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llected across the Chukchi shelf, offshore NW Alaska, imaged numerous
paleochannels and valleys that appear to have been downcut and incised during sea level falls associated
with glacial intervals. In contrast, the two most recent incisions appear to have been formed during the
period of sea level rise following the Last Glacial Maximum (LGM). The architecture and infill associated with
these two incisions suggests that they were formed by an increase in discharge. These events appear to be
unrelated to sea level fluctuations, but rather triggered by climatic variations during the most recent
deglaciation (i.e. meltwater discharge). Radiocarbon dates from sediment cores within the southern incised
valley suggest that the two episodes of meltwater discharge may correlate with Meltwater Pulse 1-A
(~14,000 cal. yr BP) and evidence of iceberg scouring on outer Chukchi shelf (~12,000 to 13,000 cal. yr BP),
respectively. Regional transgression across the interfluves on the middle Chukchi shelf appears to postdate
the second meltwater discharge and may correlate with Meltwater Pulse 1-B (11,500 cal. yr BP). This
evidence suggests that in glacially dominated landscapes, episodes of large discharge to the shelf might be
out of phase with the sea level cycle. In addition, the presence of glacial meltwater drainage on the shelf
implies a greater volume of continental glaciation during the LGM than previously recognized.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The Chukchi Sea overlies a broad, shallow shelf between northern
Alaska and Siberia that has been repeatedly exposed during periods of
lowered sea level (Fig. 1). CHIRP subbottom data imaged extensive
buried paleochannel networks on the shelf offshore NW Alaska that
appear to record several sea level falls. Incision and downcutting are
often interpreted to occur as result of base level lowering (Christie-
Blick and Driscoll, 1995); however, along glaciated margins fluctua-
tions in discharge associated with glacial lake breaching, meltwater
discharge and climatic oscillations can lead to renewed incision and
downcutting independent of base level change. While most of the
fluvially incised valleys observed on the Chukchi shelf appear to be
related to variations in sea level, the two most recent incisions appear
to represent glacial meltwater pulses. Similar observations have been
made on other glaciated margins where glacial lake breaching has
played an important role in shaping margin morphology (e.g., Uchupi
et al., 2001 and references within). Glacial outburst floods from ice
dammed lakes in southern New England produced sheet flows that
deposited large sediment lobes across the New York–New Jersey
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margin and emplaced numerous large glacial erratics on the outer
shelf (Uchupi et al., 2001). The Hudson Shelf Valley is also believed to
have been incised by high discharge flows from glacial meltwater that
scoured the channel, contributing to incision and sediment bypass
(Uchupi et al., 2001; Donnelly et al., 2005). Massive floods from Glacial
Lake Missoula carved the Channeled Scabland topography of
Washington and induced hyperpycnal flows with turbidite deposits
than can be traced more than 1000 km offshore (Bretz, 1969; Normark
and Reid, 1998; Zuffa et al., 2000).

It is important to recognize how the morphology of glaciated
margins differs from non-glaciated, temperate and low latitude
regions in order to understand the processes that can lead to renewed
incision and downcutting in the absence of base level lowering.

The channel formation and evolution presented in Hill et al. (2007)
is expanded upon here, with additional CHIRP and Boomer subbottom
data, as well as sediment core data and radiocarbon ages that
corroborate the initial interpretations and place important constraints
on channel development and drainage evolution across the Chukchi
margin. Evidence presented here also implies a greater extent of
glaciation than previously recognized (Brigham-Grette, 2001), which
has important implications for development of global climate models
(Smith et al., 2003; Zweck and Huybrechts, 2005), the understanding
of freshwater balances in the Arctic (Aagard and Carmack, 1989) and
the degree of climate variability across the region (Keigwin et al.,
2006).
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2. Regional setting

2.1. Tectonics

The complex tectonic history of Arctic Alaska and the surrounding
shelves is comprised of a number of rifting, subduction and uplift
events (Moore et al., 1994). Uplift in themid-Jurassic to late Cretaceous
produced much of the modern topography observed in northern
Alaska. The Barrow Arch, which forms a broad structural high trending
along the Beaufort coast, developed as a result of the late Cretaceous
rifting that opened the Canada Basin (Fig. 2) (Moore et al., 1994).
Around the same time, subduction of the Arctic Terrane along the
northern margin transitioned into uplift along the northward verging
Brooks Range thrust zone and the southern flank of the Barrow Arch
became the foreland basin for the nascent orogenic belt (Moore et al.,
1994). The E–W trending Brooks Range dominates the modern
topography and exposed imbricate folds of the northern foothills
transition into the broad, flat topography of the Arctic Coastal Plain
that comprises most of the North Slope.

Offshore, uplift along the Herald thrust has created a structural high
that separates the northwestern Chukchimargin from theHope Basin to
Fig. 1. Location map of northern Alaska and the adjacent Chukchi margin showing SIO CHIR
piston core locations are also noted. Figure profiles discussed in the text are highlighted in r
Colville River. Also shown is the previously interpreted maximum ice extent for the Pl
interpretation of the references to color in this figure legend, the reader is referred to the w
the south (Fig. 2). TheNEvergingHerald thrust trendsNW–SE across the
Chukchi shelf and converges with the Brooks Range thrust on the
Lisburne Peninsula in the Chukchi syntaxis (Moore et al., 2002). On the
northern side of the Herald Arch, the Hanna wrench fault zone, a
complex, north trending, failed rift basin, covers a large portion of the
northwestern shelf,while a seriesof listric normal faults related to rifting
along the Beaufortmarginmakes up theNorth Chukchi Basin in the east
(Thurston and Theiss, 1987). The Hope Valley to the south is a an exten-
sional drop-downbasinmadeupof half-grabens thatoriginated through
transtension on a dextral-slip fault system in the Eocene (Tolson, 1987).

2.2. Drainage patterns

The Brooks Range is the drainage divide for northern Alaska. Most
of the southwestern foothill drainage flows through Kotzebue Sound
into the Chukchi Sea, while the northern foothills predominantly
discharge into the Beaufort Sea. The primary modern drainage in
northern Alaska flows NNE through the Colville River, while the
southern Brooks Range drains through Hope Valley. The Colville River
drains a large portion of the North Slope (~60,000 km2; Lamke et al.,
1995) and flows axial parallel through much of the foreland basin of
P and USGS Boomer subbottom tracks. CHIRP profile numbers are labeled in bold and
ed. Abbreviations: Ut — Utukok River, Ko — Kokolik River, Ku — Kukpowruk River, Co —

eistocene and Late Wisconsin (LGM) glaciations (Manley and Kaufman, 2002). (For
eb version of this article.)



Fig. 2. Simplified tectonic map of northern Alaska and adjacent Chukchi margin with data from Miller et al. (2002).
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the thrust belt before emptying into the Beaufort Sea. The few
northern rivers that drainwest into the Chukchi Sea (e.g., Kukpowruk,
Kokolik, and Utukok Rivers) have a combined drainage area of only
~25,000 km2 (Lamke et al., 1995). The northwestern rivers also have
very low discharge, ranging from 500 to 1750m3 s−1, compared with a
discharge of 6700 m3 s−1 for the Colville River (Childers et al., 1979).

Previous authors have suggested that the primary drainage to the
Chukchi Sea during periods of lowered sea level was derived from
southwestern Brooks Range and flowed northwest through Hope
Valley, emptying into the Arctic Ocean via the Herald Canyon
(McManus et al., 1983). While this may be true for the southern
Chukchi Sea, the structural high of the Herald Arch effectively
prevents drainage from the Hope Basin from reaching the north-
eastern shelf. Paleochannels linked to rivers in the northernmost part
of Alaska appear to trend northward, bypassing the shelf and flowing
down Barrow Canyon (Phillips et al., 1988). The small rivers of the
northwest Alaska appear to be the sole source of discharge to the
region northeast of the Herald Arch.

