic velocities above 6.5 km s-1 are seldomly 

observed and an oceanic layer 3 is either very thin or absent [Jokat and Schmidt-Aursch, 2007]. 

 

In 2001, the Arctic Mid-Ocean Ridge Expedition (AMORE) performed detailed 

geophysical and petrological mapping of a 1000 km long section of the axis and walls of the 

Gakkel Ridge [Jokat et al. 2003; Michael et al., 2003]. Results of the study indicate that some 
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sections of the ridge do not generate an igneous crust as evidenced by peridotite dredge samples 

along the ridge [Michael et al., 2003]. Unexpectedly, the Gakkel Ridge also displayed an 

abundance of hydrothermal activity, magmatism, and discrete volcanic centers [Michael et al., 

2003; Jokat et al., 2003] than what was predicted from the earlier models of melt generation 

[Reid & Jackson, 1981; Bown & White, 1994].  The results of this expedition, combined with 

investigations of the Southwest Indian Ridge, led Dick et al. [2003] to introduce a new class of 

mid-ocean ridges – the ultraslow spreading ridges. The key results of Dick et al. [2003] show 

that there exists a correlation between spreading rate and crustal thickness for ultraslow 

spreading ridges at rates up to approximately 20 mm yr-1. Variations in crustal thickness in crust 

created by ultraslow spreading seem to be caused by focused magmatism [Sauter et al. 2004] 

and episodic and along-axis variations in melt supply to sites of passive upwelling [Dunn, 2015; 

Niu et al., 2015; Schlindwein et al., 2013; Standish et al., 2008]. 

The discoveries of the AMORE expedition also led to the division of the Gakkel Ridge 

into three tectono-magmatic provinces: the Western Volcanic Zone (WVZ), the Sparsely 

Magmatic Zone (SMZ), and the Eastern Volcanic Zone (EVZ). The crustal thickness in these 

provinces ranges between 1.4-2.9 km s-1 at amagmatic segments and up to 3.5 km in centers of 

focused magmatism [Jokat and Schmidt-Aursch, 2007]. The crust also displays no velocities 

above 6.4 km s-1, indicating that oceanic layer 3 is either very thin or missing [Jokat and 

Schmidt-Aursch, 2007]. The WVZ (6° 30 W’-3° 30 E’) displays extensive magmatism and a 

strong, positive magnetic anomaly along the central valley. The SMZ (3° 30E’ - 29°E) consists 

of long amagmatic segments dominated by peridotite, variable magnetic anomalies, and an 

absence of long transform faults [Jokat and Schmidt-Aursch, 2007]. In the EVZ (29°E’-85°E), 

basalts dominate the seafloor and are associated with focused magma supply at volcanic centers 

[Michael, 2003].  At the termination of the EVZ (85°E’), ongoing volcanic activity in this region 

has been documented by sonar data associated to an earthquake swarm in 1999 [Edwards, 2001]. 
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Off-axis from the spreading ridge, gravity studies in the western section of the Amundsen 

Basin show variable crustal thicknesses. Urlaub et al. [2010] predict a crustal thickness of less 

than 1 km in the oldest parts of the basin, increasing to a maximum value of 6 km near the 

Gakkel Ridge; in contrast, 3D gravity inversion by Døssing et al. [2014] predicts a crustal 

thickness of about 7 km in the oldest parts of the basin, decreasing to about 4 km near the Gakkel 

Ridge. 3D gravity models by Cochran et al. [2003] and Glebovsky et al. [2013] predict crustal 

thicknesses in the Amundsen Basin between 3 and 8 km. Oceanic crust accreted prior to 

magnetic Chrons C5/C6 is also predicted to be generally very thin (1-3 km) [Schmidt-Aursch and 

Jokat, 2016]. More seismic information is needed, however, to calibrate and substantiate crustal 

thickness calculations that are based on gravity data. 

 

3. Methods and Data 

3.1 Data acquisition 

The seismic data used in this study were acquired during two Lomonosov Ridge off 

Greenland surveys (LOMROG II and III) in 2009 and 2012 using the Swedish icebreaker Oden 

as part of the Continental Shelf Project of the Kingdom of Denmark. The LOMROG expeditions 

collected bathymetric, seismic, gravimetric, and CTD (conductivity, temperature, and pressure) 

along the Eurasian flanks of the Lomonosov Ridge and in the Amundsen Basin. Key acquisition 

parameters for the multichannel reflection seismic data are summarized in Table 1 and details 

from each survey are provided in 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 length of up 

to 300 m with a group interval of 6.25 m. The nominal towing depth of both the source and 

receiver arrays were set to 20 m to minimize interference with the sea ice. The data quality was 

enhanced by a basic processing sequence that included band pass filtering, spectral shaping 
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filtering, spike and noise burst editing, f-k filtering, static corrections, trace equalization, shot-

mixing, stacking, and velocity migrations. 

The seismic refraction data were obtained by sonobuoys (type AN/SSQ-53D(3) from 

ULTRA Electronics), which recorded the shots from the seismic reflection experiments (Fig. 3). 

The disposable sonobuoys were equipped with a hydrophone (depth 30 m), which radioed the 

seismic signals back to the receiving system installed onboard the acquisition vessel Oden. The 

seismic energy produced by the airgun cluster (volume between 605 and 1040 cu. in.) could be 

recorded up to offsets of ~33 km and was sufficient to detect mantle refractions and PmP 

reflections on some of the sonobuoy records. During the two surveys, a total of 878 km of 

seismic reflection data were acquired and 107 sonobuoys were deployed, whereof 89 

successfully radioed data back to the ship. In this study, we incorporate 58 sonobuoys distributed 

along 19 profiles (~ 700 km) in the central part of the basin (Fig. 2). 

Gravity data were continuously carried out during the seismic acquisition using a Lacoste 

& Romberg gravimeter installed onboard Oden. The data were acquired every 10 s. The data 

processing includes corrections for instrumental drift, tide effects, latitude corrections, and 

Eötvös effect. Further details on the gravimetric acquisition are given by Marcussen et al. [2009, 

2012]. 

 

3.2 Velocity modeling 

This study models travel times by using 2D kinematic raytracing modeling based on the 

RAYINVR modeling software of Zelt and Smith (1992). This method consists of matching the 

observed variation of travel time against offset with the travel times predicted by a model. For 

more information on RAYINVR please refer to Zelt and Smith [1992] and Zelt and Ellis [1988]. 
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Travel times of reflected and refracted phases were picked on each record section and 

uncertainty estimates were assigned to all travel time picks. The uncertainty estimates were 

determined based on the signal to noise ratio and on the dominant frequency of the signal. 

 The velocity models were developed by forward modeling. The modeling took 

place layer by layer moving from top to bottom. In each layer the velocities were constrained by 

the refraction phase going through the layer. The lower boundary of each layer was constrained 

by reflections from there and by the refraction phase underneath the boundary. 

 The detailed geometry of the sedimentary layers was introduced by comparison 

with the coincident multichannel reflection seismic data. 

 

3.3 Sonobuoy Processing and Drift corrections 

The sonobuoy data were converted from SEG-D into SEGY format. Static corrections for 

the sonobuoys were applied for both the variable gun depth and the fixed depth of the 

hydrophone on the sonobuoy. For this correction, an airgun depth of 0 m and a hydrophone 

depth of 0 m were assumed, using a water velocity determined by the CTD measurements. 

The sonobuoys were not equipped with a navigation system and, once deployed, drifted 

freely in the water. Since the sonobuoy position through time was unknown, the correct distance 

of the sonobuoy from the shot position had to be calculated. The shot-receiver distance was 

computed by picking the travel times for the direct water arrivals. Then, the distances to the 

sonobuoys were calculated by using the water velocities from the collected CTD measurements. 

The drift component along the line can thus be quantified by the difference between the 

theoretical offset using the deployment position of the sonobuoy and the recalculated shot-

receiver distance determined from the direct wave. 

The raytracing modeling used here assumes that the sonobuoys are stationary and are 

arranged in common receiver geometry. For a drifting sonobuoy, this geometry is not valid 
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because the receiver (sonobuoy) is not stationary [Bruguier and Minshull, 1997]. Even though 

the source-receiver offsets can be accurately calculated from the arrival times of the direct wave 

along the line, there exists an additional drift component out of the plane of the experiment 

where information on the basement depths is unknown. This became evident in sonobuoy 9 

where initial ray tracing revealed a mismatch between the observed crustal refractions and the 

calculated travel times while using the basement constraints from the multichannel seismic data. 

In order to match our calculated travel times with the observed data, a different basement 

geometry than the multichannel seismic data was used and the sonobuoy was checked for 

velocity consistencies with the other adjacent sonobuoys. 

In regions with pronounced basement topography, such as the western Amundsen Basin, 

a large sonobuoy rate drift may also lead to incorrect basement depths and displaced shot 

locations [Bruguier and Minshull, 1997]. These effects may be minimized, however, by using a 

variable sonobuoy position during the modeling and treating each position as a separate common 

receiver gather. This approach was used in four sonobuoys (2, 3, 32, and 38) in areas with steep 

topography where the calculated travel times had a significant mismatch with the observed data. 

Here, the sonobuoy position was varied once, which proved sufficient for matching our 

calculated travel times to the observed data. For the remaining sonobuoys, only the offset 

correction between the sonobuoys and the shots was applied and the deployment position of the 

sonobuoy was used in the modeling. 

 

 

4. Results 

Figures 4 through 6 display the final velocity models obtained in this study. The models are 

divided into a sedimentary cover, crust, and upper mantle. A description of each model is given 

below while an in-depth discussion is given in sections 5.1 to 5.3. 
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4. 1 Transect 1 

Figure 3 shows the final velocity model for transect 1. The sedimentary column along the 

80-km-long transect has a maximum thickness of 1.7 km and comprises four sedimentary layers 

(S1-S4). The velocity for the youngest sedimentary layer (S1) is 1.6 km s-1. Velocities within 

layer S2 change at the basement around km 70 from 1.9–2.0 km s-1 in the NW to 2.7–2.8 km s-1 

in the SE. Velocities for layers S3 and S4 are 2.3–2.5 km s-1 and 2.6–2.9 km s-1, respectively.  

The underlying crust displays lateral variations in its thickness and velocity structure. Four 

distinct zones (1-4) are recognized: 

Zone 1: At the northern end of the line (between km 0 and 30), the crust is divided into two 

layers. The upper layer is 1.3 km thick with velocities of 4.1–4.9 km s-1, while the lower layer 

(5.3–6.0 km s-1) is up to 1.8 km thick. The base of the crust is constrained by a strong wide-angle 

reflection between km 15 and 20, with mantle velocities of 7.8 km s-1 underneath. 

Zone 2: Near the center of the profile (km 30–45), the crust was modelled as a 1.2 to 2.4-

km-thick upper layer with velocities between 4.0–4.9 km s-1 and an underlying layer with a top 

velocity of 6.6 km s-1. There are no seismic constraints on the Moho depth and upper mantle 

velocities.   

Zone 3: Between km 45–60, a three-layered crust is observed. The uppermost crustal 

layer is 400 m thick and thins towards the basement high in the center of the zone. Velocities in 

this layer range from 3.0 to 3.4 km s-1. The mid-crustal layer is between 1 and 2 km thick and has 

velocities between 5.1 and 5.9 km s-1. The velocities for the lowermost crustal layer are similar 

to the ones observed in zone 2 (6.6–6.9 km s-1). The base of this layer is characterized by a 

strong wide-angle reflection and velocities of 7.8 km s-1 in the underlying mantle. 

Zone 4: In the southeast (km 60–80), the crust is divided into two layers. The uppermost 

layer is 2–3 km thick with velocities of 3.8–5.9 km s-1. The base of this layer is marked by a 
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wide-angle reflection and velocities of 6.9 km s-1 are observed immediately beneath. No further 

seismic information was available to model the deeper crust and mantle. 

 

4. 2 Transect 2 

The P-wave velocity model for the 262-km-long transect 2 (Fig. 4) divides the 

sedimentary column into six sedimentary layers (S1-S6) with a combined maximum thickness of 

2 km. Layers S1 and S2 have velocities of 1.6 km s-1 and 1.7–2.2 km s-1, respectively. Layer S3 

is observed locally between km 0–24 and km 122–165 with velocities between 2.1 and 2.2 km s-

1. Layers S4, S5, and S6 display velocities of 2.4–2.8 km s-1, 2.7–3.0 km s-1, and 3.2–3.4 km s-1 

respectively. The crust displays significant lateral variations in velocity and thickness. Here, the 

crustal layers are described for each of the five individual seismic lines the transect is composed 

of. 

From km 0–24, the crust is composed of two layers. The upper crust has a thickness of 

2.0–2.5 km with velocities ranging from 4.9 km s-1 at the top to 6.0 km s-1 at the bottom. The 

lower crust has a thickness of 3.0–3.5 km with a velocity of 6.0 km s-1 at the top and 7.0 km s-1 at 

the bottom. Mantle velocities are not constrained. 

From km 56–98, significant lateral variations within the crustal structure are recognized. 

Between km 56 and 75, the velocity structure is similar to the one between km 0 and 24 but the 

Moho shallows from 11 km at km 56 to 8 km 74 where the lower crust disappears. The 

maximum thickness for the upper crust is about 2.5 km and for the lower crust 1.5 km. Between 

km 76 and 85, a single crustal layer with velocities of 5.2–5.9 km s-1 is observed and its 

thickness varies between 2.0 and 2.5 km. Headwaves define the velocity in the underlying 

mantle as 7.0 km s-1. Between km 85 and 98, the velocity structure essentially continues but a 

700-m-thick cover layer with a top velocity of 3.9 km s-1 is observed. 
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Between km 122 and 165, a two-layered crust is recognized. The upper crust is generally 

between 1 and 2 km thick, but thins to about 500 m at the basement high around km 135. 

Velocities within the upper crust are variable. They are 4.6–5.0 at km 122 but decrease to 4.1–

4.4 km s-1 at the basement high at km 135, from where they increase again to 4.6–5.5. The lowest 

velocities (3.5-5.4 km s-1) are found around the basement high at km 158.  Lower crustal 

velocities are 6.5 km s-1 at the top and 6.7 km s-1 at the bottom. The Moho deepens beneath the 

basement highs to maintain isostatic balance. Some PmP reflections define the depth of the Moho 

that is otherwise defined by gravity modeling (see section 4.4). With that, the lower crustal 

thickness varies between 2 and 7.5 km. No Pn phases were observed to constrain the mantle 

velocity. 

From km 173–199, the crust is composed of a single layer that has velocities of 4.2 km/s 

at the top and 6.0 km s-1 at its base. The crustal thickness varies between 2.0 and 2.5 km. A 

strong PmP reflection is observed and the mantle velocities are approximately 7.3 km s-1. 

The crust between km 244 and 262 is composed of three layers. The upper crust consists 

of two distinct layers with a combined thickness of 1.5 km and velocities ranging from 3.9 to 4.2 

km s-1 in the upper layer and 5.0 to 5.8 km s-1 in the lower layer. The lower crust varies in 

thickness from 2 to 3 km with velocities ranging from 6.6 km s-1 at the top to 6.6 km s-1 at the 

bottom. Mantle velocities are not constrained. 

	

 

4. 3 Transect 3 

The P-wave velocity model for transect 3 is shown in Figure 5. The transect is 203 km 

long and displays six sedimentary layers (S1-S6) with a total maximum thickness of 2 km. 

Similar to transect 2, sedimentary layers S1 and S2 display a lateral continuity with velocities of 

1.6 and 1.8–2.3 km s-1, respectively. Layer S3 is only present between km 0–32 and has a 

velocity of 2.2 km s-1. Layer S4 is observed between km 0 and 32 and km 108 to 203 with 
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velocities of 2.5–2.8 km s-1. Layers S5 and S6 were only identified in the deeper basins and 

display velocities of 2.7–3.0 km s-1 and 3.2–3.3 km s-1, respectively. 

The crust is divided into three crustal layers where the upper crust is composed of two 

layers. One upper crustal layer with velocities of ~4–6 km s-1 and thickness of about 2 km is 

observed between km 0 and 32, while there are two layers between km 65 to 206. The upper 

crustal layer observed at km 0 thins to about ~1 km at km 145 and remains at that thickness until 

the end of the line. The upper crustal layer observed at km 65 is about 200 m thick and then 

thickens to about 1 km at km 115 and remains so with only little variation. At about km 65, 

velocities are 4.7 km s-1 for this layer but decrease to 4.1–4.5 km s-1 at around km 90. The 

velocities then remain mostly constant up to km 175 where they decrease to about 3.8–4.1 km s-1 

towards the end of the transect. 

At km 0, the lower crust displays a top velocity of 6.7 km s-1 and a bottom velocity of 7.0 

km s-1. The velocities decrease to 6.3 km s-1 at the top and 6.6 km s-1 at the bottom at around km 

65, where they remain constant up to km 149. The velocities then change between km 170–190 

to 6.0 km s-1 and 6.5 km s-1 and increase to 6.2–6.5 km s-1 towards the end of the line at around 

km 190. The thickness of the layer varies since the Moho deepens below the basement high. 

Between 0–32 km, the lower crust is 3 to 4 km thick, between km 66–149 the crust is between 3 

and <1 km, and between km 153–203 the crustal thickness is about 2 km. No Pn phases were 

identified on the record sections to resolve the velocities in the mantle. 

