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Seafloor morphology indicates Pleistocene ice sheet flow along the northern Alaska margin, Arctic Ocean
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ABSTRACT

Sidescan sonar and bathymetric data from the Alaska/Beaufort Margin reveal a repetitive basinward-propagating association of distinctive seafloor bedforms, flattened bathymetry, and steep dendritic gullies along the length of the margin.  Bedforms include iceberg scours in 250-500 mwd and isobath-parallel lineations in 400-700 mwd that could only have been formed by the passage of a grounded ice sheet.  Glacigenic bedforms occur on a bathymetric bench 400-550 m deep that may be related to large-scale glacial erosion.  Dendritic gullies initiate between 500-700 mwd on steep slopes and were presumably generated by ice-marginal turbidites.  We infer that these features formed by large ice masses propagating out of the troughs of the Canadian Arctic Archipelago and along the Alaskan coastline.  Seafloor features on the Alaska Margin align with previously mapped glacigenic bedforms on the Chukchi Borderland and provide strong evidence that large ice shelves once covered the Canada Basin of the Arctic Ocean. 

Introduction

Marine geophysical technologies such as sidescan sonar and multibeam bathymetry have greatly advanced our knowledge of high-latitude continental margins where a variety of glacigenic processes result in diverse and distinctive seafloor morphology (e.g., Davies et al., 1997; Anderson, 1999; Ó Cofaigh et al., 2003). However, the margins of the Arctic Ocean remain sparsely studied due to surveying constraints imposed by seasonal sea ice cover. The morphology of the arctic Alaskan slope, except for the near shore zone, is virtually unexplored despite the significance of this region for scientific issues such as the location of hydrocarbon deposits, gas-hydrate stability, and the history of Arctic Ocean circulation and ice cover. 

The Alaska/Beaufort Margin (ABM; Fig. 1a) extends from the Chukchi Sea eastward to the Canadian Arctic Archipelago (CAA; Fig. 1b).  This mostly aseismic margin has a continental shelf measuring on average 75 km wide and 0-75 m deep.  The margin is bounded to the north by a steep, heavily canyoned continental slope; to the south the continental shelf grades into a broad, low relief coastal plain.  The plain is mantled by several unconsolidated clastic units interpreted as marine transgressive deposits that date from 3 Ma through the Late Pleistocene (Dinter et al., 1990 and references therein). 

Coarse clasts with a CAA provenance are abundant in Alaskan shelf and coastal deposits, especially in the Late Pleistocene Flaxman Formation elevated up to 7 m above sea level (Dinter et al., 1990). This material has been interpreted as debris from icebergs calving off the Laurentide Ice Sheet (LIS), however large-scale glaciation is not easily reconcilable with high sea level in a stable tectonic environment.  An alternate mechanism for delivery of glacigenic sediment is provided by the Pleistocene pan-Arctic floating ice sheet hypothesis (Mercer, 1970) which suggests ice shelves emanating from northwestern LIS termini possibly encroached on the Alaskan margin (Grosswald and Hughes, 1999).  However, the Arctic research community has largely discounted this hypothesis in the absence of geological evidence for large-scale ice shelves in the Arctic Ocean. 

The discovery of glacigenic bedforms and erosional features covering submarine plateaus and ridges at water depths of several hundred meters (Fig. 1b; Vogt et al., 1994; Jakobsson, 1999; Polyak et al., 2001) confirms that thick ice shelves covered large parts or the entirety of the Arctic Ocean during some Pleistocene glaciations.  Based on the prevailing orientation of glacigenic lineations (Fig. 1b), Polyak et al. (2001) suggest that an ice shelf that eroded the Chukchi Borderland (CB) originated in eastern Alaska or the western part of the CAA, consistent with the orientation of major ice streams in the northern part of the LIS from geomorphic and modeling data (Dyke et al., 1992; Stokes and Clark, 2001; Bigg and Wadley, 2001). The inferred trajectory of flowing ice curves towards the ABM and continues on the CB. We use sidescan data collected from the Alaskan slope to test this scenario by examining the ABM seafloor for evidence of glacigenic erosion. 