2.3. Recent glaciations

Controversy exists regarding the extent and volume of glaciation
across thewestern Arctic during the LGM. Several authors have argued
that the Beringian landmass remained largely ice-free throughout the
LGM, with small glaciers restricted to upland regions (e.g., Brigham-
Grette, 2001; Brigham-Grette et al., 2004). The Alaska Paleoglacier
Atlas (Manley and Kaufman, 2002) indicates that glaciation was
limited to alpine and montane regions during the LGM, while the
maximum extent of glaciation is proposed to have occurred during the
late Pleistocene, with ice extent mapped to edge of the Brooks Range
foothills (Fig. 1). Note the Alaska Paleoglacier Atlas assigns a low level
of certainty to the western extent of glacial boundaries, including the
northwestern foothills. High certainty boundaries have well-defined
chronologies, while low certainty boundaries may encompass areas,
such as the northwestern foothills, lacking detailed air photograph or
field based studies (Fig. 1). Alternatively, Grosswald and Hughes
(2002, 2004) suggest that a large ice shelf extended from eastern
Siberia across thewestern Arctic that would have abutted surrounding
continental margins and moved south through the Bering Strait.

Several recent studies have shown evidence for large grounded ice
shelves on the Chukchi Borderland and greater Arctic Ocean
interpreted to have occurred during older Pleistocene glaciations;
however, there is some evidence glacial scours and flutes indicative of
ice movement from the shallow Chukchi shelf during the LGM (Polyak
et al., 2001; Jakobsson et al., 2005).

3. Methods

CHIRP subbottom data were acquired aboard the USCGC Healy on
the Chukchi midshelf (Fig. 1) in 2002, using the Scripps Institution of
Oceanography EdgeTech X-Star CHIRP subbottom reflection sonar
with sub-meter vertical resolution. Datawere acquired at a ship speed
of ~4–5 knots. Towfish navigation was obtained by monitoring fish
depth and the winch cable payout in relation to topside DGPS
receivers. The subbottom reflection profiles were acquired using a 1–
6 kHz CHIRP signal with a 50 ms sweep. The CHIRP subbottom data
were processed using SIOSEIS (Henkart, 2006) and Seismic Unix
(Cohen and Stockwell, 1999) seismic processing software packages.
Boomer subbottom data were collected by the U.S. Geological Survey
(R. Lawrence Phillips, chief scientist) aboard the R/V Surveyor and R/V
Discoverer in 1984 and 1985, respectively. The USGS Boomer datawere
collected using an ORE Geopulse subbottom profiler at 100, 150, 175
and 200 J with single channel 25 or 50 element hydrophones. The
Boomer subbottom profiles presented here were digitally scanned
from paper records. For more information about the USGS expedi-
tions, see Phillips et al. (1988) and Miley and Barnes (1986).
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The CHIRP subbottom profiles were used to select piston and
vibracore locations across the shelf to construct a relative sea level
curve and drainage history for the region. Difficulties with station
keeping abilities in sea ice-free conditions limited the number of cores
we were able to acquire and in some cases drift in the ship position
caused the core locations to be offset from the profiles. The core
locations are correlated with the subbottom profiles by projecting the
core location orthogonally onto the plane of the subbottom profile and
this projection distance is noted in each figure. In order to correlate
the cores to the CHIRP profiles, the two-way travel timewas converted
to depth employing a nominal sound velocity of 1500 m/s. Grain size
analyses were performed on selected core sections with a 1 cm
sampling interval using a Beckman–Coulter Laser Diffraction Particle
Size Analyzer LS13320. Articulated bivalve mollusks and benthic
foraminifera samples were collected for 14C dating at the National
Ocean Sciences Accelerator Mass Spectrometer (NOSAMS) facility in
Woods Hole, Massachusetts. Radiocarbon dates were calibrated to
calendar years using the Fairbanks0805 calibration curve (Fairbanks
et al., 2005) with a ΔR of 300, corresponding to a ~700 yr reservoir
correction. While there appears to be a great deal of variability in
reservoir ages across the Arctic, the choice of 700 yr is consistent with
other studies from shallow Arctic regions (e.g., Forman and Polyak,
1997; Bondevik et al., 1999; Cook et al., 2005; Keigwin et al., 2006).
Variations in the actual reservoir age (±100 yr) may introduce some
uncertainty into our age estimates; however, this should not affect the
overall conclusions of this paper.

4. Results

4.1. Acoustic facies

4.1.1. Cretaceous strata
The deepest unit imaged on the shelf consists of steeply inclined,

folded and faulted strata with a predominantly northward dip. The
tilted strata are most prominent in close proximity to the Herald Arch,
where they commonly outcrop at the seafloor or have very thin
(b1 m), discontinuous sediment cover (Fig. 3). Strata in the north
are more acoustically transparent and appear truncated horizontally,
with a highly reflective, uneven erosional surface that may have up to
25 m of sediment above. Previous authors interpret this deposit as
Fig. 3. CHIRP subbottom profile (see Fig. 1 for location
Cretaceous age strata deformed as a result of thrusting along the
Herald front (Phillips et al., 1987, 1988; Thurston and Theiss, 1987).

4.1.2. Southern valley
A large incised valley (~24 km wide) trends along the axis of the

Herald Arch for at least ~90 km across the midshelf, downcutting the
underlying Cretaceous strata by 50 m (Fig. 4). Subbottom profiles on
the landward side of the incised valley suggest that multiple smaller
valleys may converge to form the large midshelf valley, which appears
towiden and deepen offshore. The valley has a compound fill made up
of several distinct depositional units that are defined by six regionally
extensive erosional surfaces. In many cases, these erosional surfaces
appear to coalesce along the boundaries of the incised valley.

The deepest incision, Valley Incision 0 (VI-0), truncates underlying
Cretaceous strata and defines northeastern limit of the incised valley
(Figs. 5–7). The sediment above this reflector (Unit 0) appears
acoustically transparent in the CHIRP subbottom data, but displays
some inclined bedding with cross-cutting relationships farther
offshore in the Boomer subbottom data. Unit 0 deposits are observed
only on the NE side of the incised valley (Figs. 5–7). Most of the Unit 0
strata appear to be truncated or removed by incision along a second
erosional surface, Valley Incision I (VI-1) (Fig. 8). Strata overlying VI-1
(Unit 1) mostly consists of acoustically laminated, low reflectivity
unit that is continuous over long distances and drapes the underlying
topography (Figs. 5–7). Some internal truncation of reflectors and
small channels are present within the unit on the most landward
subbottom profiles (Figs. 5 and 6).

Erosion by Valley Incision II (VI-2) truncates and downcuts Unit 1
strata across most of the valley (Figs. 5–7). Incision along VI-2 appears
to deepen offshore. The most nearshore profiles show maximum
incision of ~15 m, which increases to ~40 m farther offshore. Infill
above VI-2 (Unit 2) exhibits a very complex stratigraphy that displays
characteristic fluvial cut and fill geometry made up of numerous
cross-cutting channels with inferred point bars, cutbanks and lateral
accreting sets. Individual channels in Unit 2 are several hundred
meters wide with 10–15 m of incision (Figs. 5 and 6).

The twomost recent incisions, Incision III (I-3) and Incision IV (I-4),
downcut into Unit 2 strata. I-3 has a maximum incision of ~45 m into
Unit 2 strata, while I-4 downcuts at least 20 m within I-3 (Fig. 6)
and the incision deepens offshore. The two incision surfaces are
) showing northward dipping Cretaceous strata.