 

4.4 Gravity modeling 

The limited PmP and Pn phases observed in the seismic refraction dataset results in a 

rather discontinuous mapping of the Moho depth (Figs. 4–6). On transect 1, the Moho is 

seismically constrained by PmP reflections and Pn refractions observed on sonobuoy records 3 

and 9 (Fig. 3). Along transect 2, sonobuoys 40, 43, 49–51, 53, 55–56, 60, and 63 recorded PmP 
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reflections, while Pn phases were registered by sonobuoy 48–51, 56, and 59. Along transect 3, 

PmP reflections are present on sonobuoy records 20, 21, 30, 33, 34, 37, and 39; no clear Pn phase 

could be identified. 

Two-dimensional gravity modeling was performed by converting P-wave velocities to 

density in order to constrain the Moho depth in areas with no seismic constraints. The gravity 

data were extracted from the shipborne gravimeter while the density models were derived from 

the P-wave velocity models (Figs. 4–6) by coverting the velocities to density using the empirical 

relationship of Ludwig et al. [1970]: 

𝜌 = 	−0.00283𝑣+ + 0.0704𝑣/ − 0.598𝑣2 + 2.23𝑣 − 0.7																										 

where v is the P-wave velocity in km/s and ρ is density in g/cm3. In order to avoid edge effects in 

the modeling, the models were extended 300 km in each direction. Since transects 2 and 3 were 

composed of lines with a variable orientation (see Fig. 2), each line was modeled separately. 

Two-dimensional gravity modeling was then performed by using the algorithm of Talwani 

[1959] and compared with the shipborne gravity measurements (Figs. 8–10). The Moho 

geometry was adjusted in the unconstrained areas to obtain a good match between the observed 

and calculated gravity. The greatest mismatch between the calculated gravity response and the 

observed gravity for transects 1 and 3 is 5 mGal, while it is 10 mGal for transect 2. 

 

4. 5 Basement velocities 

Basement velocities recorded by the sonobuoys were mapped alongside gravity and 

magnetic field data to identify potential velocity patterns within the data (Figure 7). The 

basement velocities in this study are supplemented with additional basement velocities from 

previous studies in the Amundsen Basin [Jokat et al., 1995a; Jokat and Micksch, 2004], the 

Gakkel Ridge [Jokat and Schmidt-Aursch, 2007] and the Nansen Basin [Engen et al., 2009]. 

Based on the LOMROG data, three distinct velocity variations are observed: 



 

33 

1) Velocities between ~4.0–4.7 (green colors) are widespread throughout the basin; 

2) Lower velocities between ~3.0–3.8 km s-1 (blue colors) are observed both locally (e.g., 

zone 3 in transect 1, see Fig. 4) and closer towards the Gakkel Ridge (e.g., between km 

170–200 in transect 3, see Fig. 6); 

3) Higher velocities (~4.8–5.4 km s-1) are observed in the region corresponding to km 0–98 

in transect 2 (Fig. 5). 

 

5. Discussion 

The crust created by ultraslow spreading in the western Amundsen Basin displays 

significant variations in its structure and composition (Figs. 4–6). The velocity models obtained 

from the sonobuoy data can be divided into three main groups: crust resembling normal oceanic 

crust, crust with no observed oceanic layer 3, and exhumed mantle. We will begin by discussing 

each group individually and providing relevant examples from each of our three transects. Then 

we will compare our data with other seismic data in the Eurasian Basin.  

 

5. 1 Normal oceanic crust 

Typical oceanic crust consists of two main layers: oceanic layer 2, and oceanic layer 3. 

Oceanic layer 2 displays a wide range of seismic velocities (2.7-6.3 km s-1 in Juteau and Maury 

[1997]; 2.5-6.6 km s-1 in White et al. [1992]) and is usually associated with extrusive basalt lavas 

and dikes formed at the spreading center. Oceanic layer 2 has an average thickness of 2 km and a 

high velocity gradient (gradients are ~1-2 s-1) [White et al., 1992]. Oceanic layer 3 is 

characterized by comparable low velocity gradient (0.1-0.2 s-1) and is usually associated with 

intrusive gabbroic rocks. Oceanic layer 3 is on average 5 km thick and velocities range between 

6.6-7.7 km s-1 [Juteau and Maury, 1997; White et al., 1992]. Away from the influence of fracture 

zones, hotspots and marginal basins, normal oceanic crust exhibits a relatively uniform crustal 
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thickness (6-7 km) at full spreading rates of 20 mm yr-1 and above [Bown and White, 1994; 

White et al., 1992; White et al., 2001]. 

The velocity structure observed in a typical oceanic layer 2 may also display variations in 

velocity and thickness. Normally, oceanic layer 2 may be subdivided into three layers: 2A, 2B, 

and 2C [Houtz and Ewing, 1976]. The uppermost sublayer 2A consists of a porous and low-

density basaltic layer (i.e., lava flows) marked by numerous fractures and voids. Seismic 

velocities range from 2.7–4.5 km s-1 and the layer’s thickness may reach up to 1 km. The 

presence of layer 2A is considered to be a temporal phenomenon [Houtz and Ewing, 1976; 

Grevemeyer and Weigel, 1996; Carlson, 1998] since the thickness of the layer decreases away 

from the spreading axis until it eventually merges with sublayer 2B [Juteau and Maury, 1997]. 

The transformation from layer 2A to 2B is thus thought to represent an alteration boundary 

caused by crack closures, hydrothermal alteration, and sealing [Christeson et al., 2007; 

Klingelhöfer, 2000; Vera et al., 1990]. Sublayer 2B characterizes either the deepest part of the 

young basaltic layer or a sheeted diabasic dike complex after the transformation of sublayer 2A 

into 2B [Christeson et al., 2007; Wilson et al., 2006]. Sublayer 2B is characterized by velocities 

of 4.8 to 5.5 km s-1 and a thickness of 0.5 to 1 km [Juteau and Maury, 1997]. When identified, 

sublayer 2C is thought to represent a significant quantity of intrusive basic rocks (e.g., dikes and 

sills) that differ from sublayer 2B in the intensity of alteration, metamorphism, and/or 

progressive closure of cracks and pore spaces at greater depths [Wright and Rothery, 1998; 

Juteau and Maury, 1997]. Sublayer 2C normally shows velocities between 5.8 to 6.5 km s-1 (5.8 

to 6.2 km s-1 in Juteau and Maury [1997]; 5.8 to 6.5 km s-1 in Houtz and Ewing [1976]) and a 

thickness of about 1 km [Juteau and Maury, 1997].  

Transects 2 and 3 (km 0–32 and km 0–24 respectively) closely resemble the description 

mentioned above (Figs. 3, 5, and 6). Here, the velocity models display top upper and lower 

crustal velocities of 4.1–4.9 and 6.6–6.7 km/s, respectively, compatible with typical oceanic 
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layer 2 and 3 velocities. Moreover, high-amplitude PmP reflections are observed, and indicate a 

strong velocity contrast between the lower crust and the mantle as opposed to a gradual transition 

to upper mantle velocities. Crustal thicknesses in this region (~5–6 km) are less than typical (6–7 

km) oceanic crust; however, this is expected since ultraslow spreading is typically related with a 

reduced crustal thickness compared to crust created by faster spreading [Dick et al., 2003].   

 The presence of a local crustal layer underneath the acoustic basement in some 

regions is also observed in this group. One such example is the presence of an uppermost crustal 

layer in zone 3 recorded by sonobuoy 3 (Figs. 3 and 4). The layer is relatively thin (400 m), 

displays low P-wave velocities (3.0–3.4 km s-1), shows strong basement reflectivity (Fig. 11), 

and is located in the vicinity of basement highs (Fig. 4).  

Two interpretations are proposed to explain the presence of these local layers. The first 

interpretation is that the layers relate to oceanic sublayer 2A. Compatible velocities for our 

observations have been documented in crust created by magma poor spreading ridges such as the 

Mohns Ridge (Fig. 14). Here, thin crust dated at 22.4 Ma is characterized by an uppermost 

crustal layer with velocities of 3.1–3.2 km s-1 and an approximate thickness of 100 m 

[Klingelhöfer et al. 2000]. Klingelhöfer et al. [2000] suggest that the observed thickening of 

oceanic layer 2A at topographic highs might be locally linked to volcanic activity. Previous 

magnetic modeling of sublayer 2A [Tivey and Johnson, 1993] have revealed that the thickness of 

this sublayer along ridges could represent thickening due to excess volcanic material. If so, the 

locally observed layer in our dataset would imply an excess of extrusive basalt lavas.  

A second possibility is that the layers are related to large-scale sill injections. Sills are often 

marked by high-amplitude reflectivity, abrupt terminations [Planke et al., 2005; Thomson and 

Hutton, 2004; Tucholke et al., 1989], and have been demonstrated to correlate with high-

amplitude reflectivity in multichannel seismic data [Shillington et al., 2007].  Sills have been 

recognized within transitional crust [e.g., Peron-Pinvidic et al., 2010] but also recently with crust 
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created along the ultraslow Southwest Indian Ridge [Meier and Schlindwein, 2017], most likely 

due to off-axis volcanism [Peron-Pinvidic et al., 2010].  At the Newfoundland margin, sill 

emplacement could have occurred at a time when there was a thin sedimentary cover on top of 

the basement that was later destroyed by intrusives or extrusives, resulting in a seismic basement 

that is indiscernible from true basement [Peron-Pinvidic et al., 2010]. Given the limited data 

constraints for these layers, however, more geophysical information is required to confirm either 

interpretation.  

  

5. 2. Crust with no oceanic layer 3 

In ultraslow spreading crust, seismic velocity studies show that the velocity structure is 

significantly different than that observed at faster spreading ridges [Dunn, 2015]. P-wave 

velocities above 6.5 km s-1 are rarely observed [Jokat and Schmidt-Aursch, 2007] and while an 

oceanic layer 2 is often present, oceanic layer 3 tends to be thin or absent as crustal thickness 

decreases [White et al., 2001]. In some cases, the crust is underlain by partially serpentinized 

mantle. For some sections of these ridges, the limited melt supply also results in the direct 

emplacement of mantle at the seafloor [Cannat et al., 2006; Michael et al., 2003]. A thickness of 

< 4 km thick is common in crust created by ultraslow spreading [e.g. Klingelhöfer et al., 2000; 

Czuba et al. 2011; Hermann and Jokat, 2013; Delescluse et al. 2015], well below the global 

average of 7 km for faster spreading rates [White et al., 1992].  

Crust underlain by partially serpentinized mantle was observed conclusively along portions of 

transect 2 (Fig. 4). Where partial serpentinization is observed, the crust is thin (about 2 km) and 

the data show a strong reflection at the base of this crust. The observed velocities of 7.0–7.3 km 

s-1 underneath thin crust in this region indicate that the volume percent of serpentinite in the 

mantle is around 30–35%.  
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The interpretation between an oceanic layer 2 or an oceanic layer 2 with a thin oceanic layer 3 

remains ambiguous in some regions. One clear example is the presence of a crustal layer with 

velocities of 6.0–6.5 km s-1 along transect 3 at km 170–190 (Fig. 6). Here, the velocity range 

falls within velocities that are compatible with either an oceanic sublayer 2C (5.8 to 6.5 km s-1) 

[Houtz and Ewing, 1976; Juteau and Maury, 1997] or a modified layer 3.  

Support for velocities compatible to ours corresponding to an oceanic sublayer 2C may be found 

in the Boreas Basin where the crust was created by ultraslow spreading. P-wave velocity models 

show a 3 km thick oceanic crust with seismic velocities less than 6.3 km s-1, indicating the lack 

of any significant oceanic layer 3 [Hermann and Jokat, 2013]. Here however, it is questioned 

whether the modeled layer corresponding to sublayer 2C in Hermann and Jokat  [2013] is 

unique. The velocity models show mismatches between the observed travel times and the 

calculated travel times; in addition, the calculated travel times are usually late arrivals when 

compared to the observed phase arrivals, thus leading to question whether some parts of sublayer 

2C could be remodeled with faster velocities corresponding to a thin oceanic layer 3. 

Alternatively, the crustal layer with velocities of 6.0–6.5 km s-1 could represent an atypical 

oceanic layer 3. One possible interpretation to explain the velocity structure is that the modified 

layer 3 represents a mesh between basalt and gabbro. Higher basalt content in gabbro during 

melt formation may contribute to lower velocities observed in the gabbro. Whole-rock major and 

trace element compositions analyzed on the ultraslow South West Indian Ridge for a suite of 

gabbroic samples show evidence of such mesh [Coogan et al., 2001].  In the interpretation by 

Coogan et al. [2001], melts are removed from the melting column, crystallize, and add 

themselves to the crust, forming eruptible reservoirs. As these small magma packets are added 

into the crust, some interstitial liquid is mixed into subsequently erupted magma reservoirs, 

leading to a mixture of cumulate crystals and significant proportions of basalt. 
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A second interpretation for an atypical oceanic layer 3 could be that the low velocities are related 

to a highly tectonized oceanic crust. Given that the crust in the Amundsen Basin is marked by 

limited magma supply, it is possible that the lower velocities in the crust can be explained by the 

fractures leading to an increased fluid circulation in the crust. In particular, oceanic layer 3 

velocities in this region would be compatible with ultraslow crust at the extinct Labrador Sea 

spreading center [Delescluse et al., 2015] (Figure 14), where tectonic extension was thought to 

occur during the waning stage of the Labrador Sea and where faulting became dominant as the 

spreading rate decreased to extinction. The low crustal velocities (~6.0–7.1 km/s) and thin (3.5 

km) crust would therefore imply a decreasing supply of partial melt associated with an 

increasing degree of tectonism. 

Figure 7 shows the gravity anomalies from Andersen [2010] in the Amundsen Basin. A distinct 

gravity low can be recognized between km 153 and 203 that continues perpendicularly to a 

strong bend along the spreading center of the Gakkel Ridge. This gravity low correlates well 

with the 6.0–6.5 km s-1 velocities lowermost layer 3 velocities observed for the lower crust in 

transect 3 (Fig. 6). Here, the lower crustal velocities in this zone increase to 6.2–6.5 km s-1 at 

~km 195 in transect 3 and to ~6.3–6.6 km s-1 at ~km 130. 

The low oceanic layer 3 velocities and the pattern of the gravity anomaly perpendicular to the 

spreading ridge may suggest that this area represents a fracture zone. Fracture zones, located at 

the ends of convection cells, are marked by lower magma supply and likely lower temperatures 

in the magma [Detrick et al., 1993]. Fracture zones are therefore frequently associated with thin 

crust and the absence of a normal oceanic layer 3 [Detrick et al., 1993; White et al. 1984]. If an 

oceanic layer 3 is present, fracture zones may display lower than typical oceanic layer 3 

velocities (e.g. Oceanographer Fracture Zone in White et al. [1984] and Ambos and Hussong 

[1986]; Kane Fracture Zone in Detrick and Purdy [1980] and Abrams et al. [1988]). 
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5. 3 Exhumed mantle 

Between km 80 and 90 on transect 2 (Figs. 2, 5, and 7), basement velocities range from 5.2 to 5.4 

km s-1 and display strong wide-angle reflections from the base of the upper crust (Fig. 3). These 

velocities are compatible with highly serpentinized mantle rocks or with oceanic layer 2. 

Velocities of 5.2 km/s would correspond to a serpentinization rate of approximately 80% 

[Christensen, 2004]. The sharp velocity contrast between 5.9 km s-1 (poorly resolved) at the base 

of the layer and 7.0 km s-1 underneath could represent a serpentinization front, separating highly 

serpentinized mantle from partially serpentinized mantle. The serpentinization front would be the 

result of the volume expansion during the serpentinization process, which closes cracks and 

fractures in the rock and thereby the pathway for water into deeper portions of the mantle. The 

serpentinization front would thus represent the depth to which water was able to travel down 

fault planes cutting deep into the upper mantle [Dean et al., 2000]. 

The interpretation and seismic character discussed above should be similar to other regions 

marked by undoubted exhumed mantle and ultraslow spreading. For this reason, we compare our 

results to the Newfoundland/Iberia conjugate margin pair, a well-documented area of magma 

poor rifting marked by wide areas of exhumed mantle and peridotite ridges [Cannat et al., 2009; 

Peron-Pinvidic et al., 2010; Reston et al., 1996] (Fig. 12). A comparison between the basement 

character in our data and the basement in the continent-ocean transition zone at the 

Newfoundland and Iberia margins displays several similarities (Fig. 12). In the Iberia abyssal 

plain, Pickup et al. [1996] identify a transition zone characterized by a thin (1.0–2.5 km) 

seismically unreflective upper basement layer lying over reflective basement. Likewise, 

basement ridges thought to be exhumed mantle in this region were characterized by no coherent 

internal seismic structure [Dean et al., 2015]. These observations support the notion that 

vigorous seawater circulation along the faults in the uppermost basement resulted in highly 

serpentinized mantle and a weak reflective top basement [Dean et al., 2000]. 
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At the Newfoundland margin, Peron-Pinvidic et al. [2010] identify three basement domains 

based on seismic character: continental, transitional, and embryonic oceanic. The transitional 

domain, suggested to be predominantly serpentinized mantle [Sibuet et al., 2007], displays a 

limited basement roughness with a smooth, short-wavelength basement topography. In contrast, 

the embryonic oceanic domain consists of significantly stronger relief than the transitional 

domain, reaching up to 1–1.5 km. The basement character observed between km 80 and 90 (Figs. 