SURVEY DESIGN AND METHODS

During the 1999 Science Ice Exercises (SCICEX) cruise (Edwards and Coakley, 2003) 12 kHz sidescan sonar data were collected by the nuclear submarine USS Hawkbill along a 680 km swath of the ABM between 140-160° W (Fig. 1a).  The submarine mapped seafloor ranging from 200-2800 mwd in a zigzagging pattern along the ABM to accommodate a water sampling program.  An inertial navigation system, supplemented by Global Positioning Satellite network fixes at the beginning and end of the six-day survey, was used to navigate under the ice; relative positional accuracy is <3 km.  Sidescan swath widths vary from 6 km at shallow depths to >20 km at the base of the continental slope.  Insonification angles exceed 80° in shallow water, emphasizing low-relief features at the outer swath edges.  Sidescan data were processed to remove artifacts and gridded in 8 m cells yielding imagery for ~14100 km2 of seafloor.  High-resolution narrow beam bathymetry data collected every ~400 m along track augment lower resolution International Bathymetric Chart of the Arctic Oceans bathymetry (IBCAO; Jakobsson et al., 2000).  The narrow-beam bathymetry were filtered to remove artifacts and sampled to characterize slope geometry along nineteen profiles.                   

RESULTS

In the study area a repetitive association of seafloor bedforms, distinctive bathymetry, and mass wasting features is observed along the length of the margin.   Eight separate regions of seafloor (Fig. 1a: A-H) totaling ~550 km2 show evidence of disturbed sediments in <250-700 mwd.  In each locality the disturbed sediment zones occur at the shallowest and most landward point of the survey track on a prominent low-angle bathymetric bench (Fig. 1c).  The basinward terminations of the disturbed sediment zones and bathymetric bench are marked by deeply incised dendritic gullies that drain the continental slope.  

Bedforms
     We group the observed seafloor disturbances into three distinct types.  Four of the 8 disturbed sediment regions (Fig. 1a: A, B, C, D) show type (1) bedforms - randomly oriented overlapping scours <2 km in length and <25 m wide in water depths <500 m (Fig. 2a).  Type (2) deeply incised, arcuate to nearly linear individual grooves are present in 6 regions (Fig. 1a: A, B, D, F, G, H), are up 5 km long, <50 m wide, and occur in <500 mwd (Fig. 2b).  In all locations where both type (1) scours and type (2) grooves are observed, the grooves overprint the randomly oriented scours.  Sidescan data show that negative-relief scour and groove furrows are bordered by positive-relief levees; total relief measured from the narrow-beam bathymetry is >10 m.  Scours and grooves occur in fields of several hundred individual features with a range of trends 60-135º from north, but fields have a dominant overall fabric of 95-100º and most trend obliquely down slope (Fig. 1a).          

Type (3) bedforms, parallel lineations, are found in at least three regions (Fig. 1a: E, G, H) at ~400-700 mwd.  They reach >10 km in length and measure ~50 m wide (Fig. 2c). The true coverage and length of the type 3 lineations are underrepresented as they extend beyond sidescan swath edges, and may occur in at least one additional location where they are too subtle to verify at the existing sidescan resolution.  Lineations parallel isobaths trending 120-130º from north and occur in tightly packed fields ranging from 10->30 km across to cover a minimum total area of 330 km2.  In area G a bathymetric transect perpendicular to the lineation field shows a 5 km wide, >25 m deep trough that is floored by lineations.  

Bathymetric bench

Slope profiles document the co-occurrence of the seafloor bedforms described above with the location of a bathymetric bench that is 400-550 m deep, ranges in width from 5->35 km, and has an average slope of just 1.6º (Fig. 1c).  Topographic features on the bench surface are mostly subdued, but in lineated areas the bench exhibits undulations with relief of ~25 m.  The bench is also visible in IBCAO bathymetry for the Beaufort Sea (Fig. 1d; Jakobsson, 2002).  The basinward margin of the bench is associated with the onset of dendritic gullies and a precipitous increase in slope to 13º.

Slope gullies


Throughout the survey area a well-developed series of dendritic gullies erodes the continental slope in water depths >500-700 m (Fig. 2a, b, d).  Gullies initiate in catchment areas up to 10 km across, then coalesce to form broad trunk channels up to >5 km wide in water depths >1000 m (Fig. 2d).  Gullies and channels have higher backscatter returns than adjacent areas, suggesting a concentration of reflective materials in the channels compared to the surrounding sediments.  Individual gullies may be as narrow as <1 km, while broad gullied canyons are up to >100 km wide.      