Fig. 4. Interpreted channel map showing profiles crossing the southern incised valley (VI-0, VI-1, VI-2), meltwater drainage (I-3, I-4), constructional mound feature and northern
valley. Numerous additional individual paleochannels are also identified in profiles across the shelf; however lack of stratigraphic overlap makes it difficult to definitively correlate
these units. Tentative correlations between these smaller channels and valleys are shown.
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sometimes difficult to differentiate and may coalesce seaward. Both I-
3 and I-4 appear to be restricted to the southwestern side of the
incised valley, with widths ranging from 3 km on landward profiles to
15 km seaward (Figs. 4 and 8). The sediments above I-3 (Unit 3) and I-4
(Units 4 and 5) have a very similar acoustically laminated character
and are much more reflective than lower units (Figs. 5–8). Unit 3, 4
and 5 strata infill the valley with slight thickening observed toward
the basin depocenter. In some profiles, the contact between Unit 4 and
Unit 2 is characterized by a relatively rough erosional surface (Fig. 6).
In addition, there is some small, localized post-depositional faulting in
Unit 4 (Figs. 6 and 7). Units 4, 5 and 6 are separated by local flooding
surfaces (FS1, FS2) identified most clearly on CHIRP line 2 (Fig. 6).

A large constructional mound (~2 kmwide,15 high) is observed on
the southwestern side of the southern incised valley, situated above
Units 1 and 2 (CM; Figs. 5–8). The feature is adjacent to I-3/I-4 and
onlapped by strata within Unit 4. Sediment within the constructional
mound exhibits downlapping along two surfaces. The upper internal
downlap surface occurs roughly mid-section, while the lower down-
lap surface defines the contact between the constructional mound and
the underlying sediment (Figs. 5 and 6). The uppermost reflectors on
the NE side of the feature show minor truncation by I-3/I-4 and the
feature is onlapped by Unit 3 and/or 4 (Figs. 5 and 6). The construc-
tional mound is present in multiple subbottom profiles, including an
orthogonal crossing of two Boomer subbottom profiles that provides
evidence of a three dimensional structure (Fig. 8).

4.1.3. Northern valley
Another heavily channelized region is observed on the northern

Chukchi midshelf. Compared with the incised valley to the south,
drainage in this area appears to less confined, withmultiple individual
channels and valleys cut into the Cretaceous strata (Figs. 4 and 9). The
largest valley in the region, termed the northern valley, downcuts and
incises the Cretaceous strata by ~35 m, with widths ranging from 5 to
8 km (Fig. 9). Unlike the incised valley to the south, the northern valley
onlyexhibits one acousticfill, Unit N1. Unit N1 is acoustically laminated
with low reflectivity, an acoustic character similar toUnit 1 observed in
the southern valley. There is a ~15m thick inclined wedge of sediment
at the base of N1 on the SWedge. The overlying strata onlap thiswedge



Fig. 5. CHIRP subbottom profile across the incised valley (line 1). Bottom: Uninterpreted profile. Top: Interpreted profile with the reflectors color coded as follows: Red — Valley Incisions 0, 1, 2 (VI-0, VI-1, VI-2); Dark purple — Most recent
transgressive surface (TS); Light purple — Flooding surface (FS2). Sedimentary units are also labeled. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. CHIRP subbottom profile across the incised valley (line 2). Bottom: Uninterpreted profile. Top: Interpreted profile with the reflectors color coded as follows: Red— Valley Incision I (VI-1), Valley Incision II (VI-2), Incision III (I-3) and Incision IV (I-4); Light purple— Flooding surfaces (FS1, FS2); Dark purple—Most recent transgressive surface (TS); Blue—
Most recent ice scour (IS), also the best estimate for TS in that area; Green — Post-depositional faulting. CM indicates a constructional mound feature. Sedimentary units are also labeled and core locations of JPC 08, 09, 10 are shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. CHIRP subbottom profile across the incised valley (line 3). Bottom: Uninterpreted profile. Top: Interpreted profile with the reflectors color coded as follows : Red— Valley Incision I (VI-1), Valley Incision II (VI-2), Incision III (I-3) and Incision IV (I-4); Light purple— Flooding surface (FS); Dark purple—Most recent transgressive surface (TS); Blue—Most
recent ice scour (IS), also the best estimate for TS in that area. Gas in the shallow sediment results in acoustic wipeouts that obscure deeper reflectors. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. 3-D perspective view of CHIRP and boomer subbottom profiles across the incised valley region, looking offshore. There is a strong correlation of units across the valley. The incised valley is continuous across 90 km on the shelf and is cut
into steeply dipping, folded and faulted Cretaceous strata. Inset: Channel map, see Fig. 4 for reference.
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Fig. 9. Bottom: 3-D perspective view of CHIRP and boomer subbottom profiles across the northern valley region, looking onshore. In addition to the large northern channel (shown in
brown), several other channels can be correlated. Inset: Channel map, see Fig. 3 for reference. Top: CHIRP subbottom profile across the northern valley. Possible fluvial fill in the base
of the valley grades upward to marine sediment that onlaps the underlying topography. The valley is overlain by marine sediment of unit 6, observed across the shelf. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and infill the valley. Reflectors in the upper fewmeters of N1 sediment
appear somewhat chaotic and are disrupted by abundant small v-
shaped incisions. Several smaller channels and valleys are present
surrounding the northern valley (Figs. 4 and 9); however, given the
diffuse drainage and lack of stratigraphic overlap, it is difficult to trace
regional surfaces across the valleys or distinguish individual deposi-
tional units outside of N1.

4.1.4. Incision of small channels and valleys
Numerous individual paleochannels and small valleys (1–2 km

width) are observed across the Chukchi shelf from the most nearshore
subbottom profiles out to at least ~55 m water depth (Fig. 4). Incision
depths in the channel thalwegs range from 10 to 35 m. The maximum
depth of channel base with respect to modern sea level averages ~55m
in the nearshore region, whereas the depth to the channel thalweg is
85–100 m below modern sea level in the northern and southern
valleys (Fig. 10). Note there is a marked change in channel depth at
approximately 175 km from the coastline, between the paleo-Kokolik/
Kukpowruk and the southern valley and the paleo-Utukok and the
northern valley. The large profile spacing and lack of stratigraphic
overlapmakes it difficult to draw any conclusions about relative ages or
depositional units between the southern and northern channel systems.
There appear to be two drainage pathways emanating from the north-
westernAlaskanmargin. One series of paleochannels appears to link the
Kokolik and/or Kukpowruk Rivers with the southern valley, while the
other may link the Utukok River with the northern valley (Fig. 4).

4.1.5. Regional transgressive surface
The uppermost erosional surface (TS) observed in the subbottom

profiles truncates strata along the boundaries of both the northern
and southern valleys as well the surrounding shelf (Figs. 5–9). In some
areas reflector TS is interrupted by small, discrete, v-shaped down-
cutting events on the NE side of the southern incised valley (IS; Figs. 6
and 7). The sediments above TS (Unit 6) are acoustically laminated



Fig. 10. Plot showing the base of paleochannel (or valley) thalwegs relative to modern sea level versus distance from the coastline.
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with low reflectivity. Unit 6 infills bathymetric lows and exhibits
thickness variations ranging from b1 m on the interfluves to N5 m in
some of the paleochannels (Fig. 8). The transgressive surface in por-
tions of the southern valley separates Unit 6 from the older underlying
Units 1 and 2 (Figs. 5 and 6). Along the southern edge of the valley, TS
coalesces with I-3 (Figs. 5 and 6).

4.2. Sediment facies

4.2.1. Southern valley
Six sediment cores were collected within the southern incised

valley and correlated with the subbottom data. While is some
uncertainties are introduced through the projection of core locations
onto the plane of the subbottom profiles, two of the key cores from
which radiocarbon dates were obtained (VBC03 and JPC10) were
collected sediment a very short distance (~15 m) away from the
subbottom tracklines. The other cores appear to have collected
regionally extensive horizons such that the presented correlation is
appropriate.