5 and 12) displays a similar smooth basement structure to that of what would be expected in the 

transitional domain defined by Peron- Peron-Pinvidic et al. [2010]. This observation, in 

combination with the compatible basement reflectivity and P-wave velocities, would suggest the 

possible presence of exhumed mantle in this segment. 

 

5. 4 Comparison to seismic data in the Eurasian Basin 

Based on the magmatic activity, Michael et al. [2003] divide the western part of the Gakkel 

Ridge into three segments: the WVZ, SMZ, and EVZ. This segmentation is also visible in 

seismic refraction data showing distinct variations in the crustal velocity structure [Jokat and 

Schmidt-Aursch, 2007].  In the WMZ, extensive magmatism consisting entirely of glassy pillow 

basalts indicates velocities within the range of 2.4–5.2 km s-1 [Schmidt-Aursch and Jokat, 2016; 

Jokat and Schmidt-Aursch, 2007]. In the SMZ, the velocity models of Jokat and Schmidt-Aursch 

[2007] show focused magmatism and velocities within the range of 3.4–6.0 km s-1 along the 

Gakkel Ridge. High velocities close to or above 4 km s-1 are usually observed in areas where 

mostly peridotites were dredged [Jokat and Schmidt-Aursch, 2007; Michael et al., 2003]. 

However, Jokat and Schmidt-Aursch [2007] are not able to decide whether the basement there 

consists of oceanic crust or altered mantle material. In the EVZ, predominantly basalts were 

dredged and, consistent with this, crustal velocities above 6 km s -1 are observed around volcanic 

centers. Oceanic layer 3 is absent in both the SMZ and EVZ.   
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The SMZ is marked by very low amplitude magnetic anomalies compared to the EVZ (Fig. 7). 

These low amplitudes persist up to Chron C8, where the pattern of magnetic anomalies in the 

SMZ changes to high amplitudes. Due to this change, however, uncertainty exists on whether the 

distinction between the EVZ and SMZ remains valid for crust older than Chron C8. In order to 

test this, velocity profiles from our data set are compared with velocity profiles of the EVZ and 

SMZ (Fig. 13). The velocity-depth curves are plotted alongside stacked velocity curves from 

White et al. [1992] for 0 to 7 Ma (orange shading) and 59 to 127 Ma (blue shading) old oceanic 

crust in the North Atlantic and from stacked velocity data from Jokat and Schmidt-Aursch [2007] 

in the EVZ (green shading) and SMZ (purple shading) at the Gakkel Ridge. Transect 1 (black 

lines) lies on 43 to 31 Ma old crust within continuation of the SMZ. Velocities within zone fall 

within the range that is typically observed in oceanic layer 2 [White et al. 1992]. Within zones 2, 

3 and 4, an oceanic layer 3 is observed, which is inconsistent with the observations by Jokat and 

Schmidt-Aursch [2007]. Along transects 2 and 3 (red lines), corresponding to older crust away 

from what is nowadays the EVZ, all velocity profiles fall within the range of what is typically 

observed in oceanic layers 2 and 3.  The observations above indicate that the velocity profiles on 

transect 1 do not seem to share any significant similarity with crustal observations along the 

SMZ. In addition, recent geophysical analyses have suggested that the magmatic processes 

observed within the SMZ may extend onto older crust. In the Nansen Basin, Lutz et al. [2018] 

use multichannel seismic data complemented by gravity and magnetic modeling to study the 

basement configuration in the oldest part of the basin and within the continent-ocean transition 

zone.  Seismic imaging revealed large faulted basement blocks, similar to the ones observed 

along zone 1 in transect 1 (Figs. 4 and 11). Based on structural similarities between the young 

basement located along the SMZ and the older basement near the Barents Sea margin, Lutz et al. 

[2018] suggest that mantle exhumation has likely been active since the opening of the basin and 

that a regular, layered, fully igneous oceanic crust is unlikely. The seismic modeling along 
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transect 1, marked by velocities compatible with an oceanic layer 2 and 3 throughout the entire 

transect, clearly disputes this. Our results reveal that highly variable crust is present on the 

western Amundsen Basin and, as shown in previous studies [e.g., Døssing et al., 2014; 

Glebovsky et al., 2013], reduced crustal thicknesses are observed.    

 

6. Conclusions 

Interpretation of new seismic refraction data in combination with coincident seismic 

reflection lines is used to obtain information on the crustal accretion processes in the western 

Amundsen Basin. The study reveals a detailed picture of the crustal velocity structure in the 

basin in an area that is only sparsely covered by seismic profiles due to the harsh climate there 

and the associated logistical challenges of acquiring data. 

The crust created by ultraslow spreading in the western Amundsen Basin displays significant 

variations in its velocity structure and composition. The sonobuoy data indicate three main 

basement types: 

1) Crust resembling normal oceanic crust composed of oceanic layers 2 and 3. However, the 

total crustal thickness is less than the global average of 7 km [White et al., 1992]. The 

maximum observed thickness is 6 km but, in most areas, the crust is only between 2 and 5 

km thick. Such a reduced thickness is typical for crust produced at ultraslow spreading rates 

[e.g., Dick et al., 2003]. 

2) Oceanic crust that displays a layer 2 but where layer 3 is absent. Here the crust may be 

underlain by partially serpentinized mantle. 

3) Exhumed mantle consisting of two layers separated by a serpentinization front. The upper 

layer consists of exhumed and highly serpentinized mantle, while the lower layer represents 

partially serpentinized mantle. There is a distinct velocity change across the serpentinization 

front.  
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Our seismic modeling indicates the presence of velocities compatible with an oceanic layer 2 

and 3 within the extensions of the SMZ. These results are different than previous observations 

along the Gakkel Ridge, where no oceanic layer 3 has been documented. The different basement 

types therefore indicate that there is both a spatial and temporal variation in crustal accretion 

processes at the ridge. 
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 LOMROG II LOMROG III 

Source 1 Sercel G and 1 
Sercel GI gun 

2 Sercel G-guns 

Chamber volume 605 cu. inch 1040 cu. inch 

Gun pressure 180 bar (2600 psi) 180 bar (2600 psi) 

Nominal tow depth 20 m 20 m 

Streamer Geometrics GeoEel Geometrics GeoEel 

Length of tow cable 43 m 30 m 

Total no. of groups 32 / 40 32 

Group interval 6.25 m 6.25 m 

Nominal tow depth 20 m 20 m 

 

Table 1.  Summary of Key Acquisition Parameters during LOMROG II and III 

 

Table 1. Summary of the key acquisition parameters during the LOMROG cruises.  
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Figure Captions 

Figure 1. Bathymetric map of the Amundsen Basin and surrounding areas in the Arctic Ocean. Yellow lines indicate the location of 

LOMROG multichannel seismic reflection profiles collected in 2007, 2009, and 2012. White lines mark seismic reflection data from 

AMORE 2011 [Jokat and Micksch, 2004]. Green lines show the seismic reflection lines from NP-28 [Fütterer, 1992] and Arlis-II 

[Ostenso and Wold, 1977]. Red lines mark the seismic profiles from the LOMROG expeditions that are featured in this paper (Figs. 

4–6). The location of Integrated Ocean Drilling Program 302 (ACEX) is marked by a red circle. Bathymetric data are from the 

IBCAO 3.0 grid (Jakobsson et al., 2012). Abbreviations: 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. 

 

Figure 2. Bathymetric map shown together with the interpreted magnetic anomalies of Brozena et al. [2003]. White lines: normal 

polarity chrons. The “y” and “o” refer to the young and old side of the anomalies respectively. Yellow lines indicate the location 

of LOMROG multichannel seismic reflection profiles collected in 2007, 2009, and 2012. Orange circles indicate the deployment 

positions of the LOMROG sonobuoys used in this study. 

 

Figure 3 Raw record section with phase interpretations for sonobuoys 3, 9 and 50. The vertical scale for the record sections is the 

travel time using a reduction velocity of 6.8 km/s, and the horizontal scale is the shot-receiver distance (offset). 

 

Figure 4. (top) P-wave velocity model along transect 1. Numbers indicate velocities in km s-1. Pale colors indicate sections 

unconstrained by multichannel seismic or refraction data. The red triangles mark the location of the sonobuoys. (bottom) P-wave 

velocity model converted to two-way travel time (TWT) and overlaid on the multichannel seismic record for comparison.  

 

Figure 5. (top) P-wave velocity model along transect 2. Numbers indicate velocities in km s-1. Pale colors indicate sections 

unconstrained by multichannel seismic or refraction data. The red triangles mark the location of the sonobuoys. (bottom) P-wave 

velocity model converted to two-way travel time (TWT) and overlaid on the multichannel seismic record for comparison.  

 

Figure 6. (top) P-wave velocity model along transect 3. Numbers indicate velocity in km s-1. The red triangles on the ocean 

surface mark the location of the sonobuoys. (bottom) P-wave velocity model converted to two-way travel time (TWT) and 

overlaid on the multichannel seismic record for comparison.  

 

Figure 7. Free-air gravity anomaly (top) and magnetic anomaly map (bottom). The gravity data (DTU10 grid) was collected 

from Andersen [2010] while the magnetic data (CAMP-M grid) was collected from Gaina et al. [2011]. Filled circles indicate the 

top basement velocity from the sonobuoy data collected the Amundsen Basin [Jokat et al., 1995a; Jokat and Micksch, 2004; 

Jokat and Schmidt-Aursch, 2007] and in the Nansen Basin [Engen et al., 2009]. The black dashed line marks the boundary 
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between the Sparsely Magmatic Zone and the Eastern Volcanic Zone. The black arrow in the gravity map shows the gravity low 

discussed in the text. The black line in the magnetic map displays the location of Chron C8. EVZ – Eastern Volcanic Zone; SMZ 

– Sparsely Magmatic Zone. 

 

Figure 8. Two-dimensional gravity model for transect 1. The P-wave velocity (Figure 4) was converted to density using the 

velocity-density relationship of Ludwig et al. [1970]. The numbers indicate the density in g/cm3. (Top) Observed magnetic 

anomaly data (blue line) are extracted from the DTU10 grid from Andersen [2010] while the gravity data (black dots)) were 

collected from the shipborne gravimeter. The calculated gravity from the density model (red line) was obtained from two-

dimensional gravity modelling. 

 

Figure 9. Two-dimensional gravity model for transect 2. The P-wave velocity (Figure 4) was converted to density using the 

velocity-density relationship of Ludwig et al. [1970]. The numbers indicate the density in g/cm3. (Top) Observed magnetic 

anomaly data (blue line) are extracted from the DTU10 grid from Andersen [2010] while the gravity data (black dots)) were 

collected from the shipborne gravimeter. The calculated gravity from the density model (red line) was obtained from two-

dimensional gravity modelling. 

 

Figure 10. Two-dimensional gravity model for transect 3. The P-wave velocity (Figure 4) was converted to density using the 

velocity-density relationship of Ludwig et al. [1970]. The numbers indicate the density in g/cm3. (Top) Observed magnetic 

anomaly data (blue line) are extracted from the DTU10 grid from Andersen [2010] while the gravity data (black dots)) were 

collected from the shipborne gravimeter. The calculated gravity from the density model (red line) was obtained from two-

dimensional gravity modelling. 

 
Figure 11. Detail from Fig. 4 showing key seismic features from the multichannel seismic data along transect 1. Top: large 

faulted basement blocks. Bottom: high-amplitude basement identified along zone 3. 

 
Figure 12. Comparison of basement character in seismic data. Top: portion of transect 2 approximately between km 75 and 90. 

Middle: Nansen Basin [Lutz et al., 2018]. Bottom: details from CAM 155 profile at the Iberian margin showing peridotite ridge 4 

[R4; Minshull et al., 2014]. 

 
 
Figure 13. Stacked velocity-depth curves for 0 to 7 Ma (orange shading) and 59 to 127 Ma (blue shading) oceanic crust in the 

Atlantic Ocean [White et al. 1992]. The green and purple envelope indicate the range of the velocity data from the Gakkel Ridge 

[Jokat and Schmidt-Aursch, 2007] for the Eastern Volcanic Zone and the Sparsely Magmatic Zone, respectively. The black lines 

represent the velocity-depth curves for transect 1 of our study, while the red lines show the velocity-depth curves for transects 2 

and 3. Mantle velocities are not included. 
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Figure 14 Comparison of P-wave velocity profiles of crust created by ultraslow seafloor spreading. The velocities for the extinct 

Labrador Sea spreading center are taken from Delescluse et al. [2015] and those from the South West Indian Ridge are from Niu 

et al. [2015]. Mohns Ridge velocities for 22.4-Ma-old crust are taken from Klingelhöfer et al. (2000) and for 20.2-Ma-old crust 

from Czuba et al. (2011). The light orange shows upper crustal velocities, the dark orange indicates lower crustal velocities, and 

the purple marks upper mantle. 
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Key Points 9 

• New multichannel seismic reflection data constrain the Cenozoic depositional history of the 10 

Amundsen Basin in the Arctic Ocean. 11 

• Four key development stages explain the basin evolution based on facies interpretation and 12 

estimated sedimentation rates. 13 

• Plio-Pleistocene cascading plumes, possibly from brine formation, affected the North 14 

Greenland shelf and influenced deep circulation. 15 

 16 
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 25 

Abstract 26 

A new stratigraphic model and estimated sedimentation rates of the western Amundsen Basin, 27 

Arctic Ocean, are presented based on multichannel seismic reflection data, seismic refraction data, 28 

magnetic data, and limited samples from cores and drilling. This places new constraints on the 29 

Cenozoic depositional history of the basin and improves the understanding of the tectonic, climatic, 30 

and oceanographic conditions in the central Arctic region. Four distinct phases of basin 31 

development are proposed.  During the Paleocene–mid-Oligocene, high sedimentation rates are 32 

linked to terrestrial input and increased pelagic deposition in a restricted basin. Sediment wedging 33 

and mass transport into marginal depocenters reflect a period of tectonic instability linked to 34 

compression associated with the Eurekan Orogeny in the Arctic. During the late Oligocene–early 35 

Miocene, widespread passive infill associated with hemipelagic deposition reflects a phase of 36 

tectonic quiescence, most likely in a freshwater estuarine setting. During the middle Miocene, 37 

mounded sedimentary build-ups along the LR suggest the onset of geostrophic bottom-currents that 38 

likely formed in response to a deepening and widening of the Fram Strait beginning around 18 Ma.  39 

In contrast, the Plio–Pleistocene stage is characterized by erosional features such as scarps and 40 

channels adjacent to levee accumulations, indicative of a change to a higher-energy environment. 41 

These deposits are suggested to be partly associated with dense shelf water-mass plumes driven by 42 

supercooling and brine formation originating below thick multi-year sea-ice over the northern 43 

Greenland continental shelf. 44 

Keywords 45 

Seismic stratigraphy, brine formation, contourite drifts, channel-levee deposits, Eurekan 46 

compression, Arctic Ocean  47 
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1 Introduction 48 

The Cenozoic development of the Amundsen Basin (Fig. 1) and its role in the 49 

paleoceanographic evolution of the Arctic Ocean remains poorly understood. This lack of 50 

knowledge is due in part to the challenges of acquiring data in areas with perennial sea ice cover. 51 

Only a limited number of seismic profiles have been acquired in the region and there is a lack of 52 

stratigraphic control. Seismic reflection data are mostly restricted to short streamers with small 53 

source arrays and seismic refraction data are restricted to sonobuoys, and in some instances, 54 

recoverable ice stations [e.g., Ostenso and Wold, 1977; Fütterer, 1992; Jokat et al., 1995a; Jokat 55 

and Micksch, 2004; Chernykh and Krylov, 2011]. Samples from the Arctic Ocean remain sparse, 56 

mostly from limited dredging [Michael et al., 2003; Brumley et al., 2015; Knudsen et al., 2017] and 57 

gravity and piston cores, but these shallow samples constrain only the most recent Quaternary 58 

depositional history. The only source of deep stratigraphic information comes from the Arctic 59 

Coring Expedition (ACEX) of the Integrated Ocean Drilling Program (IODP) Leg 302, where 60 

samples were recovered on the central Lomonosov Ridge (LR) in 2004 [Backman et al., 2005]. 61 

Thus, much of the tectono-oceanographic history of the Amundsen Basin and the adjacent LR 62 

remains elusive. 63 

The objective of this paper is to investigate the Cenozoic depositional history of the 64 

Amundsen Basin using new multichannel seismic reflection data gathered as part of the United 65 

Nations Convention on the Law of the Sea (UNCLOS) program for the continental shelf project of 66 

the Kingdom of Denmark. The lines were collected in the western part of the Amundsen Basin and 67 

along the flank of the Eurasian side of the LR (Fig. 1). The data are supplemented by published 68 

multichannel seismic data in the Amundsen Basin [Jokat et al., 1995a; Jokat et al., 1995b; Jokat 69 

and Micksch, 2004], magnetic data [Brozena et al., 2003], and information from ACEX drill sites 70 

[Moran et al., 2006; Jakobsson et al., 2007]. Linking these data sets offers the opportunity to 71 

advance previous stratigraphic interpretations in the Amundsen Basin [e.g., Jokat et al., 1995a; 72 
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Chernykh and Krylov, 2011] and improve our understanding of the sedimentary processes and 73 

tectonic evolution of the Arctic Ocean. In this contribution, a new stratigraphic model of the 74 