Discussion 

The three bedform types mapped on the ABM show a remarkable resemblance to glacigenic features found on continental margins and oceanic plateaus in the Arctic and Antarctic (e.g., Davies et al., 1997; Anderson, 1999; Shipp et al., 1999; Polyak et al., 2001). Randomly oriented to subparallel scours and grooves (types 1 and 2; Fig. 2a, b) are similar to iceberg plowmarks documented in regions of modern and past glaciation where more linear grooves result from persistent effects of winds or oceanic currents on icebergs (e.g., Barnes and Lien, 1988; Vogt et al., 1994).  Parallel lineations (type 3; Fig. 2c) have been described in numerous glaciated regions and are interpreted to be sub-glacial flutes formed by an ice sheet or shelf sliding over the seafloor (Josenhans and Zevenhuizen, 1990; Polyak et al., 1997; Anderson, 1999; Shipp et al., 1999).  Many studies document a consistent pattern in the bathymetric distribution of glacigenic bedforms: flutes are detected in the deepest parts of glacially eroded areas but are truncated and obliterated by iceberg scours in the shallows, while basinward continental slopes show mass-wasting features, with mudflows and turbidite gullies dominating low-angle and steep slopes respectively (Shipp et al., 1999; Polyak et al., 2001; Ó Cofaigh et al., 2003; Dowdeswell et al., 2004).  In perfect agreement with the associations described in other studies, the ABM has iceberg scours at the shallowest depths in the study area (<500 m), parallel lineations further downslope (400-700 m), and gullies originating at the lower edge of the glacially-disturbed areas.

A peculiarity of the ABM is that lineations (type 3 bedforms) parallel slope isobaths rather than traversing the continental shelf as in other glaciated areas (Fig. 1a).  Similar margin-parallel lineations on the Greenland continental slope are produced by contour currents (Kuijpers et al., 2002).  Oceanographic data from the ABM show evidence for a seasonal subsurface boundary current (Pickart, in press), but it occurs at depths of 100-150 m, much shallower than the observed ABM flutes. The existence of deeper margin-parallel currents would have to be related to the formation and transit of deep waters, such as along the Greenland margin, and is not observed in the Canada Basin today. It is even less likely that deep currents would have formed during glacial periods when the closure of the Bering Strait and CAA channels further restricted circulation in the Arctic Ocean (Goosse et al., 1997a, b).  The absence of a current capable of producing the linear bedforms on the ABM and their characteristic association with iceberg scours above and turbidite gullies below is strong evidence for their glacigenic origin.  

Flute orientation (Fig. 1a) indicates that a cohesive, grounded ice mass moved parallel to the ABM at depths reaching ~700 m.  As this ice mass slid across the erodible sedimentary slope, it might have carved the bathymetric bench that is coincident with the lineations and formed a ‘second shelf break’ along its lower edge (Fig. 1c, d).  Similar abnormally deep continental shelf breaks occur only on glaciated margins of the Arctic Ocean (Barents Sea and the Greenland/Canadian margin; Jakobsson, 2002) and in Antarctica (Anderson, 1999).  The observed flute orientation along the ABM could indicate either west or east ice flow, but the glacial geology of adjacent regions suggests the ice source was the northwestern LIS margin.  The broad, over-deepened inter-island troughs of the Amundsen Gulf and M’Clure Strait as well as the Mackenzie trough were likely outlets for large ice streams extending into the Canada Basin (Fig. 1b; Blasco et al., 1990; Dyke et al., 1992; Stokes and Clark, 2001).  A floating ice cap filling the basin might have deflected peripheral ice flowlines parallel to the ABM (Grosswald and Hughes, 1999).  Propagating along the slope, this ice stream would have overrun the CB northwestwards, matching the orientation of flutes mapped in that region (Fig. 1b; Polyak et al., 2001).  The water depths of flutes on the ABM and the CB are also similar, reaching almost 700 m and between 700-750 m, respectively.  Assuming a glacial sea level lowering of 100-150 m (Rohling et al., 1998), these depths of glacigenic bedforms indicate ice thickness of 600-700 m. 