VBC03 (8.66 m) recovered sediment from Units 3 and 6 on the
southwestern side of the southern incised valley (Figs. 5 and 11). The
base of VBC03, just above I-3, consists of well-sorted medium sand
above interbedded sand and silt. This section contains some of the
coarsest sediment collected across the shelf. In addition, there is a
large (~3 cm diameter) mudclast in the basal section, which is co-
incident with an articulated bivalve mollusk, identified as Portlandia
arctica (Fig. 11). Radiocarbon dating of this shell yielded an age of
12,300±65 14C yr BP (~13,500 cal. yr BP). The upper portion of Unit 3 is
composed of a several meter thick section of silt with occasional sand
layers. Upsection, interbedded sand and silt delineates the contact
between Unit 3 and Unit 6. The uppermost section of Unit 6 is a silty
clay with abundant shell, wood and charcoal fragments.

VBC04 (5.82m) and VBC05 (6.94m) both sampled sections of Unit
2 from the center of the southern valley (Fig. 11). VBC05 also has a
cap of Unit 6 silt at the surface, while the upper section (presumably
Unit 6) of VBC04 was not recovered due to coring difficulties. Unit 2
sediment from VBC05 primarily consists of silty clay, but also con-
tains a several meter thick section of interbedded sand and silt in the
upper section and a thin layer of small clay rip-up clasts mid-core, as
well as a layer of fine sand at the base. A thin layer of fine, blocky sand
marks the TS surface between Unit 2 and Unit 6 in VBC05. In contrast,
VBC04 consists entirely of well-sorted fine sand with a slight down-
core coarsening. Neither VBC05 nor VBC04 recovered any biogenic
material.

JPC08 (3.67m) recovered sediment fromUnits 3 and 6 (Fig.12). The
upper ~1 m of JPC08 consists of silty, shell rich clay from Unit 6. Just
beneath Unit 6, Unit 3 contains interbedded fine sand and silt that
grades downward into visually homogenous silty clay in the basal
section, but shows faint laminations on an X-ray image. JPC09 (8.92m)
and JPC10 (8.13 m) both recovered sediment from Units 4 and 6, as
well as from the northeastern edge of the constructional mound
feature below I-4 (Fig. 12). The base of JPC09 is comprised of fine sand
with clay rip-up clasts that are coincident with the contact between
the constructional mound feature and Unit 2. Above is a thin layer of
interbedded silt and sand overlain by ~2 m of well-sorted medium-
fine sand (median grain size ~175 μm) that correlates with the
constructional mound feature. Similar to JPC09, the lower section of
JPC10 consists of ~4 m of well-sorted sand that also corresponds to the
constructional mound feature; however, the JPC10 sand is slightly
finer (median grain size ~150 μm) than the sand in JPC09. Clay rip-up
clasts (2–10 cm) at the base of JPC10 are coincident with an internal
downlap surface in the constructional mound feature. Both cores
exhibit a slight fining upward at the top of the sand sections before
transitioning to the interbedded sand and silty clay at the interface
between the constructional mound feature and Unit 4. JPC09 has a
more expanded Unit 4 section than JPC10, characterized by a thin layer
of clay rip-up clasts, in between sections of interbedded sand and silt.
The upper ~4 m of both cores consists of the silty/sandy clay of Unit 6
with shell fragments. Radiocarbon dates were obtained from
articulated bivalve mollusks at several depths within the Unit 6
section of JPC10 (Fig. 12). The ages yield an average sedimentation rate
of ~1.45 m/kyr, from 8000–10,700 yr BP, decreasing to ~0.05 m/kyr in
the last 8000 yr.

4.2.2. Hope Valley
A piston core (JPC02) in the central Hope Valley recovered a ~9.5 m

thick Holocene section (Fig. 13). The base of the core contains inter-
bedded sand and silt that coarsens upward to a 55 cm thick well-
sorted sand section, with a slight fining upward. A much finer section
of interbedded silt and sand creates an abrupt transition at the top
of the sand. This section is overlain by 8.5 m of silt that correlates with
Unit 6. Two abundance peaks of the foraminifer, Elphidium excavata,
yielded radiocarbon dates of 10,900±140 14C yr BP (~11,900 cal. yr BP)
at 845.5 cm, just above the TS transition, and 6920±75 14C yr BP



Fig. 11. A. Sediment facies of vibracores in southern incised valley correlated with CHIRP subbottom data. ⁎Articulated bivalve mollusk (12,300±65 14C yr BP) was recovered from
same depth (7.42 m) as the dropstone in VBC03. Note: The upper ~1 m of VBC04 is absent. B. Contour plot of grain size versus depth showing percent volume for 1 cm sampling of the
basal section of VBC03. C. Comparison plot of N63 μm size fraction versus depth showing weight percent for 20 cm sampling of VBC03 and VBC05. Note the two cores show similar
amounts of coarse fraction in the upper meter, where both cores collected Unit 6 sediment. Below this level, the grain size distributions diverge as VBC03 recovered Unit 3, while
VBC05 recovered Unit 2.
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(~7100 cal. yr) at 69.5 cm (Keigwin et al., 2006). X-ray fluorescence
(XRF) analysis of the basal section shows a major shift in elemental
components (Cu, Fe, Ni, Zn and S) at the transition from sand to silt.
Keigwin et al. (2006) also report a large increase in δ18O, along with a
decrease in δ13C, at this same level.

4.2.3. Outer shelf sedimentation
A suite of six cores on themid to outer shelf (49–62mwater depth)

each recovered several meters of Unit 6 sediment (Fig. 14). All of the
cores recovered several meters of silty clay above a fine sand or
interbedded sand and silt appears to correlate with a flooding surface
observed in the CHIRP subbottom profiles (Fig. 14). Grain size analyses
were conducted on the basal sections of VBC39 and VBC40. VBC39
(4.4 m) sampled a well-sorted, fine sand (median grain size ~125 μm)
at the base, overlain by an interbedded sand and silt. VBC40 (3.7 m)
consists of a bedded, well-sorted fine sand (median grain size ~75 μm)
at the base mantled by a unit of interbedded fine and coarse sands,
which creates a sharp contact with the basal sands. Overlying the
interbedded fine and coarse sands is a silty clay unit in the uppermost
section (Fig. 14).

4.3. Onshore drainage

Drainage in northern Alaska is in large part structurally controlled
by the Brooks Range. The Colville River appears to have captured most
of the northern foothill drainage along the axis of the foreland basin. A
low lying drainage divide (~10 m high) near the headwaters of the
Colville separates the headwaters for the Utukok, Kukpowruk and
Kokolik rivers, which flowwestward into the Chukchi Sea (Fig.15). The
northwestern rivers have much lower discharge and smaller com-
bined drainage area than the Colville River, yet appear to be more
deeply incised. The headwaters of the northwestern rivers cut across
exposed folds of the foothills to form a trellis drainage network. The
coastal plain in this region is characterized by numerous thermokarst
lakes (Fig. 15C). Both the Utukok and Kokolik Rivers display broad
floodplains characteristic of low gradient, meandering rivers. Profiles
across portions of these rivers on the coastal plain shows floodplain
valley widths of 1–3 km (Fig. 15A). The active flow occupies a small
channel surrounded by meander cutoffs and oxbow lakes while the
remaining floodplain is heavily sedimented with fluvial deposits. The
Kukpowruk River is the most deeply incised of the three, but also has
the narrowest valley (~1 km width; Fig. 15A). The Kukpowruk River
is also much less sinuous and may have a structural barrier on the
eastern side (Fig. 15D).