Amundsen Basin is presented and four main evolutionary stages are proposed. 75 

 76 

2 Geological and oceanographic setting 77 

The LR is a sliver of continental crust that connects the Lincoln Shelf north of Greenland 78 

and Ellesmere Island to the East Siberian Shelf, separating the Arctic Ocean into two main basins 79 

— the Amerasian Basin and Eurasian Basin (Fig. 1). The Eurasian Basin is bisected by the world’s 80 

slowest mid-ocean ridge spreading center, with present day full spreading rates of 14.6 mm yr-1 at 81 

the western end, decreasing to 6.3 mm yr-1 in the Laptev Sea [DeMets et al., 1994]. It is generally 82 

agreed that seafloor spreading began in the early Cenozoic as the LR rifted away from the Barents 83 

and Kara shelves when Greenland and North America separated from Eurasia [Talwani and 84 

Eldholm, 1977; Vogt et al., 1979; Jokat et al., 1992; Poselov et al., 2014]. Magnetic anomalies 85 

indicate that spreading began no later than Chron C24N (~53 Ma, the timescale of Ogg [2012] is 86 

used throughout this paper) and possibly during Chron C25 (~57 Ma) [Vogt et al., 1979; Brozena et 87 

al., 2003; Cochran et al., 2006; Glebovsky et al., 2006; Engen et al., 2008; Døssing et al., 2013a; 88 

Døssing et al., 2013b].  89 

The LR was first proposed as a continental fragment by Heezen and Ewing [1961] and was 90 

confirmed subsequently by seismic data [Ostenso and Wold, 1977; Sweeney et al., 1982]. Seismic 91 

profiles across the LR show structures dominated by crustal scale extension as evidenced by tilted 92 

continental fault blocks [Jokat et al., 1992; Jokat, 2005]. The oldest sedimentary rocks recovered by 93 

the ACEX drilling leg are Late Cretaceous age (i.e., pre-breakup) [Backman et al., 2005]. 94 

Metamorphic sandstones recovered by dredging the Eurasian flank of the ridge have a Mid-95 

Ordovician deformation age, showing that the LR was involved in a collisional event at that time 96 
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[Knudsen et al., 2017]. The combined evidence shows unequivocally the continental nature of the 97 

ridge.  98 

Another key discovery of the ACEX expedition was the presence of a depositional hiatus 99 

spanning from the mid-Eocene–early Miocene [Moran et al., 2006] based on biostratigraphic data 100 

[Backman et al., 2008]. This hiatus is unexpected because it is inconsistent with established post-rift 101 

thermal subsidence models [McKenzie, 1978]. O’Regan et al. [2008] suggested that the ridge 102 

remained at or near sea level during the duration of the time gap while sediment erosion or non-103 

deposition transpired. Based on an analysis of the consolidation, strength, and permeability of the 104 

sediments recovered, O'Regan et al. [2010] suggest that the hiatus arose from a period of prolonged 105 

low to non-deposition. The cause of non-deposition and/or erosion has been related to tectonic 106 

uplift, either as a result of mantle phase changes [Minakov and Podladchikov, 2012] or as a result of 107 

the Eurekan orogeny, which reached its peak during the Eocene [Døssing et al., 2014]. Others have 108 

related the hiatus to erosion by oceanic bottom currents [Jokat et al., 1992; Moore and the 109 

Expedition 302 Scientists, 2006a] implying that a vigorous circulation system became established in 110 

the late Eocene, although this may have happened in combination with tectonic uplift [O’Regan et 111 

al., 2008].  112 

An alternative chronology to the 26 Ma hiatus model by Backman et al. [2008] was derived 113 

from Re-Os isotope data produced by Poirier and Hillaire-Marcel [2009; 2011], who proposed that 114 

middle Cenozoic sedimentation rates on the LR were continuous (albeit ultra-slow) with a time gap 115 

of <0.4 Ma at about 36 Ma. The two different age models have drastically different implications for 116 

the timing of a fully ventilated Arctic Ocean and for the tectonic evolution of the LR [O’Regan et 117 

al., 2011; Stein et al., 2014]. In the original Backman et al. [2008] model (hereafter referred to as 118 

age model 1), the LR is linked to a period of delayed subsidence and the transition from a lake to a 119 

marine setting is placed at approximately 17.5 Ma [Jakobsson et al., 2007]. In the second model by 120 

Poirier and Hillaire-Marcel [2009; 2011] (hereafter referred to as age model 2), the onset of marine 121 
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conditions in the Arctic is inferred at approximately 36 Ma, suggesting instead that the LR 122 

experienced a gradual change in relative sea level during the Oligocene – Miocene. Throughout the 123 

paper, when discussing timing and ages with respect to specific features and interpretations, we 124 

refer to age model 1, since it is well established in the literature. The implications for age model 2 125 

are discussed separately in a subsection of the discussion. 126 

Weigelt et al. [2014] summarized previous stratigraphic models of the Arctic Ocean and 127 

proposed a new model based primarily  on data from the Siberian Shelf and Laptev Sea. Currently, 128 

there are two principal stratigraphic models for the western Amundsen Basin (WAB), with very 129 

different implications for sedimentation rates and oceanographic settings. Jokat et al. [1995a] 130 

suggest that prior to polarity Chron C13N (~34 Ma), sedimentation rates were uniformly high, 131 

varying from 10 to 15 cm ka -1. Since that time, sedimentation rates have decreased to 1.5 cm ka-1. 132 

Alternatively, Chernykh and Krylov [2011] suggest that the sedimentation rates have gradually 133 

decreased from about 30 cm ka -1 to < 4 cm ka -1 from the onset of spreading until the late 134 

Oligocene (Chattian, approximately 28–23 Ma), after which sedimentation rates sharply increased 135 

to about 10 cm ka -1 due to a global marine regression, and then later decreased to < 2 cm ka -1 136 

during the Miocene. These different models have important implications for understanding the 137 

paleoceanographic environment of the Arctic Ocean. 138 

The Arctic Ocean serves two key roles in the ocean circulation system: (1) it provides a 139 

passage between the Atlantic and Pacific oceans; and (2) it provides a receptacle for Atlantic water 140 

masses, alters them, and then returns them back to the Atlantic [Rudels and Friedrich, 2000]. The 141 

Atlantic water inflow, primarily via the Fram Strait and the St. Anna Trough in the Barents Sea, is 142 

mainly driven by thermohaline circulation [Beszczynska-Möller et al., 2011]. The Atlantic water 143 

current system, termed the Atlantic Ocean boundary current, is a subsurface water mass (depths 144 

between about 150–900 m) that flows in a cyclonic (anti-clockwise) direction following the 145 

topographic basin slopes and along the ocean ridges [Tomczak and Godfrey, 1994; Rudels, 1995; 146 
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Rudels, 2012; Woodgate, 2013]. In contrast, the uppermost waters are wind-driven and flow anti-147 

cyclonically in the Beaufort Gyre in the southern Canada Basin, where it contributes to the 148 

transpolar sea-ice drift from Siberia towards the Fram Strait [Rudels, 2012]. Despite the present 149 

understanding of Arctic oceanography, little is known about deep ocean currents formed in the 150 

region, their role in sediment transportation and deposition, and possible influence on the global 151 

meridional overturn circulation.  152 

 153 

3 Seismic database 154 

The seismic data used in this study consists of several recent and vintage surveys acquired 155 

along the central Amundsen Basin and the flanks of the LR within a region where seismic coverage 156 

is very sparse. The database consists primarily of 2D-reflection data from several marine seismic 157 

expeditions collected for the UNCLOS program of the Kingdom of Denmark, described briefly 158 

below and in more detail in the supplementary material. In addition, seismic lines from two older 159 

surveys were used (Fig. 1): ARCTIC’91 (~1500 km) and AMORE 2001 (550 km) [Jokat et al., 160 

1995a; Jokat et al., 1995b; Jokat and Micksch, 2004]. 161 

The LOMROG surveys were acquired in 2007, 2009, and 2012 using a high-resolution 162 

seismic system designed for use in Arctic sea ice and was deployed from the Swedish icebreaker 163 

Oden [Hopper & Trinhammer et al., 2012]. Key acquisition parameters are summarized in Table 1 164 

and details from each survey are provided in Marcussen et al. [2008], Lykke-Andersen et al. [2010], 165 

and Varming et al. [2012]. The source array consisted of G and G-I guns with various 166 

configurations and a streamer of up to 300 m long with a group interval of 6.25 m. The nominal 167 

towing depth of both the source and receiver arrays were set to 20 m to minimize interference with 168 

ice. Further acquisition and processing details are provided in the supplementary material. 169 

The seismic refraction data were obtained by sonobuoys, which recorded the shots from the 170 

seismic reflection experiments. In this study, four sonobuoys were used for constraining sediment 171 
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velocities in the Amundsen Basin (Fig. 2). The velocity modeling and sonobuoy data are presented 172 

in the supplementary material (SI Figs. S1-S4). The seismic energy produced by the airgun cluster 173 

could be recorded up to offsets of 20 km. P-wave velocity models of the sediments and the 174 

underlying crust were then obtained by forward modeling of the travel times using RAYINVR 175 

software based on the algorithm of Zelt and Smith [1992]. The coincident seismic reflection data 176 

were used to guide the velocity modeling down to the basement. 177 

 178 

4 Description and timing of main seismic units 179 

The key seismic units were identified based on reflection character, seismic facies, and 180 

geometries [Mitchum et al., 1977]. Ages for the top of the older units were derived by establishing 181 

the point where seismic horizons onlap the basement, and then infer basement ages from the 182 

magnetic anomaly interpretation of Brozena et al. [2003]. The thicknesses of the units were derived 183 

from the two-way travel time (TWT) in the seismic reflection data and from the velocities obtained 184 

from the refraction data. For each unit, a range of sedimentation rates (min/max) was calculated 185 

based on sediment thickness variations between individual basin segments (e.g. between structural 186 

highs) and the correlation of key horizons to the magnetic time scale. 187 

 188 

4.1 Seismic stratigraphy 189 

The sediments within the western Amundsen Basin (WAB) are dominated by parallel strata 190 

forming a uniform and continuous drape over the oceanic basement, which has a highly variable 191 

relief and in some places protrudes above the otherwise flat and uniform basin floor. The WAB 192 

succession is divided into six seismic units, each bounded by reflections that clearly demarcate 193 

changes in seismic facies and generally appear to be disconformable. The thickest unit, unit 1, was 194 

further subdivided based on facies changes or locally developed internal reflections.  195 
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Fig. 3 shows a summary overview of long transects through the basin running perpendicular to 196 

the strike of the Lomonosov and Gakkel ridges. A similar transect running parallel to the ridges 197 

through the central part of the basin is shown in the supplementary material (SI Fig. S5). Detailed 198 

seismic sections crossing the flank of the LR into the WAB are shown in Figs. 3-8, and detailed 199 

sections of the stratigraphy in the central parts of the basin are shown in Fig. 9. 200 

  201 

4.1.1 Unit 1 202 

The lowermost unit is the thickest unit in the basin, with a maximum thickness of about 1450 203 

ms (~2150 m). The base of the unit is marked by the top of the igneous oceanic crust, which shows 204 

significant relief and often appears to be faulted. Throughout the rest of this paper, basement refers 205 

to the top oceanic crust. Unit 1 is thickest in the oldest part of the basin and thins towards the 206 

Gakkel Ridge. In the central WAB, the unit is often confined by the uneven topography and fills 207 

isolated sub-basins (Fig. 3a). At the LR flank, the thickness of unit 1 ranges from about 700 to 1000 208 

ms (~1000 to 1450 m) (Figs. 3 and 4). 209 

The unit can be subdivided into three subunits (Figs. 3a and 3b). The lower subunit, 1a, 210 

consists of variable internal reflections, ranging from weak or poorly defined to strong and 211 

continuous (Figs. 3a and 3b). It is not observed in areas where the basement shallows. The middle 212 

subunit, 1b, consists of predominantly weak reflections and is often transparent (Fig. 5). The 213 

thickness of subunit 1b is typically about 400 ms (~500 m); however, in profile LOMROG2007-01 214 

across the central Amundsen Basin, it reaches up to 700 ms (~900 m; Fig. 3b). The upper subunit, 215 

1c, is marked by semi-continuous relatively coherent reflections. The seismic geometries are 216 

strongly influenced by basement relief and within the thickest sections internal discontinuities are 217 

common (Fig. 3c).  The thickness of subunit 1c ranges from about 150 to 300 ms (~200–425) and is 218 

thickest near the LR. Towards the Gakkel Ridge, subunit 1c shows a more variable distribution 219 

throughout the central basin (Fig. 3a-c). 220 



 

78 

Near the LR, subunit 1c is about 300 ms (~425 m) thick adjacent to the ridge flank and thins 221 

to about 150 ms (~190 m) toward the WAB, apparently influenced by a broad intra-basin 222 

topographic relief defined by the top of subunit 1b (dark blue horizon in Fig. 3a).  Likewise, seismic 223 

lines AWI1991 98 and 100 (Fig. 2) show distinct thinning of subunit 1c (to < 40 ms) over an intra-224 

basin high. However, the regional coherency of these basinal structures and resulting strata patterns 225 

cannot be established with the current data.    226 

In the central WAB, subunit 1c shows onlap and thinning toward the basement highs (Fig. 227 

3). In some areas, evidence for slope instability and mass transport deposits are observed (Fig. 9b). 228 

These areas are commonly related to deep-seated faults that bound the basement highs, suggesting 229 

active tectonism during deposition. 230 

In the lower part of subunit 1c, a sedimentary wedge characterized by a steep, lenticular 231 

reflection pattern extends out from the LR (Fig. 7). The wedge is about 3.5 km wide and has an 232 

approximate dip of 10 degrees. The maximum thickness of the wedge is about 325 ms (~450 m) and 233 

pinches out toward the LR with strata downlapping toward the base horizon of unit 2 (Fig. 7). 234 

Internal reflections of the wedge are weak and discontinuous to semi-chaotic.  Similar wedge-like 235 

features are observed in other areas along the ridge flank (Fig. 4) including AWI line 91-097 [Jokat 236 

et al. 1995a]. 237 

 238 

4.1.2 Unit 2 239 

Unit 2 ranges from about 120 to 270 ms (~140–310 m) thickness (Figs. 3, 4, and 9) and is 240 

typically more transparent than unit 1, although it is occasionally marked by weak reflections 241 

showing a continuous to semi-continuous distribution (Figs. 3, 9b, and SI Fig. S5). Towards the 242 

Gakkel Ridge, unit 2 shows a gradual thickening. In addition, local thickness decreases and episodic 243 

truncation is observed over the topographic highs in the central basin (Fig. 3a-c). The draping 244 
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monotonic sedimentary cover of this unit observed throughout the basin implies formation in a 245 

predominantly hemipelagic setting far from point sources of sedimentary input. 246 

Near the LR, unit 2 has a relatively uniform thickness of about 225 ms (~275 m) along 247 

seismic profile LOMROG2009-11 (Figs. 3a, 4, and 7); however, a distinct thinning of the unit (to < 248 

40 ms) similar to subunit 1c is observed over an intra-basin high along seismic lines AWI1991 98 249 

and 100 (Fig. 2). Unit 2 therefore also seems to be affected by a broad-intra-basin topographic relief 250 

in some areas along the LR. 251 

 252 

4.1.3 Unit 3 253 

This unit is characterized by parallel, coherent reflections that show extensive lateral 254 

continuity (Fig. 3a and SI Fig. S5). As a consequence, top unit 3 forms a distinct horizon that can be 255 

traced with a high degree of confidence throughout the WAB. Unit 3 has a relatively uniform 256 

thickness of 225 ms (~240 m) with a maximum of 260 ms (~270 m) in the central parts of the basin. 257 

Along seismic profile LOMROG2009-11, unit 3 thins towards the ridge flank to about 80 ms (~100 258 

m) and shows depositional pinch-out toward the underlying unit 2 (Fig. 5). The strong, continuous 259 

reflection pattern seen in unit 3 combined with depocenter development in the central basin points 260 

to a predominantly hemipelagic depositional environment with limited input from marginal sources.  261 

Thinning and occasionally truncation of unit 3 is seen over the protruding basement 262 

structures in the central WAB (Figs. 3c and SI Fig. S5). In some locations, the thinning is associated 263 

with an upward decrease in dip of onlapping strata (Fig. 9a). This suggests that deposition was 264 

influenced by local structural development of the central basement highs that could provide a 265 

sediment source from submarine weathering of oceanic crust. 266 

 267 

4.1.4 Unit 4 268 
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Unit 4 varies in thickness from 125–190 ms (~120–180 m). In contrast to the underlying unit 269 

3, this unit shows a general thickening from the central basin toward the LR (Fig. 3a). In addition, 270 

local thickness increases are seen to be associated with sub-basin structures toward the Gakkel 271 

Ridge (Fig. 3c). The unit consists of weak to poorly defined reflections, although some strong and 272 

laterally continuous reflections are also observed in some basinward locations (Figs. 3a-c and SI 273 

Fig. S5). In the central WAB, reflections are semi-parallel but interspersed with hummocky 274 

geometries and occasionally gentle convex geometries that tend to form around basement highs 275 

(Fig. 3a-c and SI Fig. S5).  276 

LOMROG lines 2009-11 and 2009-10 show gentle mounded build-up features juxtaposed to 277 

marked topographic lows developed against the LR flank (Figs. 4, 5 and 8).  The widths and depths 278 

of the troughs respectively range from 1–1.5 km and 50–80 ms (~50–80 m). The asymmetric 279 

mounded geometries are observed with internal discontinuous reflections formed above an erosive 280 

base representing top unit 3. LOMROG line 2012-10 also displays a similar mounded expression of 281 

unit 4 perched against a topographic high (Fig. 9c). Although the internal reflection patterns often 282 

appear dimmed or vaguely defined, aggradational geometries can be recognized (Fig. 9c).  283 