Iceberg scours were likely generated during deglaciation and the detachment of grounded ice from the seafloor, and possibly also during younger glacial event(s). The two types of scours/grooves observed suggest the possibility of two generations of iceberg activity, one during the collapse of an ice shelf that eroded the ABM and the other during a later episode of LIS expansion. Both types have a similar azimuth range (Fig. 1b) indicating that icebergs drifted clockwise along the ABM and impacted the slope at an oblique angle. This drift pattern is consistent with the distribution of ice rafted debris in Pleistocene sediments of the Canada Basin (Phillips and Grantz, 2001). 

The age of maximal erosion on the CB has been estimated between early Wisconsinian to Illinoian, or Marine Isotope Stage (MIS) 4 to 6 (Polyak et al., 2003).  Because the orientation of glacigenic lineations on the CB and ABM align spatially and have the same depth range (Fig. 1b) we hypothesize that they were formed by the same glacial event.  If a causal link exists between ice shelf encroachment on the ABM and coastal deposits with high contents of CAA clast material, we can narrow this age range using an estimate of 70-80 ka (MIS 5a) for the Flaxman Formation (Dinter et al. 1990).  Grosswald and Hughes (1999) hypothesize that the Flaxman Formation is a glacial till formed by the lateral margin of a transiting ice shelf, but geological data suggest a glacimarine rather than subglacial origin for this deposit (Dinter et al., 1990).  We infer that ice shelf grounding on the continental shelf/slope isostatically depressed the ABM allowing for a glacimarine transgression during ice shelf break-up.  Accordingly, the ice shelf grounding would have occurred during MIS 5b, the age of an inferred widespread glaciation in the Beringia region (Brigham-Grette et al., 2001).  A buried hummocky formation on the outer ABM shelf, tentatively interpreted as a barrier island (Dinter, 1985), might instead be a moraine that marks the landward limit of ice shelf grounding on the slope.  A dedicated collection of high-resolution seismic reflection records and sediment cores is needed to delineate the boundaries of this grounding and to better establish its stratigraphic position.

CONCLUSIONS


The ABM is characterized by a repetitive association of glacigenic seafloor bedforms and glacially sculpted bathymetry in water depths reaching 700 m, with ice-marginal turbidite gullies further downslope.  At 400-700 mwd, broad fields of sub-glacially generated lineations cover a minimum seafloor area of 330 km2, indicating widespread margin-parallel flow of a grounded, cohesive ice sheet.  Iceberg scours and grooves observed on the ABM in <500 mwd were probably generated during ice sheet break-up as well as later glacial event(s).  Seafloor bedforms occur on the surface of a bathymetric bench that may have been formed by a large ice mass; the bench is truncated to the north by steep dendritic gullies produced by turbidite mass-wasting.  ABM glacigenic bedforms have depths, styles, and orientations similar to features discovered earlier on the CB and were probably formed during the same glacial episode(s).  ABM bedforms link CB glacigenic features and the over-deepened glacial outlet troughs of the CAA, and may have formed during an inferred widespread Beringian glaciation at MIS 5b.  These findings provide critical data for reconstructing Pleistocene ice shelves in the Arctic Ocean. 
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FIGURE Captions

Figure 1a: ABM survey area with sidescan sonar image, IBCAO depth contours, and orientations of mapped seafloor features. 1b: Arctic Ocean with IBCAO depths. Orientation of ice shelf flows across submarine ridges shown by red, pink, and orange arrows/lines (from Polyak et al., 2001), ABM study area and inferred ice flow direction shown in yellow box, projected ice sources shown by dashed white arrows. CB – Chukchi Borderland, MT – Mackenzie Trough, AG – Amundsen Gulf, MS – M’Clure Strait. 1c: SCICEX single beam bathymetric profile of area H (Fig. 1a) in meters vs. distance in kilometers.  Note the prominent low slope angle bathymetric bench with ~25 m surface relief coincident with the location of seafloor lineations. 1d: Average Beaufort Sea slope profile showing seafloor surface area in accumulative percent vs. depth in meters (from Jakobsson, 2002).  Note ‘second shelf break’ at ~450 mwd.  Box shows location of Fig. 1c.    

Figure 2a: Area C showing randomly oriented scours <400 mwd, dendritic gullies >500 mwd, IBCAO contours. 2b: Area A showing deeply incised grooves <500 mwd, dendritic gullies, IBCAO contours. 2c: Area G showing parallel lineations <700 mwd, IBCAO contours. 2d: Area E showing dendritic gullies that coalesce into broad trunk channels, IBCAO contours.
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