5. Discussion

5.1. Multiple sea level cycles

The southern incised valley contains three regional erosional
surfaces that appear to represent fluvial downcutting during multiple
sea level lowering events. Each of these incision surfaces defines a



Fig. 12. Sedimentary facies of piston cores in southern incised valley correlated with CHIRP subbottom data. WD = water depth. Contour plots of grain size versus depth showing percent
volume for 1 cm sampling analysis are shown for JPC 10 and the basal section of JPC09. Radiocarbon dates from articulated bivalve mollusks in JPC10 are shown on the grain size plot.
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Fig. 13. A. Sedimentary facies of piston core JPC02 in Hope Valley, correlated with CHIRP subbottom data (line 10). B. Contour plot of grain size versus depth showing percent volume
for 1 cm sampling analysis of basal section. C. X-ray fluorescence (XRF) analysis for basal section showing counts of Cu, Ni, Zn, S and Fe.
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sequence boundary underlying a succession of lowstand systems tract
deposits (LST) followed by transgressive systems tract deposits (TST).

In classic sequence stratigraphic incised valley fill models (e.g. Vail
1987; Van Wagoner et al., 1990; Zaitlin et al., 1994), the valley
undergoes net fluvial erosion and sediment bypass during the relative
sea level fall. During the late part of the lowstand, as the rate of
relative sea level fall slows and the rise begins, the valley is filled with
backstepping fluvial deposits of the LST, assuming there is sufficient
sediment supply. As the valley is flooded, estuarine and open marine
deposits of the TST downlap onto the underlying fluvial strata.
Typically the TST would be overlain by deposits of the highstand
systems tract (HST); however, we do not commonly observe HST
deposits across the southern valley region due to a combination of
processes. Within the valley, multiple fluvial incisions have reworked
and removed any highstand deposits, while on the interfluves
highstand deposits are reworked with each transgression due to the
limited accommodation space.

The deepest surface, VI-0 (~50 mbsf), represents the oldest phase
of incision into the underlying Cretaceous strata. While the acousti-
cally transparent character of Unit 0 in the CHIRP data is difficult to
classify, Boomer subbottom profiles across Unit 0 farther offshore
exhibit well-defined, inclined beds that may represent fluvial deposi-
tion. The majority of Unit 0 has been eroded during a second period of
sea level lowering that corresponds to incision along VI-1. Unit 1
contains small channels on CHIRP line 1 (Fig. 5) and some inclined
beds in the basal part of the unit along CHIRP line 2 (Fig. 6). The
majority of Unit 1, though, contains parallel, draping strata that appear
more representative of quiescent deposition. Both Units 0 and 1
appear to represent the classic succession of fluvial deposition within
the LST as sea level begins to rise, transitioning upward to estuarine
and marine deposition within the TST, creating a drowned valley
estuary at the seaward end of the system. The transition form fluvial to
marine is predominantly concordant in the incised channels as
sediments are infilling the lows and there is little to no erosion across
the transgressive surface.

A third phase of sea level lowering is represented by regional
erosional surface VI-2 that downcuts and truncates Unit 1 strata. The
fluvial strata that make up the majority of Unit 2 appear to record
lateral channel migration within the valley. On CHIRP lines 1 and 2
(Figs. 5 and 6), several individual channels can be identifiedwithin the
deposit that exhibit characteristic fluvial features (e.g., point bars and
cutbanks). The upper part of these channels is filled with acoustically
laminated sediment that may represent meander cutoff deposits or
localized backfilling with marine sediment during the sea level rise.
Cut and fill channel architecture is far more common in Unit 2 than
Units 0 or 1. Furthermore, there does not appear to be any regionally



Fig. 14. Sedimentary facies of mid/outer shelf vibracores. WD = water depth. All of these cores exhibit a prominent flooding surface (FS) that is marked by a shift from sand or
interbedded sand/silt to silt. Contour plots of grain size versus depth showing percent volume for 1 cm sampling analysis are shown for the basal sections of VBC39 and VBC40. The
core positions have been projected onto the profiles as noted.
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extensive laminated sequences within Unit 2 as observed in Unit 1.
One possible explanation is that rate of sedimentation during this
interval may have been high enough to outpace the rate of sea level
rise. In such a scenario, nearly the entire valley would be filled with
fluvial deposits leaving little accommodation for marine deposits.

The uppermost surface, TS, which truncates strata across both the
edges of the northern and southern valleys as well as the surrounding
shelf, is interpreted to be a regional trangressive surface. On some
subbottom profiles within the southern incised valley, reflector TS is
disrupted by numerous v-shaped incisions (IS), indicative of sea ice
scouring following the transgression, that obscure the exact location of
TS. In these instances, reflector IS is taken as the best estimate for the
transgressive surface. TS is overlain by marine strata of Unit 6, which
represents post-transgressive Holocene sedimentation associated
with the TST. In the southern valley, the TS surface identified in the
CHIRP data correlates to a shift from sand or interbedded silt and sand
tomore homogeneous silt and clay (Figs. 11 and 12). JPC02 in the Hope
Valley exhibits similar change in grain size and XRF analyses of the
basal section shows a concomitant shift in elemental composition at
the grain size boundary. Keigwin et al. (2006) also report a shift in δ18O
that is indicative of a switch from estuarine to openmarine conditions
at this same level. Radiocarbon dating of the TSwithin the Hope Valley
yields an age of 10,900±140 14C yr BP (~11,900 cal. yr BP). The oldest
radiocarbon date frommaterial within Unit 6 of JPC10 yields an age of



Fig. 15. A. Profiles across the I-3 and I-4 reflectors compared with floodplain profiles across the three dominant northwestern Alaskan rivers inferred to connect with the midshelf
valley. The river profiles were measured from a 100 m resolution DEM of northern Alaska (Manley, 2001). B. 3-D perspective view of the topography in northwestern Alaska. The
northward flowing trellis drainage incises the east–west trending fold belt of the Brooks Range foothills. C. Satellite imagery of northern Alaska showing river profile locations. D, E, F.
Satellite imagery of the northwestern rivers on the coastal plain, showing meandering morphology and broad floodplains within the incised valleys.
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10,200±55 14C yr BP (~10,700 cal. yr BP), approximately 1 m above TS.
Using the JPC10 sedimentation rate of ~1.45 m/kyr for this interval
to extrapolate the age of TS in both JPC10 and JPC09 yields an age
estimate of ~11,500 yr BP, which is consistent with the age of TSwithin
the Hope Valley, and roughly correlates with the timing of the inferred
Meltwater Pulse 1-B (Fig. 16).

In general, Unit N1within the northern valley has a similar acoustic
character to Unit 1 in the southern valley. Both deposits exhibit in-
clined beds at the base thatmay represent initialfluvial deposition, but
are primarily comprised of acoustically laminated strata that are
continuous across much of the valley and appear to drape the under-
lying strata (Figs. 5–9). The dipping strata in both Units 1 and N1 are
onlapped by a channel filling sequence that is obscured at the top by
multiple ice scouring events. Without stratigraphic overlap between
the northern and southern valleys or core information in the northern
valley, correlation of these two units is speculative; however, based on
acoustic character and these three observed packages (i.e. basal
dipping, middle infilling and onlapping, and the upper ice scoured
section), we suggest that incision of the northern valley and VI-1 and
the overlying fill may record the same sea level cycle.

The exact age of the valley incisions remains unknown; however,
several lines of evidence suggest that the features are relatively recent.