 284 

4.1.5 Unit 5 285 

Unit 5 shows a consistent thickening from north to south, i.e., toward the Gakkel Ridge, with 286 

basinal depocenters increasing from about 160 to 320 ms (~150 m to 300 m thick) (Fig. 3a-c). A 287 

moderate thinning of unit 5 is observed in the seismic transect going from west to east (SI Fig. S5). 288 

The LR profiles indicate the development of a more localized depocenter (>250 m thick) expressing 289 

an overall positive relief along the northern basin margin (Figs. 3a and 8).  290 

The seismic facies of unit 5 is generally characterized by coherent, parallel to semi-parallel 291 

reflections across the basin (Fig. 3a-c and SI Fig. S5), although more uneven and discontinuous 292 

seismic facies are seen within the depocenter in vicinity of the LR (Figs. 5, 6 and 8). Some of the 293 
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seismic sections reveal an internal organization of unit 5 into several subunits that onlap the top unit 294 

4 horizon in a direction toward the LR (Figs. 3a and 3c). Internal reflections appear phase reversed 295 

(i.e., negative impedance contrast), which may suggest that the continuous reflectivity is caused by 296 

clayey intervals interspersed by more silty-sandy deposits. Below the LR flank, the seismic facies 297 

becomes more discontinuous with mounded geometries interspersed laterally with concave 298 

reflection patterns commonly showing erosive signatures (Figs. 5-6). This reflection pattern is 299 

interpreted as incised channel segments that are up to 50 ms deep (~50 m) and 1 km wide, bounded 300 

by levee deposits. In the key profile, Figs. 3a and 4, the channelized deposits are seen to accumulate 301 

over the inclined, unconformable top unit 4 horizon, which dips ~2° into the basin. The channel 302 

deposits infill the buried trough along the ridge flank (see also Fig. 8).   303 

 304 

4.1.6 Unit 6 305 

The uppermost unit drapes the WAB and has a thickness that ranges from 125 to 250 ms 306 

(~100–200 m). The regional thickness variations and unit geometry indicates two depositional 307 

trends: (1) a small gradual increase in accumulation toward the basin sector bordering the Gakkel 308 

Ridge; and (2) discrete, mounded sedimentary build-ups associated with a recent channel system 309 

(Figs. 3a-c and SI Fig. S5). This channel accumulation is also imaged on the AWI lines east of the 310 

LOMROG transect in Fig. 3a, suggesting that it extends at least up to 70 km from the flank of the 311 

LR.  312 

The basinward accumulation of unit 6 is characterized by sets of strong, continuous 313 

reflections displaying a positive impedance (Figs. 3a-c and SI Fig. S5). They demarcate individual 314 

depositional units that internally show arcuate and contorted to chaotic reflection patterns. These 315 

depositional units tend to thicken into the low-relief sub-basins and are defined by the top of unit 5. 316 

In some places, they are seen to evolve from erosional scarps and faults above deep structures. 317 

Based on the seismic expression, they are interpreted as mass-flow deposits, i.e., debrites (Gong et 318 
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al., 2014). Accordingly, the small-scale arcuate- clinoformal patterns may represent thrusted layers 319 

generated by slow-moving mass-transport processes, although it should be noted that these features 320 

approach the limit of seismic resolution (Fig. 3c).  321 

The accumulation zone of unit 6 along the LR is associated with a modern channel system, 322 

referred to as NP-28, that extends from the Lincoln Shelf margin into the Amundsen Basin 323 

[Svindland and Vorren, 2002; Kristoffersen et al., 2004].  The channel itself, about 5 km wide and 324 

80 ms ~(60 m) deep, is marked by erosional surfaces separated by gentle scarps that back-step at 325 

three distinct levels toward the LR flank. The deepest channel segment is flanked by a scarp 326 

approximately 70 ms (~50 m) tall and dipping about 10° (Fig. 5). The scarp truncates strata that 327 

form part of a prominent levee build-up on the basinward side. Offset reflections and discontinuities 328 

suggest the development of small growth faults within the levee deposits (Fig. 5). The levee 329 

construction eventually merges with the abyssal plain >20 km away from the channel. 330 

Discontinuous, truncated reflection patterns displaying internal onlap and lenticular to concave 331 

features are seen below the modern channel (Figs. 5 and 8). The channelized seismic facies suggests 332 

that high-energy current flows shape the modern seafloor and have been active throughout the 333 

deposition of the unit. The basal horizon (top unit 5) forms an erosional surface that demarcates a 334 

buried channel about 1.5 km wide and 50 ms (~40 m) deep, filled by small clinoforms (Fig. 5). The 335 

position of the buried channel relative to the modern counterpart suggests that the main channel 336 

pathway has shifted 3.5 km in a basinward direction during deposition of the unit. A channel feature 337 

is also observed in the southern part of the WAB bounded by the outer Gakkel Ridge structure and a 338 

thick incised strata package, probably representing units 5-6 (AWI-91-104, Fig. 3c). Aside from its 339 

location and deeper bathymetry on the opposite side of the basin, this feature differs from the NP-28 340 

system by its dimension (~150 m vs. 60 m deep) and symmetric left-side levee formation. Hence, 341 

its mode of origin is most likely different from the NP-28 channel.   342 

 343 
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4.2 Chronology and sedimentation rates 344 

 The WAB contains a more than 2 km thick, relatively conformable and continuous 345 

seismic stratigraphic succession (Figs. 3 and 5) forming a complete sedimentary record since the 346 

onset of deposition in the early Cenozoic. Because no deep borehole data is available, the 347 

chronology can only be inferred based on the stratigraphic pinch-outs on oceanic basement, for 348 

which ages can be estimated based on magnetic spreading anomalies (Fig. 2). This primarily applies 349 

to the older units where the basement onlap relationships are clearly imaged on the limited seismic 350 

data. Here, the magnetic anomaly interpretation of Brozena et al. [2003] is used and ages are 351 

assigned based on the geomagnetic time scale of Ogg [2012]. Jokat et al. [1995a] derived ages 352 

based on the magnetic anomaly interpretation by Vogt et al. [1979] using ages from Cande and Kent 353 

[1992], while Chernykh and Krylov [2011] provided their own anomaly interpretation calibrated to 354 

Cande and Kent [1995]. We report horizon ages and sedimentations rates based on new data 355 

alongside the previously published results and their respective geomagnetic polarity timescales for 356 

better comparison (Fig. 10). 357 

 Dating of the units using magnetic anomalies has a number of limitations. First, there 358 

is a large uncertainty due to the ultraslow spreading. Closely spaced anomalies are difficult to 359 

distinguish from shipboard and aeromagnetic surveys because the sensor is too far away from the 360 

anomalies [Russell, 1999]. Second, the sparse seismic data coverage in the region spanning Chrons 361 

C25N–C23N (~57–53 Ma) introduces significant correlational gaps, leading to uncertainty of the 362 

age of deepest units (in particular unit 1). Finally, rough basement topography can complicate the 363 

onlap relationships so that a horizon pinches out locally on older crust. For horizons dated this way, 364 

several seismic lines were checked when possible and the pinch-outs were remarkably consistent 365 

relative to the magnetic anomaly pattern, giving some confidence that the approach provides 366 

reasonable age estimates. Thus, despite the drawbacks of dating seismic horizons this way, it 367 
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remains the only option for the deeper units and provides some information for estimating 368 

sedimentation rates. 369 

 The range of sedimentation rates presented in Fig. 10 includes the thickness variation 370 

between individual sub-basins and variation in seismic velocities for each unit. Parameters for 371 

calculating sedimentation rates are shown in Table 2 and the locations of key sonobuoys used for 372 

the velocity estimates are shown in Fig. 2. To be as representative as possible, the sedimentation 373 

rates were calculated by combining the velocities and two-way travel time thickness observed along 374 

the different profiles (Figs. 3a-c and SI Fig. S5). If the measured two-way travel time thickness of a 375 

unit was located along a profile containing sonobuoy data, the 1D velocity model was used to 376 

calculate the sedimentation rates. Otherwise, the sonobuoy closest to the measurement was used. If 377 

the measured two-way travel time thickness was located at a similar distance between two 378 

sonobuoys (e.g., LOMROG2007-01, see Fig. 2), the sediment rates were calculated by averaging 379 

the velocities of the two sonobuoys closest to the profile. The velocity modeling and sonobuoy data 380 

are presented in the supplemental material (SI Fig. S1-S4). 381 

For comparison to previous work, the correlative seismic units dated by Jokat et al. [1995a] 382 

are shown in Fig. 10. Subunit 1a corresponds to seismic units AB-1 through AB-3 identified by 383 

Jokat et al. [1995a] while subunit 1b roughly corresponds to AB-4. For the remaining units, the 384 

ages between this study and the corresponding units differ due to the assumption made by Jokat et 385 

al. [1995a] of a constant sediment rate of about 1.5 cm ka-1 from the late Eocene onward for dating 386 

their remaining horizons (Fig. 10). Based on the revised chronology, subunit 1c and unit 2 are 387 

largely equivalent with AB-5 and AB-6. Finally, the uppermost succession, represented by units 3-388 

6, corresponds to AB-6 through AB-8 defined by Jokat et al. [1995a].  Due to the sparse LOMROG 389 

data within the older part of the basin (Chron C21y onward), a subdivison of the oldest unit, 1a, into 390 

the three smaller units as defined by Jokat et al. [1995a] was not possible. However, two additional 391 

sedimentary units are identified, unit 2 and unit 4, within AB-6 and AB-7 respectively. In addition, 392 



 

85 

a more detailed description of unit geometries and seismic facies of the basin succession are 393 

presented, notably along the LR flank (Figs. 3 and 4). 394 

The ages of the horizons top unit 1a, top unit 1b, and top unit 1c were assigned based on 395 

where the horizons onlap the oceanic basement (Fig. 2). The approximate ages are 46 Ma, 38 Ma, 396 

and 29 Ma respectively. These ages indicate that the early basin evolution correspond to relatively 397 

high sedimentation rates, >10 cm ka-1, peaking during the early Eocene (Fig. 10). The ages for the 398 

horizons top unit 1a and top unit 1b are the most robust in the data based on the multiple locations 399 

where onlap is observed (Fig. 2 and SI Fig. S6). These units correspond to the seismic units AB-1 400 

through AB-4 identified by Jokat et al. [1995a], which were also dated by the same sections of 401 

onlap but using an alternate magnetic anomaly interpretation as discussed above. 402 

This study differs in the dating method used by Jokat et al. [1995a] for subunits 1c and unit 403 

2 (AB-5 and AB-6). In the model by Jokat et al. [1995a], AB-5 was calculated by assuming an 404 

average sediment rate of about 1.5 cm ka-1 and a 40 m thickness for the entire unit, yielding a span 405 

of ~3 Ma and an age of ~36 Ma for the top boundary of AB-5 (Fig. 10). In contrast, this study 406 

incorporates the subsequent AWI data presented by Jokat and Micksch [2004]. Whereas the original 407 

profiles by Jokat et al. [1995a] show gaps and/or high basement topography when crossing Chron 408 

C8y (e.g., A91-102 and A91-104 located in Fig. 2), Jokat and Micksch [2004] show a continuous 409 

profile that appears typical for the basin (SI Fig. 5). Thus, the age for unit 1c, corresponding to the 410 

lowermost interval of AB-5, was assigned based on the youngest two onlaps observed in the AWI 411 

and LOMROG data between Chrons C12o and C8y (SI Figs. 6 and 7). 412 

The age of horizon top unit 2 was inferred from seismic profiles 12-07 and AWI2001-0300. 413 

In the AWI profile, a clear onlap for unit 2 is observed (Fig. 2 and SI Fig. S6) at about Chron C8y 414 

(~25 Ma). This onlap coincides with regional basement shallowing towards the Gakkel Ridge. In 415 

the nearby LOMROG profile, unit 2 is observed at the same time interval with no clear onlap and 416 

no significant basement shallowing (SI Fig. S7).  Since unit 2 shows no significant thinning here 417 
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and seems to continue beyond Chron C8y along 12-07, it is possible that that this horizon is likely 418 

younger than 25 Ma, probably ~25–20 Ma. However, more data is required to validate and/or 419 

constrain the age for the top of unit 2. 420 

The magnetic anomalies do not provide age constraints beyond Chron C8y (~25 Ma). Ages 421 

for units 3–6 are estimated based on comparison to previous work and correlations with changes in 422 

facies patterns that can be related to known tectonic and oceanographic events in the Arctic Ocean.  423 

The top of unit 3 is assigned an age of 20-15 Ma based on the inferred onset of a ventilated regime 424 

in the Arctic Ocean according to age model 1 (Fig. 10). Thus, we correlate the oxygenated late 425 

Miocene interval at site 302 (starting at 193 m core depth) to a phase of sediment drift accumulation 426 

along the LR indicated within unit 4. The top of unit 4 is assigned an age of 11.5-8 Ma based on the 427 

presence of a hiatus at site 302 (ACEX, Frank et al. [2008]) and the onset of ferromanganese crust 428 

growth on the LR flank [Knudsen et al., 2018]. This latter observation is consistent with the onset 429 

of a higher energy environment inferred above unit 4 and that is necessary for the crust to grow and 430 

be preserved [Föllmi, 2016]. Unit 4 thus represents a relatively long interval with sedimentation 431 

rates estimated between 1.3–1.9 cm ka-1. The lower end of this range is comparable with that found 432 

in previous studies for the same interval corresponding to seismic units AB-6 through AB-8 [Jokat 433 

et al., 1995a].  434 

 An age of 8 Ma for the top of unit 4 yields gross sedimentation rates between 3.1–6.3 435 

cm ka-1 for the youngest units, 5 and 6. This is within the lower range of the shallow core results 436 

obtained by Svinland and Vorren [2002] (5.9–24.7 ka-1 over the last 17 ka) and Backman et al. 437 

[2004] (1–25 ka-1). The rates imply that the base of unit 6 is approximately 2–4 Ma, i.e., late 438 

Pliocene – early Pleistocene. 439 

 440 

5. Sedimentary and paleoceanographic evolution of the Amundsen Basin 441 
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Analyses of the LOMROG seismic data and the tie of key horizons to the magnetic 442 

stratigraphy of the Arctic Ocean (4.2) provides significant new input to the evolution of the WAB 443 

(Fig. 11). The Cenozoic development is discussed based on seismic geometries and facies 444 

pertaining to the updated stratigraphic scheme of the present study. The paleoceanographic history 445 

inferred from our results is discussed in relationship to previous studies that notably builds on the 446 

sedimentary records derived from the ACEX samples. As noted earlier, recently published age 447 

models have called into question the nature of the late Eocene–mid-Miocene hiatus based on earlier 448 

ACEX results. In this discussion, the original ACEX age model [Backman et al., 2008] is used. The 449 

implications of the alternative age model [Poirier and Hillaire-Marcel, 2009; 2011] are considered 450 

in a separate subsection.  451 

5.1 Eocene–early Miocene evolution (units 1-3) 452 

 Deposition of subunit 1a began from the onset of spreading in WAB in the late 453 

Paleocene at ~57 Ma until the mid-Eocene at ~45 Ma. Lines LR-2007-01, LR-2009-12, and LR-454 

2012-11, indicate thicknesses greater than 1 km and thus high sedimentation rates. This likely 455 

reflects enhanced supply of terrestrial material, possibly derived from weathering and erosion from 456 

the LR, although sediments may have also originated from regional highs that are now at conjugate 457 

positions, e.g., the Barents Shelf and Yermak Plateau margins. The high sedimentation rates may 458 

also be linked to increased pelagic deposition associated with high biological productivity [Stein, 459 

2006] that characterizes the early–mid-Eocene greenhouse climate conditions [Zachos et al., 2008]. 460 

Moreover, an intensified hydrological cycle [Pagani et al., 2006; Carmichael et al., 2016] resulting 461 

in episodic fresh water accumulation [Brinkhuis et al., 2006] apparently enabled a high biological 462 

productivity as evidenced by the large quantities of the freshwater fern Azolla in the central Arctic 463 

[Brinkhuis et al., 2006; Speelman et al., 2009; van der Burgh et al., 2013] and in adjacent regions 464 

[e.g., Collinson et al., 2010].  465 
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 The upper range of the sedimentation rates for subunit 1a is poorly constrained due to 466 

sparsity of data within the older part of the basin (Chron C21y onward). Although precise paleo-467 

water depth estimates for the LR are challenging due to the absence of micropaleontological 468 

markers in the ACEX record, benthic agglutinated foram assemblages dated around the Paleocene-469 

Eocene thermal maximum (~55 Ma) suggests that the LR was close to sea level at that time 470 

[O’Regan et al., 2008]. 471 

 Deposition of subunit 1b, approximately mid-Eocene to late Eocene, is marked by a 472 

decrease in sedimentation rates compared to subunit 1a (Fig. 10).  The lower range of the rates 473 

estimated, 6 cm ka-1, are roughly in accordance with previous studies, while the higher range, 12 cm 474 

ka-1, is based on a thick development of the unit seen in the central WAB (Fig. 5b). The 475 

observations from the LOMROG seismic data imply that the position of the main depocenter during 476 

the late–mid-Eocene shifted towards the center of the basin near LR_2007-01.  477 