Fig. 16. A. Eustatic sea level curve and associatedMarine Isotope Stages (MIS) modified from Chappell and Shackleton (1986). Suggested timing of the incised valley erosional surfaces
and seismic facies are shown in relation to eustatic sea level. We interpret VI-2 and VI-1 to correlate with sea level lowering associated with MIS 2 and MIS 6, respectively, while VI-0
must be older. I-3 and I-4 appear to have been downcut during a period of sea level rise following the LGM. B. Climate and sea level records for the last 21 ka. Top: Greenland Ice Sheet
Project (GISP) II oxygen isotope record (Stuiver and Grootes, 2000). More positive values indicate warmer temperatures; several climate periods are noted; YD — Younger Dryas.
Bottom: Sea level history reconstructed from corals collected in Tahiti (†Bard et al., 1996) and Barbados (‡Fairbanks, 1990) plotted along with new Chukchi data. Dates from JPC02
(Hope Valley FS) and VBC03 (shell), as well as the iceberg scour surface dates are calibrated 14C-based ages. Points from JPC09, JPC10, and VBC03 are extrapolated from 14C dates in
JPC10, using the sedimentation rate of 1.5 m/kyr. Diamonds indicate radiocarbon dates from benthic foraminifera; triangles indicate radiocarbon dates from articulated bivalves;
squares indicate dates extrapolated using the sedimentation rate from JPC10. Data presented here suggest that incisions I-3 and I-4, which are interpreted to represent meltwater
discharge, may correlate with Meltwater Pulse 1-A (MWP 1-A) and the Chukchi iceberg event, respectively. The iceberg scour surface on the outer Chukchi shelf is constrained to
between 12,000 and 13,000 cal. yr BP, following awarm period at the onset of the Younger Dryas (Hill and Driscoll, 2006). The regional transgressive surface (TS) appears to correlate
with Meltwater Pulse 1-B.
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In the southern valley, VI-0 truncates the northward dipping
Cretaceous strata. These underlying strata were tilted as a result of
thrusting along the Herald Arch, a feature whichmay have been active
as recent as the early Tertiary (Phillips et al., 1988; Moore et al., 1994).
The strata within the southern valley are not deformed, suggesting
that they must be younger than the age of deformation. The seafloor
above the southern valley exhibits ~6 m of negative relief. If the valley
was formed in the distant past, we would expect this depression to
have since filled with sediment. Additionally radiocarbon dating
across the shelf indicates TS is related to the most recent marine
transgression (e.g., JPC02, JPC10). Without deep core information from
Units 2 and older, the simplest explanation appears to be that the sea
level cycles represented by VI-1 and VI-2 correlate to the Illinoian
(Marine Isotope Stage 6) and Wisconsinian (Marine Isotope Stage 2)
glaciations, respectively (Fig. 16). VI-0 appears to represent an even
older phase of sea level lowering, perhaps dating back to Marine
Isotope Stage 12. We expect maximum downcutting to have occurred
during the period of most rapid sea level lowering, with subsequent
deposition of overlying units as sea level began to rise (Fig. 16). By
analogy with VI-1, the northern valley may also correlate with MIS 6
and other incisions in the region may be MIS 12 or older.

5.2. Meltwater discharge

Reflectors I-3 and I-4 both exhibit large downcutting relief that
truncates underlying Units 1 and 2; however, these two surfaces do
not appear to represent sequence boundaries. Units 3 and 4 strata
onlap Unit 2, indicating I-3 and I-4, along with the subsequent fill,
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must be younger than VI-2 and Unit 2. If VI-2 was indeed incised
duringMIS 2, I-3 and I-4must have been downcut during the period of
sea level rise following the LGM. Sequence stratigraphic models
commonly invoke base level lowering as the primary cause of fluvial
incision and downcutting across the shelf; however, climatic factors,
such as increased discharge or decreased sediment input, or a
combination of both, may generate incision in the absence of relative
sea level fall (Schumm et al., 1987; Dalrymple et al., 1994). While
sedimentation is generally expected to decrease during the transgres-
sion, estimates from both the southern valley (JPC10) and the Hope
Valley (JPC02) (Keigwin et al., 2006) indicate that sedimentation
rates were relatively high during the most recent transgression and
decreased dramatically ~7000 yr BP. In the absence of base level
lowering or decreased sedimentation, our preferred interpretation is
that the incision resulted from increased discharge in response to
meltwater runoff during deglaciation.

Unlike Units 0, 1 and 2, the highly reflective, acoustically laminated
sediment of Units 3, 4, and 5 shows no evidence of fluvial structures.
VBC03 recovered entirely marine sediment from within Unit 3. The
basal section of this core also exhibits relatively coarse grained layers
that may represent lag deposits in the base of the channel (Fig. 11B).
Therefore we interpret Units 3, 4 and 5 as estuarine or marine
deposits, infilling localized coastal embayments that were flooded in
advance of the regional transgression of the interfluves. Thus, the TS
that separates marine above from nonmarine below must coalesce
with I3 and go beneath Unit 3. The timing of the regional flooding is
best recorded by FS2 that separates Unit 5 and 6 because the hiatus
is minimized. FS1 is interpreted to be a local flooding surface that
represents a period of rapid sea level rise separating Units 4 and 5. The
lack of lateral fluvial deposition in Units 3, 4, and 5 indicates that this
segment of the valley was predominantly undergoing erosion and
sediment bypass during the downcutting of I-3 and I-4. High discharge
events, such as meltwater outbursts during deglaciation, would scour
the upper reaches of the channel, transporting the sediment farther
offshore, and may explain the lack of fluvial fill observed in the
subbottom data (Figs. 5–8).

The large constructional mound feature is elevated above Unit 2
and shows markedly different geometry than the strata beneath. The
three dimensional morphology and internal downlapping stratigra-
phy suggest a constructional feature rather than an erosional remnant.
The constructional mound is onlapped by both Units 3 and 4, sug-
gesting that it may be associated with I-3/I-4 processes. The large size
(~ 15 m high; 2 kmwide), stratal geometry and sediment facies of the
constructional mound is consistent with a fluvial origin, e.g. bar or
braided island, in a high discharge environment. The constructional
mound section of both JPC09 and JPC10 is comprised of well-sorted
fine sand with small clay rip-up clasts on each of the downlapping
surfaces (Fig. 12). The constructional mound pinches out to the NE
and the sand recovered in JPC09 is slightly coarser than JPC10 sand
from the upper part of the feature, suggesting the edges may be a lag
deposit, with the finer sediment building up on the high. Geochemical
analyses of JPC10 also indicate a relatively high percentage of organic
carbon in the sandy constructional mound section, transitioning
upward to very low organic content in Unit 6 (Lundeen, 2005), which
points to a more terrestrial signal at the base overlain by marine
sediment.

The marine shell dated at 13,500 yr BP in Unit 3 appears to be
1.24 m above I-3. Extrapolation with the sedimentation rate deter-
mined from JPC10 implies that I-3 was formed 14,300 yr BP, which
coincides withMeltwater Pulse 1A (Fig. 16). In addition, evidence of a
significant negative δ18O excursion ~14,000 yr BP in cores from the
Chukchi Borderland region is suggestive of meltwater input (Polyak
et al., 2007). Thus we speculate I-3 was incised by meltwater dis-
charge during post-LGM warming, with the open channel subse-
quently infilled by estuarine to marine sediment of Unit 3 (Figs. 5–8).
Regional flooding of the interfluves across the Chukchi shelf, that is
where Unit 6 overlies Unit 2 (Figs. 5 and 6) appears to correlate with
FS1 (separating Unit 4/5) or FS2 (separating Unit 5/6) within the
paleochannel, which implies that I-4 is older than the regional
flooding (~11,500 yr BP), but younger than I-3. If correct then I-4
incision occurred ~12,000–13,000 yr BP, which also coincides with a
second smaller negative δ18O excursion found in cores from the
Chukchi Borderland (Polyak et al., 2007). Evidence from a regionally
extensive ice scour field on the outer Chukchi shelf suggests dis-
charge of a large number icebergs, possibly sourced from the Chukchi
margin of Alaska, during this time interval (Fig. 16) (Hill and Driscoll,
2006). Therefore, we speculate downcutting along I-4, which records
a second phase of meltwater discharge, may be coincident with
the release of the iceberg armada. The proposed timing of I-4 also
correlates with deglaciation following a late stage glacial advance
across the central and southwestern Brooks Range that ended
~11,500 14C yr BP (Hamilton, 1982, 1986). Since these most recent
incisions appear to be unrelated to base level change, having
occurred during a period of sea level rise, the I-3 and I-4 incision
are not sequence boundaries formed by a base level fall. This
evidence suggests that in glacially dominated landscapes, climatic
factors can play an important role in creating incision and down-
cutting that is out of phase with sea level cycles.