 Subunit 1c represents a major sedimentary wedge that infills the Amundsen Basin 478 

asymmetrically from NW to SE toward the Gakkel Ridge (Figs. 3, 4, and 7). This subunit was 479 

deposited between 37–29 Ma corresponding to the late Eocene to mid-Oligocene epochs. Low-480 

angle progradational features are observed, suggesting lateral transport of sediments away from the 481 

LR towards the central basin. The evidence for slope instability and mass-transport (Fig. 9b) that 482 

appear to correlate with sediment transport over the basement highs (Fig. 9a) suggests that tectonic 483 

instability influenced the late Eocene – mid-Oligocene basin development phase. Steeply dipping 484 

wedge reflections seen within subunit 1c are interpreted as submarine fan deposits extending from 485 

the ridge flank (Fig. 7). Similar features, but more vaguely defined, are seen on other profiles along 486 

the LR flank (Fig. 4) and AWI 91097 [Jokat et al., 1995a]. This suggests that sediments were 487 

actively eroded from the LR where it merges into the Lincoln Shelf margin. Thus, in most of the 488 

profiles, a phase of tectonic instability can be detected in the strata packages at comparable levels of 489 

burial.  490 
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 Jokat et al. [1995a] suggest that the mid-Eocene (46 Ma) marks the onset of LR 491 

subsidence to greater depths, shifting the depositional style in the Amundsen Basin from slope-rise 492 

to pelagic sedimentation. This may have been accompanied by deposition of biosiliceous ooze 493 

deposits with an admixture of terrigenous material along the basin margins. An increase in ice 494 

rafted debris from 47 Ma has been related to an early cooling phase and the initiation of sea ice and 495 

glacial ice in the Arctic Ocean [St. John, 2008; Stickley et al., 2009].  496 

Sedimentary subunits 1b and 1c  (mid-Eocene to mid-Oligocene) correspond to the lower 497 

half of the 44–18 Ma depositional hiatus inferred in the original study of the ACEX cores [Backman 498 

et al., 2008] (Fig. 10). This time gap overlaps the main phase of Eurekan compression in North 499 

Greenland, Ellesmere Island, and Svalbard from 55–33 Ma [e.g., Gion et al., 2016; Oakey and 500 

Stephenson, 2008; Oakey and Chalmers, 2012; Piepjohn et al., 2016]. Several recent studies 501 

suggest that the Eurekan orogeny affected large parts of the Arctic Ocean [O’Regan et al. 2008; 502 

Døssing et al. 2013; Døssing et al. 2014]. In particular, gravity inversion shows that Eurekan 503 

compression may have affected the oceanic crust of the Amundsen Basin, the western LR, and 504 

below the Lincoln Shelf towards the Morris Jessup Rise, including crustal thickening and uplift of 505 

the LR plateau [Døssing et al., 2014]. Ensuing erosion from uplifted areas may have been more 506 

significant on the shallower parts of the LR closer to the Greenland margin than at the deeper 507 

portions lying nearby the ACEX site. The present day depth of LR near Greenland is ~600 m 508 

whereas the ACEX site is at 1200 m. Although Eocene reconstructions of paleowater depths exist 509 

for the central LR [e.g., O’Regan et al. 2008; Mann et al., 2009], there is limited information for the 510 

portion of the LR closest to the Lincoln Shelf. Thus, shallow or even subaerial areas near the 511 

Lincoln Shelf could have also served as an additional source for erosion and deposition. In the 512 

context of the regional tectonic configuration, it is most likely that the sedimentary signatures, e.g. 513 

sedimentary wedges, observed within subunit 1b and 1c are linked to compression along the LR 514 

associated with Greenland's northward motion into the Arctic Ocean. 515 
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 The magnetically defined chronology of units 1b-c timing would fit into a model 516 

whereby the LR was tectonically active and experienced post-breakup uplift during the late Eocene 517 

(Fig. 12) [O’Regan et al. 2008; Minakov and Podladchikov, 2012; Døssing et al. 2014;]. 518 

In comparison with the high accumulation rates that characterize the Eocene, units 2 and 3 519 

appear as relatively condensed intervals with inferred sedimentation rates between 2.3-5.0 cm ka-1 520 

(Fig. 10). Based on the character of passive infill (e.g., parallel strata with basal onlap toward the 521 

LR) it is suggested that these units were deposited primarily by pelagic sedimentation in a relatively 522 

low energy environment. Thus, their signature appears associated with a period of tectonic 523 

quiescence following the Eurekan compression. The onset of a reduced stress regime along the LR 524 

likely ended in the middle-late Oligocene after which the proto-Fram Strait oceanic gateway may 525 

have begun to form through in response to trans-extension and subsidence [Jakobsson et al., 2007; 526 

Engen et al., 2008].  527 

5.2 Mid-Miocene–late Miocene evolution (unit 4) 528 

 The enhanced accumulation of unit 4 along the base of the LR invokes an origin 529 

related to oceanographic bottom-currents (Fig. 3a). Although downslope processes, e.g., local 530 

submarine fans, may also be considered for this margin-bound depocenter, the lack of sedimentary 531 

input sources is conspicuous. Moreover, the buried, asymmetric mound-moat geometries along the 532 

ridge flank (Figs. 3a, 4, and 8) and the low-relief mounded accumulations over some of the 533 

structural highs (Fig. 9c) are reminiscent of contourite drifts that commonly drape the lower slope 534 

of continental margins [Rebesco et al., 2014]. The build-up of contourites reflects enhanced 535 

deposition of fine-grained sediments along the fringe of bottom-current pathways that are generally 536 

controlled by large-scale meridional overturning circulation. Flow speeds that favor drift 537 

accumulation are commonly in the range of 5–15 cm s-1, while erosional elements, e.g., at the base 538 

or within juxtaposed moat-channels, imply velocities exceeding 25 cm s-1 [Hernández-Molina et al., 539 

2008]. Contourites are widespread within the high-latitude ocean basins, ranging in scale from 540 
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small patch drifts (10–100 km2) to giant elongated drifts (>100,000 km2) [Faugères and Stow, 541 

2008; Rebesco et al., 2014]. In the Arctic region of the North Atlantic, slope-controlled contourite 542 

drifts are documented along the Western Spitsbergen margin [Rebesco et al., 2013], the eastern 543 

Fram Strait [Howe et al., 2008], and the Yermak Plateau [Mattingsdal et al., 2014]. By analogy 544 

with these areas of current-induced sedimentation, unit 4 was likely influenced by geostrophic 545 

bottom currents flowing along the LR and tracing minor topographical variations within the WAB. 546 

Theoretically, this paleo-current system would follow the modern counter-clock wise circulation 547 

pattern of the Arctic [Rudels, 2012] and thus flow from the Laptev Shelf margin toward Greenland 548 

as shown in Fig. 12.  549 

The lack of any robust dating for the horizons bounding unit 4 adds uncertainty to the onset 550 

of geostrophic flow responsible for focused sedimentation along the LR. However, since the drift 551 

formation is associated with large-scale movement of bottom-waters, thus implying a full-scale 552 

ventilation of the Arctic Ocean, unit 4 is likely linked with a deep water connection through Fram 553 

Strait gateway. Different timings have been proposed for when this deep-water connection between 554 

the North Atlantic and the Arctic Basin became established. Wolf-Welling et al. [1996] proposed a 555 

late Miocene gateway based on sediment samples.  This contrasts with tectonic reconstructions 556 

[Engen et al., 2008] and ACEX core data [Jakobsson et al., 2007] that suggest an early Miocene 557 

timing. More recent studies based on seismic interpretation studies along the Yermak Plateau that 558 

include ties with paleomagnetic and biostratigraphic age constraints from ODP drill sites favor a 559 

mid-Miocene age [Geissler et al., 2011; Mattingsdal et al., 2014]. The timing of a late Miocene 560 

onset of deep-water circulation in the Arctic Ocean is synchronous with the formation of the major 561 

North Atlantic drifts [Wold, 1994] and is also recognized as a major phase in sediment drift 562 

accumulation in Baffin Bay [Knutz et al., 2015]. Comparing the broadly defined seismic 563 

stratigraphic chronology with records from the North Atlantic and Baffin Bay makes a mid-564 
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Miocene age (20–15 Ma) seem most likely for the onset of current-induced deposition along the LR 565 

(Fig. 11). 566 

The commencement of the sedimentary drift in unit 4 likely corresponds to a full ventilation 567 

of the Amundsen Basin associated with a deep Fram Strait opening. However, as discussed below 568 

(5.3) the onset of this regime cannot be affirmed by the ACEX record. The section of reddish 569 

heterogenic mudstone above 193 mcd may provide a suitable sedimentary analog to the contourite 570 

drifts observed in Unit 4. A paleomagnetic age of 17-18 Ma at the base of this interval provide a 571 

minimum age but an older onset, e.g. 20-25 Ma, of a fully ventilated oceanic regime cannot be ruled 572 

out [Geissler et al., 2011; Mattingsdal et al., 2014]. The preferred stratigraphic model based on the 573 

new data indicate relatively low average sedimentation rates for unit 4 (Fig. 10). This may suggest 574 

that the current-induced sedimentation was intermittent and/or that the unit bounding 575 

unconformities contain significant depositional gaps (Fig. 5). 576 

 5.3 Implications of an alternate age model (ACEX 2) 577 

In the previous sections, the discussion of the seismic-stratigraphic interpretation was within 578 

the context of the original age model from the ACEX results. However, the Paleogene chronology 579 

of the Arctic Ocean, and in particular the tectonic history leading to the transition from a lake to a 580 

full marine setting, was contested by Poirier and Hillaire-Marcel [2009, 2011] based on Re-Os 581 

isotope analyses. Their alternate age model (ACEX 2) suggests that the transition from an isolated, 582 

euxinic lake-stage to a semi-ventilated ocean basin occurred in the lowermost Oligocene at about 583 

36–37 Ma rather than in the early Miocene as proposed by Jakobsson et al. [2007]. Following this 584 

oceanographic event and a small hiatus (~0.4 Ma), a 5.7 m interval of grey and black colored 585 

mudstone was deposited, informally known as the “Zebra unit” (ACEX unit 1/5). Poirier and 586 

Hillaire-Marcel [2009, 2001] interpreted this as an estuarine transitional phase when bottom water 587 

oxygen levels fluctuated over the LR. While the age of the base of unit 1/5 is constrained, the Os-588 

isotope stratigraphy is inconclusive concerning the duration of the transitional interval. Therefore, 589 
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uncertainty remains as to when the Arctic Ocean became fully and consistently ventilated. A simple 590 

linear interpolation between the Re-Os isochron age at the base of unit 1/5 and the oldest 10Be age 591 

(12.31 Ma; Frank et al. [2008]) yields an apparent sedimentation rate of approximately 0.18 cm ka-592 

1. However, Poirier and Hillaire-Marcel [2011] note that in the absence of terrigenous input such 593 

low sedimentations would require much lower 187Os/188O values due to the concurrent influence of 594 

global cosmic dust. Thus, higher sedimentation rates within the “Zebra” unit are likely and one or 595 

more condensed sections, or hiati, may exist above the onset of estuarine conditions at 36 Ma. In 596 

particular, the lithological contact between units 1/4-1/5 at ~193 mcd signifies an abrupt change 597 

from oxygen deficient to oxygen rich bottom water conditions [Moore and the Expedition 302 598 

Scientists, 2006b]. 599 

The geodynamic model by O’Regan et al. [2008] and the notion of a delay in ridge 600 

subsidence due to compression was criticized by Chernykh and Krylov [2017]. Based on a revised 601 

seismostratigraphic model for the central Amundsen Basin, the authors argue that the brief hiatus at 602 

36-37 Ma and the low sedimentation rates within unit 1/5 were caused by a sea-level rise due to 603 

influx of Atlantic waters. However, the observation of the late Eocene–early Oligocene 604 

downlapping wedge extending from the ridge in unit 1c and the presence of a large depocenter in 1b 605 

suggests that a substantial terrigenous input in the Amundsen Basin remained prevalent until at least 606 

early Oligocene times. This late Eocene–early Oligocene timing would also broadly coincide with a 607 

phase of tectonic instability indicated by folding of sedimentary packages in the eastern Amundsen 608 

Basin [Gaina et al., 2015] and an observed seismic unconformity along the LR [Bruvoll et al., 609 

2010]. This high volume of terrigenous input would therefore likely match older multi-proxy, 610 

geochemical, and sedimentological interpretations linking shallow waters in the central LR to 611 

higher depositional rates before the hiatus [O’Regan et al., 2008; Sangiorgi et al., 2008; März et al., 612 

2011].  613 
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Poirier and Hillaire-Marcel [2011] argue that a possible marine invasion at 36 Ma reflects 614 

basin wide ventilation of the Arctic Ocean via a crustal stretching-related corridor within the proto-615 

Fram Strait. Here, it is questioned whether basin wide ventilation at this stage is consistent with 616 

plate-tectonic constraints on the opening of the Fram Strait. Following a prolonged phase of 617 

compression during the Eurekan and Svalbardian orogenies from 56–33 Ma [O’Regan et al., 2008], 618 

plate reconstructions show that the crust in northeast Greenland and west of Svalbard began to 619 

experience trans-extension beginning in the Oligocene around 30 Ma, with major extension 620 

following much later [Gion et al., 2016]. This does not fit with opening a seaway connection 621 

already at 36 Ma. Seismic refraction data on Svalbard show that present day crust there is 32–33 km 622 

thick (Ritzmann et al., 2004) and surface wave dispersion and receiver function analyses show that 623 

northern Greenland crust is 30–37 km thick [Gregersen et al., 1988; Dahl-Jensen et al., 2003]. 624 

Assuming that the compressionally thickened crust in the proto-Fram Strait was on the order of 35 625 

km thick and that 30 km thick is isostatically at sea level, exceptionally fast and geologically 626 

unreasonable strain rates would seem to be required to thin sufficiently to open a significantly wide 627 

and deep gateway before the Miocene.  628 

Consequently, the estuarine regime with fluctuating oxygen levels conditions implied by the 629 

Zebra zone was most likely controlled by at most a shallow connection across the proto-Fram Strait 630 

[Engen et al., 2008]. The regional crustal-tectonic constraints and the seismic-stratigraphic evidence 631 

indicating a high sediment supply to the WAB suggests that the estuarine transitional phase (Poirier 632 

and Hillaire-Marcel [2011]) was associated with vertical adjustments along the LR. This is 633 

consistent with the hypothesis of a compressional tectonic regime that delayed the submergence of 634 

the LR [O’Regan et al., 2008] although we cannot rule out that other factors, e.g. oceanographic, 635 

may have played a role [Chernykh and Krylov, 2017].    636 

It is possible that erosion of LR prior to submergence may be linked to the sharp contact 637 

between units 1/4 and 1/5 in the ACEX samples. The duration of a hiatus at this level is uncertain 638 
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but given a depositional rate of 0.18 cm ka-1 of the Zebra zone (Poirier and Hillaire-Marcel 639 

[2011]), the hiatus extends from ~33–17 Ma (ACEX 2 in Fig. 10). However, erosion linked to 640 

compression may have been more intense on the shallow ridge segment toward the Lincoln Sea 641 

compared to the deeper lying central portions in vicinity of the North Pole. Thus, the ACEX record 642 

may not accurately record the depositional changes that we infer for the WAB based on the present 643 

seismic data. 644 

 5.4 Late Miocene–Quaternary (units 4-6) 645 

 Seismic reflection geometries showing present and buried channel features within 646 

units 5 and 6 provide evidence for confined and apparently erosive bottom currents trailing the 647 

northern margin of the WAB.  648 

5.4.1  Channel-levee development along the Lomonosov Ridge 649 

 Erosional features observed in unit 6 and the seafloor horizon below the LR flank 650 

include back stepping scarps and channel incision (Fig. 6), suggesting a high energy environment 651 

associated with deposition of sand and winnowing/by-pass of fine-grained sediments [Pickering et 652 

al., 1995]. The transport of sediments in the fine sand fraction would require average current speeds 653 

>30 cm s-1, i.e., far greater than the geostrophic speeds normally associated with oceanographic 654 

boundary currents [McCave and Hall, 2006]. The development of a prominent basinward levee 655 

suggests that the channel morphology was maintained by overbank deposition of muddy sediments 656 

carried by suspension currents periodically spilling over the channel pathway. This asymmetry of 657 

the channel profile is similar to other high-latitude sediment transfer systems of the northern 658 

hemisphere where downslope currents are deflected to the right into the basin due to the 659 

pronounced Coriolis effect [e.g., Menard, 1955; Klaucke et al., 1998]. The high-amplitude 660 

discontinuous seismic facies of unit 6 continues into the basin, implying that the unit corresponds to 661 

a period of enhanced current influence on sedimentary deposition and distribution in the WAB. This 662 
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interpretation is supported by fining-upward sandy facies interpreted as distal turbidite deposits 663 

observed in shallow cores [Fütterer, 1992; Svindland and Vorren, 2002].  664 

 It is uncertain when the high-energy depositional phase along the LR began, but it 665 

may be associated with a hiatus observed in the in the ACEX cores [Frank et al., 2008] and the 666 

onset of Fe-Mn crust formation on the ridge flank [Knudsen et al, 2017], suggesting an age of 11.5–667 

8  Ma (Fig. 10). The channelized sedimentary regime observed in units 5 and 6 is thus tentatively 668 

correlated to the U 1/1 – U 1/3 interval of the ACEX record, which represents large scale-glaciation 669 

of the northern hemisphere [Zachos et al., 2001]. The lower sedimentation rates of the ACEX 670 

sequence compared to the Amundsen Basin record reflects the hemipelagic environment of the 671 

ridge that is isolated from downslope sources. Based on typical sedimentation rates of high-latitude 672 

channel systems influenced by turbidite overbank deposition, sedimentation rates on the thickest 673 

part of the levee (unit 6) may be as high as 25 cm ka-1 [Svindland and Vorren, 2002]. However, 674 

average values integrated over longer time scales are likely to be an order of magnitude lower 675 

[Backman et al., 2004].  676 

  A crucial question relates to the flow mechanisms that generated the channelized 677 

seismic pattern and reflection truncation that mark the boundaries of units 5 and 6. The erosive 678 

character of the seabed suggests that the dominance of vigorous currents takes place at present, or at 679 

least, is a very recent phenomenon. Thus, it could be related to processes occurring during both 680 

glacial and interglacial periods. Dilute suspension currents operating on distal submarine fans are 681 

conventionally driven by high fine-clastic yields produced by fluvial-deltaic systems [Kneller and 682 

Buckee, 2000]. The release of suspension driven currents can be triggered by high fluvial discharges 683 

forming hyperpycnal plumes [Parker, 1982; Mulder and Syvitski, 1995]. This latter process is 684 

particularly well-described for the Laurentide Fan in the Labarador Sea where sedimentary records 685 

show a high frequency of graded beds related to meltwater plumes (“plumites”) [Piper et al., 2012]. 686 

Radiocarbon dating of these deposits indicate that the discharges were primarily released during 687 
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deglaciations or major collapse phases of the Laurentide Ice Sheet and related to Heinrich events 688 

[Rashid et al., 2003]. However, observations from temperate glacial margin environments are not 689 

transferable to the Northern Greenland margin where meltwater production is severely limited by 690 

extremely low temperatures and precipitation (mean temperature ranges from -33°C to 0°C and net 691 

annual precipitation is typically about 150–200 mm [Serreze and Barry, 2005]). Considering the 692 

extreme climate condition of the North Greenland–Arctic margin, which is presently dominated by 693 

> 2 meter-thick multi-year sea ice [Lindsay and Schweiger, 2015], it is difficult to envisage a 694 

meltwater driven mechanism as the primary factor for the recent development of channels and 695 

channel related deposits. 696 

Based on seismic reflection data collected mainly from drifting ice-stations, Kristoffersen et 697 

al. [2004] proposed the existence of a submarine fan in the Amundsen Basin. The authors suggest 698 

that this fan is associated with the NP-28 channel system and developed during the Pliocene–699 

Pleistocene as a product of enhanced glacial sediment input in the sea passage between the Lincoln 700 

Shelf margin and the LR. The seabed morphology and spatial distribution of the NP-28 channel was 701 

further characterized by Boggild and Mosher [2016] using shallow seismic data. The depocenter 702 

geometry of the fan system extending from the Lincoln Shelf is contested by Døssing et al. [2014] 703 

based on excess sediment thickness mapping that indicate a separation between sediments confined 704 

along the LR near the North Pole and sediments further south in vicinity to the North Greenland 705 

margin. Thus, even though enhanced glacial sediment delivery to the shelf edge was likely 706 

important, other processes have to be considered given the basinal distribution of late Cenozoic 707 

depocenters with high accumulation rates and the low potential for glacial meltwater generation. 708 

5.4.2 Brine formation as a mechanism for enhanced sedimentary fluxes 709 

 As an alternative to meltwater driven density currents operating on conventional high-710 

latitude fans, the possibility that the channel development within units 5 and 6 are related to dense 711 

brines generated from annual sea-ice formation is considered [Rudels, 1995]. Modern 712 



 

98 

oceanographic studies suggest that brine formation is an important factor for Arctic deep-water 713 

formation, although evidence to constrain these processes and the vertical fluxes in the Arctic 714 

Ocean is sparse [Jones et al., 1995; Haley et al., 2008]. Conversely, brine formation linked to 715 

cooling and sea-ice production in polynya regions is a well-documented on Antarctic margins 716 

where it contributes to the generation of Antarctic bottom water (AABW), e.g. Weddell Sea [Gill, 717 

1973; Smith et al., 2010], the Ross Sea [Assmann et al., 2003], the Adélie Coast [Kusahara et al., 718 

2011; Marsland et al., 2004], and East Antarctica [Ohshima et al., 2013]. Density stratification and 719 

water mass instability in these regions has also been linked to super-cooling as the brines pass 720 

below thick permanent ice shelves at depths >100 m [Foldvik and Gammelsrød, 1988]. As the 721 

cascades of dense, saline water masses enter the slope regime, energetic bottom currents are 722 

produced with speeds recorded of up to 50 cm s-1 [Ohshima et al., 2013]. These currents are able to 723 

winnow and erode shelf and slope deposits [Presti et al., 2003] and thus may be an important factor 724 

in the formation of gullies and channels that are widely observed along the Antarctic margins 725 

[Gales et al., 2013].  726 

 In the Arctic Ocean, a model-based study by Backhaus et al. [1997] invokes sediment 727 

plumes triggered by brine release and polynia surface cooling as an important process driving 728 

vertical water mass exchange on the Eurasian Arctic margins. The shelf area north of Greenland is a 729 

potential source area for cascading brine plumes similar to the processes observed on the Antarctic 730 

margins. At the ACEX site, brine-driven water mass circulation has been inferred from radiogenic 731 

isotope studies of late Cenozoic material [Haley et al., 2008]. In that study, the Siberian shelf 732 

regions are inferred as the main source area of the brines, but since the ridge site is at a depth of 733 

intermediate water masses, the geochemical signatures cannot be compared to the deep-water 734 

setting of the WAB.   735 

 The LOMROG data suggest that the main accumulation area of the Pliocene–736 

Pleistocene package was located in the central parts of the basin, while a secondary depocenter is 737 
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associated with levee build-up along the NP-28 channel (Figs. 3, 5, and SI Fig. S5). Bathymetric 738 

data suggest that the NP-28 channel branches off into the basin before reaching the North Pole 739 

[Boggild and Mosher, 2016]. The branching, possibly related to levee breaching (avulsion) and 740 

Coriolis current deviation, points in the direction of the principal depocenter in the central basin. 741 

However, the present data coverage prevents firm conclusions on the regional distribution of 742 

transport pathways. It is possible that , rather than being supplied uniformly  from the Nares Strait 743 

and Lincoln Shelf region, the sedimentary basin infill of units 5 and 6 originated from a broader 744 

area of North Greenland and Morris Jessup Rise, transported by dense sediment-laden plumes 745 

formed by surface cooling and brine-rejection (Fig. 12). The channelized features seen within unit 5 746 

could potentially form the distal component of fluvial systems active on the North Greenland 747 

margin during the Pliocene – early Pleistocene warm periods [Funder et al., 2001]. However, for 748 

unit 6, associated with thick Arctic sea-ice and the extreme cooling and major sea-level low-stands 749 

of the late Pleistocene, brine-related plumes are suggested as a more feasible mechanism for 750 

carrying sediments far into the basin. This process may also be important as a source for Arctic 751 

deep-water, thus maintaining the baroclinic pressure gradient that drives southward export of water 752 

masses through the Fram Strait [Rudels, 1995; Mauritzen, 1996; Rudels et al., 2002].  753 

 754 

6 Conclusions 755 

Interpretation of new multichannel seismic reflection data is used to constrain the Cenozoic 756 

depositional history in the western Amundsen Basin. The study reveals a more detailed picture of 757 

the sedimentary packages than previously described [Jokat et al., 1995a; Kristoffersen et al., 2004; 758 

Chernykh and Krylov, 2011] and provides new insights into bottom current activity and sediment 759 

transport in an area that is largely unknown due to the challenges of acquiring data in the high 760 

Arctic. 761 

Four main phases of basin development are identified (Fig 12): 762 
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1) From the onset of seafloor spreading up to the mid-Oligocene, a small, isolated basin 763 

dominated by processes that were tectonically controlled is indicated. The high 764 

sedimentation rates in this period are linked to terrestrial material and increased pelagic 765 

deposition in a dominantly freshwater environment [Brinkhuis et al., 2006]. 766 

Mass transport and wedging from structural highs and a large depocenter are linked to the 767 

Eurekan compression that resulted in uplift and possibly erosion of the Lomonsov Ridge 768 

adjacent to the Lincoln Sea.  769 

2) During the late Oligocene to early Miocene, the western Amundsen Basin was marked by a 770 

phase of passive infill driven primarily by hemipelagic deposition. We infer that the 771 

observed sedimentary signatures are associated with a tectonic quiescent basin and are 772 

apparently associated with an estuarine transitional phase of the Arctic Ocean that incurred 773 

from about 36 Ma.    774 

3) During the middle Miocene (20-15 Ma), the Amundsen Basin shifted from an isolated basin 775 

to an ocean connected to the global meridional ocean circulation system. This phase is 776 

demarcated by the commencement of sedimentary drift accumulation controlled by 777 

geostrophic currents. We infer this depositional phase to be correlative with the condensed 778 

late Miocene section in the ACEX borehole of the central LR.   779 

4) The two uppermost sedimentary units of likely Plio-Pleistocene age are marked by features 780 

controlled by erosion and deposition, such as channels, levees and scarps, indicative of a 781 

high-energy current processes. The modern and buried channel systems are likely generated 782 

by dense water masses cascading from the shelf regions north of Greenland. This suggests 783 

that brine production by sea-ice freezing may play a bigger role in the Arctic than previously 784 

thought. 785 
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 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 605 cu. inch 605 cu. inch 1040 cu. inch 

Gun pressure 200 bar (3000 psi) 180 bar (2600 psi) 180 bar (2600 psi) 

Nominal tow depth 20 m 20 m 20 m 

Streamer Geometrics GeoEel Geometrics GeoEel Geometrics GeoEel 

Length of tow cable 43 m 43 m 30 m 

Total no. of groups 48 / 40 / 32 / 24 32 / 40 32 

Group interval 6.25 6.25 m 6.25 m 

Nominal Tow Depth 20 m 20 m 20 m 

 1247 
Table 1.  Summary of Key Acquisition Parameters during LOMROG I through III 1248 

 1249 

Table 1. Summary of the key acquisition parameters during the LOMROG cruises. The data quality 1250 

was enhanced by a basic processing sequence that included band pass filtering, spectral shaping 1251 

filtering, spike and noise burst editing, f-k filtering, static corrections, trace equalization, shot-1252 

mixing, stacking, and velocity migrations. 1253 

 1254 

 1255 

 1256 

 1257 

 1258 

 1259 

 1260 

 1261 

 1262 
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 1263 

Table 2. Parameters Used for Calculating Sediment Rates 1264 

AB Unit Age of top 
horizon 

Thickness, TWT Velocity 
(km s-1) 

Unit 6 - 100–200 m  
(125–250 ms) 

1.54–1.6 

Unit 5 2-4 Maa  150–300 m 
(160–320 ms) 

1.9–2.0 

Unit 4 8–11.5 Ma  120–182 m 
(125–190 ms) 

1.9–2.0 

Unit 3 15–20 Ma  130–270 m 
(125–260 ms) 

2.0–2.4 

Unit 2b Younger than 
C8y 

< 25 Ma. 

140–310 m 
(120–270 ms) 

2.1–2.4 

Unit 2a C12o–18y 
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 

1500 m 
(925 ms) 

3.1–3.2 

 1265 
 1266 
a Based on estimated sedimentation rates.  1267 

 1268 

Table 2. Chronology, thickness, and velocity ranges used for calculating sediment rates in this 1269 

study. Only basinal thicknesses were used for calculating sediment rates while sections influenced 1270 

by tectonic factors (e.g., thin sediments above basement ridges) were omitted. Locations of key 1271 

sonobuoys used for the velocity estimates are shown in Fig. 2. The velocity modeling and sonobuoy 1272 

data is presented in the supplemental material. Ages are calibrated according to the timescale of 1273 

Ogg [2012] except for unit 6.  1274 

 1275 
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Figure Captions 1276 

Figure 1. Bathymetry of the Amundsen Basin and surrounding areas in the Arctic Ocean. Yellow lines: LOMROG multichannel 1277 

seismic reflection data collected in 2007, 2009, and 2012. White lines: seismic reflection data from ARCTIC’91 [Jokat et al., 1995]. 1278 

Purple line: seismic reflection data from AMORE 2001 [Jokat and Micksch, 2004]. Black lines: seismic reflection lines from NP-28 1279 

[Fütterer, 1992] and Arlis-II [Ostenso and Wold, 1977]. Red lines and white rectangles: seismic reflection segments featured in this 1280 

paper. Green lines: major sediment pathways from Boggild and Mosher [2016]. Filled red circle: location of IODP 302 (ACEX). 1281 

Filled red square: location of coring station from PS87/2014 [Stein et al., 2016]. The bathymetry is based on the IBCAO grid v.3 1282 

[Jakobsson et al., 2012]. Abbreviations: BS – Barents Shelf; CB – Canada Basin; ESS – East Siberian Shelf; EAB – Eastern 1283 

Amundsen Basin; EI – Ellesmere Island; FS – Fram Strait; KS – Kara Shelf; LVS – Laptev Shelf; LS – Lincoln Shelf; NS – Nares 1284 

Strait; RU – Russia; SAT – St. Anna Trough; WAB – Western Amundsen Basin; YP – Yermak Plateau. 1285 

 1286 

Figure 2. Magnetic anomaly map from Brozena et al. [2003] used to determine the ages of the stratigraphic units in this study. 1287 

Orange lines: normal polarity chrons. The “y” and “o” refer to the young and old side of the anomalies respectively. Yellow lines: 1288 

LOMROG multichannel seismic reflection data collected in 2007, 2009, and 2012. The seismic lines are labeled “xx-yy”, where “xx” 1289 

refers to the year the data were collected and “yy” refers to the profile number. White lines: seismic reflection data from ARCTIC’91 1290 

[Jokat et al., 1995a]. The seismic lines are labeled “A91-yyy”, where “A91” refers to “AWI1991,” and “yyy” refers to the profile 1291 

number.  Purple line: seismic reflection data from AMORE 2001 [Jokat and Micksch, 2004]. Filled light blue stars: position where 1292 

the top horizon of subunit 1a onlaps the oceanic basement. Filled dark blue stars: position where the top horizon of subunit 1b onlaps 1293 

the oceanic basement. Filled orange stars: position where the top horizon of subunit 1c onlaps the oceanic basement. Filled white 1294 

star: position where the top horizon of unit 2 onlaps the oceanic basement. Filled green circles: deployment position of sonobuoys 1295 

used in this study. 1296 

 1297 

Figure 3. Three seismic transects crossing the Amundsen Basin with line names shown along the top axis (see Fig. 1 and 2  for line 1298 

positions). Key seismic horizons interpreted: oceanic basement – black; top subunit 1a – light blue; top subunit 1b – dark blue; top 1299 

subunit 1c – orange; top subunit 2 – white; top unit 3 – red; top unit 4 – yellow; top unit 5 – green; top unit 6 – seabed. Red circles: 1300 

positions where the horizons onlap the oceanic basement (see Fig. 2). Gray dashed line: estimated thermal subsidence curve of the 1301 

seafloor according to plate cooling models [Parsons and Slater, 1977]. 1302 

 1303 

Figure 4. Seismic profile LOMROG2009-11 crossing the LR flank into the Amundsen Basin. Horizon colors same as in Fig. 3. A 1304 

1D-velocity column modeled from the refraction data is shown.  1305 

 1306 
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Figure 5. Detail of channel segment developed within unit 6 (see position in Fig. 4). The channel system is characterized by terraced 1307 

surfaces back-stepping towards the ridge flank. Note the prominent development of the basinward channel levee influenced by 1308 

growth faults and asymmetric mounded depositional features seen within units 4 and 5. Unit 5 is divided into two subunits (a-b).  1309 

 1310 

Figure 6. Detail from Fig. 4 showing erosion within unit 5 interpreted as a buried channel segment (turquoise dot-dash horizon). The 1311 

buried channel is about 7 km wide and shows a stepwise incision with a preferential levee accumulation in a basinward direction 1312 

similar to the modern channel.   1313 

 1314 

Figure 7. Detail from Fig. 4 displaying a thick sedimentary wedge developed within subunit 1c and fault-bounded against the LR. 1315 

The depositional body is characterized by an irregular surface with discontinuous seismic reflections that appear to offlap and 1316 

downlap top subunit 1b (dark blue horizon).  1317 

 1318 

Figure 8. Detail from profile LOMROG2009-10 crossing the LR flank and the Amundsen Basin. 1319 

 1320 

Figure 9a-c. Detailed images from Fig. 3c and Fig. S5 (supplementary material) showing structural influence on strata development 1321 

and sedimentation patterns. a: strata dip changes in unit 3 along a basement structure (indicated by blue arrows). An upward decrease 1322 

in dip of onlapping strata from 30 – 0 degrees is observed.  b: Example of mass-movements within subunit 2a related to slope 1323 

instability and structural faulting along the flanks of a sub-basin (internal horizons shown in red and purple colors). c: Asymmetric 1324 

mounded features seen within unit 4 (purple and light green hatchured markers) inferred as contourite drift deposits formed along a 1325 

fault-bounded topographic high.  1326 

 1327 

Figure 10. Seismic-stratigraphic units and horizon ages defined in the western Amundsen Basin compared to previous basin studies 1328 

and the ACEX borehole stratigraphy. The numbers shown are the inferred sedimentation rates (cm ka-1). Color-coding indicates the 1329 

four interpreted depositional environments discussed in the text. Magenta horizons and colored stars: aeromagnetic dated boundaries 1330 