5.3. Onshore and offshore drainage patterns

Structural controls from underlying bedrock may explain many of
the drainage patterns observed across the Chukchi margin. Paleo-
channels incised into the Cretaceous strata appear to be controlled by
cuestas and follow the strike of the underlying strata. Paleochannels
and valleys mapped in this study appear to follow the same trend,
flowing NNW along structural contours toward the shelf break and
Chukchi borderland. The southern valley has been repeatedly
excavated throughout multiple sea level cycles, creating the largest
incised valley observed on the shelf. Drainage is concentrated in this
region and flows axial parallel to the primary thrust of the Herald
Arch, much like the Colville River onshore flows axial parallel to the
Brooks Range. The Cretaceous strata outcrop at the seafloor near the
southern valley, while the top of the Cretaceous strata is truncated
beneath the modern seafloor in the north by as much as 25 m in some
locations (Figs. 3 and 8). Drainage on the outer shelf appears directed
along the strike of the Hanna wrench fault zone, but similar to the
northern valley region, is relatively dispersed and does not appear to
reoccupy the same valleys during subsequent sea level cycles. It
appears that with increasing proximity to the Herald thrust belt,
drainage is more strongly controlled by the underlying bedrock. This
may explainwhy the southern valley is reoccupied duringmultiple sea
level cycles.

Modern rivers draining the northwestern margin exhibit similar
structural control. Satellite imagery of the Utukok and Kokolik Rivers
shows meandering rivers with broad floodplains and numerous mean-
der cutoffs, while the Kukpowruk River exhibits the least sinuosity and
strongest bedrock control (Fig. 15). Profiles across portions of the
Kokolik, Kukpowruk and Utukokok Rivers on the coastal plain bear out
these observations. The Utukok and Kokolik Rivers exhibit much larger
valleys than the Kukpowruk River, but appear to be less incised (Fig. 15).
The Kukpowruk River is the closest of the three to the onshore extension
of the Herald Thrust, which trends NNW across the Lisburne Peninsula
(Fig. 2). Some authors have also speculated that neotectonic activity in
the region may have influenced the course of the river (Cassavant
and Miller, 2002).

The paleochannels and valleys observed in the nearshore region
appear be much narrower and more distributed than their midshelf
counterparts. This may be explained in part by sparse innershelf data
coverage, the relatively poor resolution of many of the Boomer records
in this region and the fact that many of the Boomer profiles trend
parallel to the azimuth of the drainage. The midshelf may also be an



Fig.17.Map of western Brooks Range showing themapped extent of Glacial Lake Noatak
deposits from the LGM (Hamilton, 2003). Also shown is the Alaska Paleoglacier Atlas
LGM age ice extent for the region. The thick black line denotes the boundary of the
Hamilton (2003) map. Note the close proximity of the Glacial Lake Noatak to the
headwaters of the northwestern rivers. Abbreviations are as follows: Ku — Kukpowruk
River, Ko — Kokolik River, Ut — Utukok River, Co — Colville River, Ke — Kelly River, Av—

Avan River, Ka — Kaluktavik River, Ni — Nimiutuk River, An — Anisak River.
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important drainage confluence as flows are constricted, passing be-
tween the broad structural highs of the Herald and Hanna Banks. The
most landward profiles suggest that the southern valley may be split
into two smaller valleys, a northern segment and a southern segment
(Fig. 8). Based on acoustic character, the southern segment appears to
contain predominantly Unit 2 deposits, while the northern segment is
filled with Units 0 and 1, but shows no evidence of Unit 2. The two
smaller valleys appear to converge, creating the much larger valley
observed in CHIRP line 2 (Fig. 8).

Across the shelf, comparison of channel incisions relative to
modern sea level, which takes into account differing modern seafloor
elevations by normalizing all of the data points to a common baselevel,
indicates there may be a knickpoint landward of the large incised
valleys observed on themidshelf. With a few exceptions, channels and
valleys imaged on the innershelf exhibit a base of incision around 55m
below modern sea level; this increases considerably to 85–100 m on
the midshelf (Fig. 10). This suggests that the incised valleys on the
midshelf may have been migrating shoreward through headward
erosion as they attempted to regrade following base level lowering.
The knickpoint on themidshelf at ~40–45mwater depthmay indicate
the point beyond which fluvial rejuvenation of the system and farther
landward incisionwas restricted. Thus it appears that a combination of
headward erosion and drainage confluence may have contributed to
the misfit of the large midshelf incised valleys relative to smaller
channels and valleys observed on themidshelf. Unfortunately, a lack of
additional data makes it difficult to fully constrain the extent of the
incised valleys across the shelf or to ascertain how the individual
channels correlate with various sea level cycles.

Drainage observed in the nearshore region appears to emanate
from two sources on the northwestern Alaskan margin and may link
modern riverswith the larger incised valleys observed on themidshelf.
One set may represent the paleo-Kokolik/Kukpowruk channels that
connect to the southern valley, while the other set appears to flow
between the Utukok River and the northern valley region (Fig. 4). The
modern rivers draining the northwesternmargin of Alaska (Figs.1 and
15) have very low discharge and relatively small drainage areas that
suggest a misfit with the offshore drainage. Nevertheless, these rivers
have steep banks and incised channel morphologies cut into the
Brooks Range foothills, which suggest that they may have been carved
by much stronger flows in the past (Fig. 15). The dimensions of these
northwestern river valleys are less than half the size of the valleys
defined by I-3 or I-4 on themidshelf. The lack offluvialfill in the I-3 and
I-4 valleys makes it difficult to compare the offshore channel networks
with the northwestern rivers. The onshore river valleys may be more
deeply incised than they appear in the profiles since we were not able
to measure unfilled valley dimensions. The northwestern river valleys
were most likely carved by the same processes as on the midshelf,
but are filled with fluvial sequences emplaced within the last 8000 yr,
as the rate of sea level rise slowed and channels were able to regrade
(Fig. 16).

5.4. Climate

The presence of glacial meltwater channels on the shelf implies a
greater extent of glaciation in northwestern Alaska during the LGM
than previously recognized. While the mapped extent of glaciation at
this time is largely restricted to the central and eastern Brooks Range,
some highland glaciation also been mapped in the southern Brooks
Range foothills (Fig. 1). Throughout recent glacial periods ice masses
repeatedly dammed the headwaters of the Noatak River, creating a
succession of proglacial lakes, collectively termed Glacial Lake Noatak
(Fig. 17) (Hamilton, 2001, 2003). The northern margin of this ice
dammed lake was located just south of the western Brooks Range
drainage divide. The headwaters of the northwestern rivers are
located 15–20 km to the north of LGM age glacial lake deposits
(Fig. 17). While very few field studies have been conducted along the
northwestern rivers, hydrologic reconnaissance reports from the
1950s of the northwestern foothills indicates the presence of stream
incised U-shaped valleys and north facing cirques across the region
encompassing the Utukok, Kokolik and Kukpowruk headwaters
(Sable et al., 1981). These features are tentatively attributed to older
glaciations; however, it appears plausible that glacial lake damming
similar to the Noatak region may have occurred on the northern side
of the drainage divide as well. Geologic mapping in the Noatak region
indicates the presence of a U-shaped pass of unspecified age where
glaciers flowed north from the edge of the interpreted region into the
Utukok River headwaters (Fig. 17) (Hamilton, 2003). Hamilton (2003)
suggested that Glacial Lake Noatak water levels commonly fluctuated
throughout glaciation, leaving behind weakly developed shoreline
features that are difficult to trace. Additionally, the underlying geology
of the northwestern foothills is very different from the Noatak region,
making it difficult to compare morphologies on the basis of DEMs
alone and highlights the need for field mapping in the region.