(see also Fig. 2). Yellow horizons: boundaries inferred from oceanographic considerations. Dark blue horizons: boundaries inferred 1331 

from estimated sedimentation rates. Light blue horizons: cosmogenic dated boundaries [Frank et al., 2008]. Geomagnetic polarity 1332 

timescales based on Cande and Kent [1992] (left), Cande and Kent [1995] (middle), and Ogg [2012] (right). Black: normal polarity 1333 

chrons. White: reversed polarity chrons. Abbreviations: CK92 – Cande and Kent [1992]; CK95 – Cande and Kent [1995]; O12 – 1334 

Ogg [2012]; CK [2011]– Chernykh and Krylov [2011]. 1335 

 1336 
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Figure 11. Line drawing of profile LOMROG2009-11 (Figs. 4-7) with inferred depositional environments and horizon ages. Main 1337 

sedimentary pathways are indicated by green arrows. Ages for units are derived from ties to the magnetic anomaly interpretation of 1338 

Brozena et al. [2003]. Color-coding same as Fig. 10. 1339 

 1340 

Figure 12. Conceptual scenarios illustrating the gross depositional evolution in the western Amundsen Basin since the mid-Eocene. 1341 

The panels show kinematic evolution of key features using present day contours.  Top: middle Eocene (about 45 Ma) modified from 1342 

Døssing et al. [2013a]. The main faults of the Eurekan compression and main crustal discontinuities/transforms (dashed/dotted lines) 1343 

are shown. Pink arrow indicates the direction of Greenland motion. Black arrows indicate seafloor spreading; Red/brown arrows 1344 

indicate sediment transport from possible source areas. Middle: Mid- to late Miocene (about 20 Ma). Blue arrows indicate potential 1345 

pathway of geostrophic currents along the base of slope. bottom: Plio-Pleistocene scenario. Green arrows indicate channel pathways 1346 

linked to brine formation and dense shelf water cascades. The Plio-Pleistocene depocenter (units 5 and 6) in the central basin is 1347 

marked in gray. Abbreviations: GR - Gakkel Ridge; LR - LR; LRP - LR Plateau; MJR - Morris Jessup Rise; NB - Nansen Basin; YP 1348 

- Yermak Plateau; WAB - western Amundsen Basin1349 
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Text S1 
Figures S1 to S7 
 

Introduction  

Text S1 provides additional acquisition and processing details concerning the 
LOMROG surveys acquired in 2007, 2009, and 2012. 

Figures S1 to S4 present the two-dimensional velocity models of four sonobuoys 
acquired along the seismic lines of two LOMROG expeditions (GEUS-LOMROG2009 and GEUS-
LOMROG2012). In addition, the ray coverage for each sonobuoy is shown to illustrate how 
individual layers in the velocity model are constrained by data. Record sections of the 
sonobuoys are shown to allow judgement on the data quality and the interpretation of the 
seismic phases. 

 The models are divided into as many as eight distinct layers: the water column, up to 
six sedimentary layers (Sediment 1 through Sediment 6 from top to bottom), and the 
basement. Seismic phases labelled in the figures are refractions within the sedimentary layers 
(PS1 through PS6 from top to bottom), reflections from the base of the six sedimentary layers 
(PS1P through PS6P), and a refraction in the basement (Pg). In addition, all stations recorded a 
reflection from the seafloor and the direct water wave between the sonobuoys and the shots. 

 Figure S5 presents a long seismic transect crossing the western Amundsen Basin. The 
seismic transect zigzags between profiles from LOMROG expeditions 2009 and 2012, and  the 
AMORE 2001 expedition Jokat and Micksch, 2004 (see Figs. 1 and 2 for line positions). The 
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data processing is described in the main text (Ch. 3). For a description of the seismic 
stratigraphy, see Ch 4.1 of the main text. 

 Figures S6 and S7 display detailed chronostratigraphic pinchouts of key horizons (see 
Figs. 1 and 2 for transect positions and ages). 
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Text S1. 
 

Because the speed of an icebreaker is highly variable and the actual sail line in 
ice can deviate greatly from the planned sail line, it is difficult to shoot reliably on 
distance. In 2007, the shot interval was set to 25 m with continual corrections to the 
sail line, which proved cumbersome. In addition, the variable ship speed led to 
problems with lost shot-triggers when the gun array was insufficiently pressurized 
(ship speed too fast), or with compressor shutdowns and restarts when the array 
became over-pressured (ship speed too slow). Because of the difficulties with shooting 
on distance, the 2009 survey and 2012 surveys were shot on time. When shooting on 
time, it is necessary to randomize the actual shot time around the desired time interval 
to prevent multiple energy from previous shots from stacking coherently. The trigger 
system software was not programmed to do this and modifications were necessary. 
These modifications were not complete before the 2009 survey, which was therefore 
shot on a constant time of 12 s. Because of the relatively small array and deep water of 
Amundsen Basin, multiples from previous shots proved to be only a minor problem, 
though some caution should still be exercised in interpreting the 2009 data since 
weak energy from the second primary multiple could still be present in the stacked 
sections. In 2012, data were acquired with a randomized time interval of 14 s ± 1s.  

 
The data processing was essentially the same for each survey. With the short 

streamer, processing options are limited. However, the difficult acquisition 
environment results in several problems that were addressed in the processing 
sequence. Three problems in particular compromised the data quality that had to be 
addressed. The deep towing depth resulted in some problems with the frequency 
content of the data that was partly addressed with spectral shaping filters. The ice 
breaking operation itself caused tugging and stress on the streamer, generating 
strong linear noise that was effectively suppressed with f-k filtering. Finally, the tow 
depth of both the source and receivers was highly inconsistent because of the variable 
speed and ice breaking operation. Gun and cable statics are essential for the stacking. 
In some cases, the depth transducers either broke down during acquisition or were 
not functioning correctly. It was necessary to carefully quality control the depth 
transducer data and in some cases, manually pick static corrections for each shot and 
receiver.  

 
The final processing sequence consisted of: bandpass filter; spectral shaping 

filter; spike and noise burst editing; shot gather f-k filter and resample to 2 ms; 
geometry, including gun and cable statics; trace equalization and trace mixing; 
midpoint sort and stack. At the typical depth of the Amundsen Basin, the moveout of 
the seafloor arrival over 300 m is only a few ms, so velocity analysis and moveout 
correction prior to stack were ignored. The final stacks still had some residual noise 
burst problems. Therefore, an automatic gain control was applied to reduce their 
amplitude relative to surrounding energy prior to migration. Partial post-stack 
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migration was done with water velocity, primarily to help suppress diffracted energy 
from the rough basement topography.  
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Figure S1. Record section and ray tracing for sonobuoy 11-27 on line GEUS-LOMROG2009-11. 
The upper two panels show the record section with and without the calculated travel times 
(red lines). The lower two panels show the observed (red vertical bars with heights 
representing pick uncertainty) and calculated travel times (solid lines) (top), and the ray paths 
through the velocity model (bottom). The yellow triangle marks the location of the sonobuoy. 
All travel times are displayed with a reduction velocity of 4.5 km s-1. 
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Figure S2. Record section and ray tracing for sonobuoy 12-30 on line GEUS-LOMROG2009-12. 
The upper two panels show the record section with and without the calculated travel times 
(red lines). The lower two panels show the observed (red vertical bars with heights 
representing pick uncertainty) and calculated travel times (solid lines) (top), and the ray paths 
through the velocity model (bottom). The yellow triangle marks the location of the sonobuoy. 
All travel times are displayed with a reduction velocity of 4.5 km s-1. 
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Figure S3. Record section and ray tracing for sonobuoy 4-11 on line GEUS-LOMROG2012-04. 
The upper two panels show the record section with and without the calculated travel times 
(red lines). The lower two panels show the observed (red vertical bars with heights 
representing pick uncertainty) and calculated travel times (solid lines) (top), and the ray paths 
through the velocity model (bottom). The yellow triangle marks the location of the sonobuoy. 
All travel times are displayed with a reduction velocity of 4.5 km s-1. 
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Figure S4. Record section and ray tracing for sonobuoy 11-39 on line GEUS-LOMROG2012-11. 
The upper two panels show the record section with and without the calculated travel times 
(red lines). The lower two panels show the observed (red vertical bars with heights 
representing pick uncertainty) and calculated travel times (solid lines) (top), and the ray paths 
through the velocity model (bottom). The yellow triangle marks the location of the sonobuoy. 
All travel times are displayed with a reduction velocity of 4.5 km s-1. 
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Figure S5. Seismic transect zigzagging the western Amundsen Basin with line names shown 
along the top axis (see Fig. 1 and 2 for line positions). Line flows relative to the magnetic 
isochrons are displayed along the bottom axis. Key seismic horizons interpreted: oceanic 
basement --- black; top subunit 1a --- light blue; top subunit 1b --- dark blue; top subunit 1c --- 
orange; top unit 2 --- white; top unit 3 --- red; top unit 4 --- yellow; top unit 5 --- green; top unit 6 --- 
seabed.  
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Figure S6. Detail from Figure S5 showing the chronostratigraphic pinchouts for subunit 1c 
and unit 2. The pinchout for unit 2 cannot be traced any further along the profile due to the 
shallow regional bathymetry beyond C8y. Red circles: positions where the horizons onlap the 
oceanic basement (see Fig. 2). 
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Figure S7. Seismic profile GEUS-LOMROG2012-07 crossing the western Amundsen Basin 
between Chrons C18o and C8y (see Fig. 1 and 2 for line position). The large thickness observed 
in unit 2 at C8y suggests that the true chronostratigraphic pinchout for unit 2 lies beyond 
magnetic isochron C8y. Horizon colors same as in Figure S5. Red circles: positions where the 
horizons onlap the oceanic basement (see Fig. 2). 
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Chapter IV 

Future Studies 

In standard marine survey operations in open water, seismic refraction data are typically 

recorded by deploying ocean bottom seismometers (OBS) at the seafloor. A seismic source – 

usually an air gun towed behind the acquisition vessel – is used to generate sound waves 

propagating through the upper 10-50 km of the Earth’s strata. Once the shooting is complete, the 

anchor from the OBS is released and the OBS is able to rise to the surface for recovery.  In areas 

with permanent sea ice cover, however, this method is not possible since the rising instruments 

risk being trapped beneath the ice [Riddell-Dixon, 2017]. Instead, floating expendable sonobuoys 

are deployed to record the seismic signals. Sonobuoys, however, have significant setbacks.  As 

opposed to an OBS, sonobuoys are free to drift in the prevailing ocean currents, record smaller 

ranges, and have decreased signal-to-noise ratios [Bruguier and Minshull, 1996]. In addition, 

their exact position is unknown unless they are equipped with a navigation device (e.g., GPS). 

In recent decades, the increasing melting of the polar ice sheets has contributed to a 

significant change in global sea levels and oceanic conditions [Shepherd et al., 2012]. The 

increasing accessibility to the Arctic waters would thus enable seismic investigations to deploy 

instrumentation according to modern standards. This accessibility would also extend to seismic 

reflection data acquisitions, where hydrophone streamers are kept short in ice-covered waters in 

order to reduce risk of damage and permit a rapid deployment and recovery. 

For the P-wave velocity models in this study (Chapter II), refraction/wide-angle reflection 

seismic data, multichannel seismic data, gravity data, and other geophysical information were 

used to constrain the models as best as possible; however, more parameters could have been 

included: 
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1) Incorporating S-waves would allow us to calculate Poisson’s ratio to further constrain 

crustal compositions. P-wave velocities and Poisson’s ratios may be compared for a 

range of various crustal rock types [e.g., Hyndman, 1979; Holbrook et al., 1992] and 

improve the interpretation of the basement layer in some segments of the Amundsen 

Basin. Given that the seismic data show some evidence for S-waves (e.g., sonobuoy 60, 

see Appendix), it is therefore suggested to explore this possibility. 

2) Synthetic seismograms enable us to theoretically calculate traveltimes and amplitudes of 

the wave propagation through the velocity model. From this information seismogram 

modelling can be used to mimic refraction effects on wide-angle seismic attributes 

[Nowack and Stacky, 2002], compare them with the record section, and make 

improvements to the model. This is particularly helpful for constraining velocity 

gradients since the synthetic seismograms will show how far the seismic energy travelled 

and would therefore help us minimize some of this uncertainty. 

As part of the objectives during the LOMROG expeditions, the seismic refraction and 

reflection data were collected in areas with a predicted thick sedimentary cover. This was done 

by acquiring the data along pronounced gravity lows in the Amundsen Basin (Chapter II, Fig. 7). 

Assuming isostatic compensation throughout the crust, the acquired refraction profiles are 

expected to display thinner crust when compared to areas marked by gravity highs. Future 

studies could therefore focus on seismic transects crossing both gravity highs and lows to 1) 

check whether the gravity highs are associated with possible seamounts or crust underlain by 

serpentinized mantle; and 2) 3) to obtain a more complete overview of the variations within the 

crust over time and space.  

The presence of an oceanic layer 2 and 3 along transect 1 is different than previous 

observations along the Gakkel Ridge where only an oceanic layer 2 is recognized. This suggests 

that there is a spatial and temporal variation in crustal accretion process at the ridge. In order to 
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check this, however, transect 1 should ideally be extended towards the Nansne Basin, crossing 

the Sparsely Magmatic Zone within the Amundsen Basin and the Nansen Basin, and ending in 

older crust at the Nansen Basin. 

Transect 1 is also located close to one of the many prominent basement ridges that extend 

perpendicularly from the axis of the Gakkel Ridge (Chapter III, Fig. 2). The ridges are distinct 

from one another and have been suggested to be associated primarily to either a tectonic origin 

[Michael et al., 2003; Cochran et al., 2003], a volcanic one, or a combination of both [Schmidt-

Aursch and Jokat, 2016]. Unfortunately, limited velocity information is available for these 

ridges. A refraction profile parallel to the spreading axis and crossing these ridges could thus 

provide some further velocity constraints and hopefully more information regarding their crustal 

character and origin. 

For the stratigraphic model (Chapter III), the approach to use the age horizons according to 

pinch out patterns along crust that is known to have significant relief comes with uncertainties 

that need to be considered (see Chapter III, 4.2). Ideally, drilling and coring would allow proper 

dating of the key horizons, but this is difficult and expensive in the Arctic. The model derived 

here will certainly need revision if we are ever able to recover cores from the Amundsen Basin. 

However, a pre-condition for justifying drilling is to do the best possible interpretation of the 

available data so that testable hypotheses can be put forward, as we have done here. In the 

absence of good stratigraphic coverage and deep borehole data, correlation to magnetic 

anomalies remains the only, and widely used, method for estimating ages of sedimentary 

successions in the Eurasia Basin (e.g., Jokat et al. [1995a] and Chernykh and Kyrlov [2011] for 

the Amundsen Basin; Engen et al. [2009] for the Nansen Basin). 

Profile 09-11 located next to the Lomonosov Ridge flank (Chapter III, Fig. 2) suggests that 

the enhanced accumulation of unit 4 along the base of the Lomonosov Ridge is related to the 

onset of oceanographic bottom-currents that likely formed in response to the opening of the 
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Fram Strait. The lack of any robust dating, however, adds uncertainty to the onset of geostrophic 

flow responsible for focused sedimentation along the Lomonosov Ridge. Ideally, drilling along 

profile 09-11 could provide some ground truth to this hypothesis. Alternatively, the results 

presented for the stratigraphic model also allow the possibility to contemplate processes that 

have been important for sedimentary delivery but have never been considered before. In 

particular, the observed Plio-Pleistocene cascading plumes, possibly from brine formation, imply 

that alternate channels and/or gullies close to the shelf area north of Greenland could have 

influenced deep circulation in the western Amundsen Basin. Since the data coverage is limited in 

this region as evidenced by the sparse mapping and available crossings from the Lomonosov 

Ridge, more investigations are needed to verify this hypothesis and further constrain the 

Cenozoic history of the Amundsen Basin. Our interpretations in our stratigraphic model should 

therefore serve as a useful tool for testable hypotheses in the future. 
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Appendix 

This appendix contains the sonobuoy record sections used during the LOMROG III expedition. 

Each record is displayed in four panels: the raw record section, the record section overlayed with 

the computed travel times, the travel time picks overlayed by the calculated travel times, and the 

raypath diagram along the model. The sonobuoy record section are ordered after their 

deployment position. For the exact location of the sonobuoys, please refer to Chapter II, Fig. 2.  

 
Figure Captions: 

 
Left page.  Raw record section (top) and record section with computed travel times (bottom) for sonobuoy. The vertical scale for 

the record sections is the travel time using a reduction velocity of 6.8 km/s, and the horizontal scale is the shot-receiver distance 

(offset). 

 

Right page Observed and calculated travel times (top) and ray path diagram (bottom) for sonobuoy. The vertical scale (top) is 

the travel time using a reduction velocity of 6.8 km/s and the vertical scale (bottom) is the depth in km. The horizontal scale for 

both panels is the distance along the velocity model. Pick uncertainties of the observed travel times are indicated by the heights 

of the vertical bars in red. 
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