The primary argument for limited Brooks Range glaciation during
the LGMoften focuses on a synoptic paleoclimate record for the region
that emphasizes a lack of moisture necessary for significant ice
buildup (e.g. Brigham-Grette, 2001). While it is likely that the general
paleoclimatic trend of northern Alaska was toward exceptionally
aridity during the LGM, some studies have suggested that there may
have been considerable spatial heterogeneity (e.g., Mock and
Anderson, 1997; Edwards et al., 2001). Hamilton (2003) documented
evidence of an “unusually large valley glacier” in the Avan River valley
during the LGM and speculates that the Avan region, which is in close
proximity to headwaters of the Kokolik and Kukpowruk Rivers
(Fig. 17), must have been experiencing much higher snow fall at this
time than the highlands to the east. This example highlights the role of
small scale regional variability in moisture conditions across the
northwestern margin during the LGM and implies similar paleocli-
matic conditions may have also existed across the headwaters of the
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northwestern rivers. The evidence presented here for glacial melt-
water drainage on the shelf does not necessarily suggest large ice
sheets across the region, but rather indicates that theremay have been
more extensive alpine glaciation during the LGM than previously
recognized.

5.5. Sea level and Holocene sedimentation

Extrapolation of sedimentation in several of the midshelf cores
allows us to place some new constraints on the timing of sea level rise
across the Chukchi margin. The age of TS in JPC02 indicates marine
inundation of the Hope Valley and nearby Bering Strait occurred
~12,000 yr BP (Figs. 13 and 16), nearly 1000 yr earlier than previous
estimates (Elias et al., 1996; Keigwin et al., 2006). The estimated age of
TS in both JPC09 and JPC10 from the southern valley suggests that this
surface represents rapid flooding across the Chukchi midshelf
~11,500 yr BP and may correlate with globally recognized Meltwater
Pulse 1-B (Figs. 12 and 16) (Bard et al., 1996).

Sediment cores and CHIRP subbottom data from the mid to outer
shelf show evidence of a prominent flooding surface (FS) near the base
of Unit 6 (Fig. 14). In some instances the core locations are projected
N100 m; however, these correlations appear reasonable given that the
subbottom data coverage indicates that the cores collected sediments
from regionally extensive horizons, and all of the cores in this region
exhibit similar stratigraphy. Akin to the flooding surface transitions
observed across the southern valley, each of the sediment cores
exhibits a distinct shift in grain size from sand or interbedded sand
and silt to silty clay at the FS boundary (Fig. 14). The coarser grains
appear to represent a lag deposit accumulated during the flooding and
wave-base reworking, followed by finer-grained sediment deposition
above as the shoreline and associated facies migrates landward. While
the age of the FS boundary is unknown, the paleodepth of the surface
is roughly the same in each of the sediment cores. Plotting this surface
on the global sea level curve and assuming it is marine allow us to
place some constraints on themaximum age of the surface. Themid to
outer shelf FS is at the same paleodepth as the regional transgressive
surface (TS) observed across the southern incised valley and Hope
Valley. This suggests that FS may represent the transgressive surface
across this portion of the shelf, corresponding to Meltwater Pulse-1B
(Fig. 16). If the midshelf FS is younger, it most likely formed within
several meters of the transgression and may represent a younger
episode of rapid sea level rise.

Radiocarbon dating from cores in both the Hope Valley (JPC02) and
the midshelf (JPC10) suggests that the sedimentation rate across the
Chukchi shelf was relatively high during the rapid sea level rise
following the LGM, and decreased dramatically ~7000 yr BP. Between
11 ka and 7 ka, portions of the Hope Valley accumulated as much as
10 m of Holocene sediment, with almost no sedimentation thereafter
(Fig. 13). This is unusual, given that sequence stratigraphic models
commonly predict sediment starvation on the shelf during rapid sea
level rise as themargin becomes inundated and sediment is trapped in
shallow embayments (Vail, 1987; Van Wagoner et al., 1990). Typically,
as the rate of sea level rise begins to slow, we would expect sediment
accumulation rates to slowly increase. This prediction is borne out in
other river deltas around the world (Stanley and Warne, 1994), many
of which show a prominent build out around 8000 yr BP, as the rate of
sea level began to slow (Fairbanks, 1989). In contrast, sedimentation
on the Chukchimargin appears to be highest during the rapid sea level
rise, which suggests that there must have been additional inputs.
Precipitation and moisture levels across the continent began to
increase during deglaciation, as sea level rise flooded the shelf and
brought moister maritime climates to the region (Edwards et al.,
2001); however, paleoprecipitationwas still 10–20% less than modern
6000 yr BP (Barber and Finney, 2000). Pluvial conditions during
deglaciation may have increased glacial water storage and led to
glacial readvances observed in the central and southwestern Brooks
Range between 13,000 and 11,500 14C yr BP (Hamilton, 1986). In-
creased moisture input would have also augmented glacial meltwater
discharge, which would have maintained high sediment input during
this period. The drop in sedimentation roughly coincides with the
global cessation of meltwater discharge ~8 ka (Barber et al., 1999).
Despite uncertainties derived from the small number of data points,
unknowns surrounding the exact radiocarbon reservoir age, and the
correlation of cores and subbottom data across large distances, this
evidence suggests that local meltwater pulses to the Chukchi margin
may be in phase with global meltwater patterns and provides an
intriguing set of initial results that may facilitate more research.

6. Conclusions

The Chukchi shelf appears to have been an important drainage
pathway during periods of lowered sea level, as evidenced by the
numerous paleochannels and valleys observed on the mid to outer
shelf. This is contrary to the assertion that most of the flow across the
Chukchi was derived from the Hope Valley and escaped down the
Herald Canyon offshore, largely bypassing the greater shelf region
(McManus et al., 1983). The southern incised valley shows evidence of
multiple incisions, representing sequence boundaries that correlate
with periods of lowered sea level, possibly as recent as the LGM.
Sequence stratigraphic models for siliciclastic margins generally
predict fluvial incision during the falling limb of sea level, as base
level lowering leads to stream rejuvenation (Christie-Blick and
Driscoll, 1995). In contrast, the two most recent incisions, I-3 and I-4,
appear to have been downcut during the period of sea level rise
following the LGM, and therefore do not represent sequence
boundaries but rather are related to important climatic events. This
evidence suggests that on glaciated margins it is important to realize
that not all incisions represent sequence boundaries. In these cases, the
timing of channel excavation and nature of the fill is very important in
determining whether the incision is related to base level change or
climatically driven.

Sea level records across the shelf indicate that the regional
transgression occurred 11,500 to 12,000 yr BP, coincident with
Meltwater Pulse 1-B. Following transgression, shelf sedimentation
appears to have remained unusually high throughout deglaciation and
rapid sea level rise, most likely the result of the large volumes of fresh
water input from melting glaciers following the LGM. The meltwater
drainage observed on the shelf may have been derived from glacial
lake breaching; regardless it highlights the role of climatic hetero-
geneity across the region and implies a greater extent of continental
glaciation during the LGM than previously proposed.
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