DEPARTMENT OF THE INTERIOR
UINITED STATES GEOLOUICAL SURVEY

T0O ACCOMPANY MAP Y-1182-C

MAP, CROSS SBCTXONS, AND CHART SHOWING LATE QUATERNARY FAULTS, FOLDS,
AND RARTHQUAKE EPICENTERS ON THE ALASKAN BERAUPORT SHELER

By Arthur Grantz and David 4. Dinter
U.8. Qeologleal Survey, Menlo Park, California $4025

Nirendra N. Biswas
Geophyaical Institutqe, University of Alamka, Fairbanks, Alaska 93701

INTRODUCTION

Geologically youthful strugtures are leooally
nuaerous on tha Alaskan Beaufort ghelf. These
featurss can be grouped into provinces of (1) deep-
reaching landslides and related listric normal faults
near the shelf break, (2) apparently aseismic normal
faulrs and relsted monociirnes on the central and
wastern shelf, and (3) broad folds, monoolines, and
faults in a 3seismogenic gzoms on the eaatern shelf.
The distribution and geologic charaoter of these near-
surfsce structures provide inaights into the deeper
goologic structure of the Beaufort sShelf and alope
thet may be useful to petroleum exploration. They
also provide information on the mobility of the near-
surface and surface asaterials that may constrain the
safe devalopment of the considérable oil and gzs
reaourses thought to uanderlie the area (Crantz and
othera, 1980). Preliminary nssessment and overview of
the environmmantal geology of the Alaskan Beaufort
shell, including late Quaternary folds, faults and
eurthquakes, are given in Grantz and Dinter (1980).

Surface movement along the faults or other
apparently active structures discussed in this report
gould disrupt petroleum production and trangportation
facilities on the Beaufort shelf, possibly causing
blowours and s=pllis of ofl, gas, or formation water.
The U.S. Buresu of Land Managesent (1979) bhas
concluded that sveh acoldents near shore between the
Colville and Canning Rivers oould have serious adverse
ecologle conaequences, This report indicates aress of
ths shelf subject to hazards of disruption of the
aeabed by tectonic movement. With & cospanien report
(D3nter, 1982), it showa where thick unconsolidated
sodiment lies gdjaocent ¢to tectonlcally active ang
seismmogenic terrsnes. Such areas would be espwbclally
prone to strong ground motion and failurs during
earthquakas.

The distribution and character of youthful
geologle structures of the Alaskan Beaufort shelf are
presented on sheet 1. The data are shown on a new
vathymetric map of the Beaufort Sea preparod by
Qreenberg and others (1981). Line drawings showing
oross sections of typloal structured as observed on
both high- and low-frequency 3seismic reflection
profilas are shown on sheéet 2, and a chart depicting =
tentative displacement history of the mapped faults
und monoeclines is presented on sheet 3.

DATA BASE AKD ITS LIMITATIONS
Seismio~reflection dsta

High-resolution seismic-reflection profiles

obtainéd in 1977 by the 0.S. Geological Survey

Research Yessel S. P. Lee (Grantz and Greenberyg, 1981)
were used to map and tentatively to date the movement
history of gear-surface geologio Structures on tne
Alaskan Beaufort shelf. The profiles cover most of
the middle and outer Bhelf betwesn the 20- and 600-m
isobatha. Six bundreéd meters 1z the maximupm water
depth at which the bhigh=-resolution seismic Jyatem
obtainaed useful dats. Most of the tracklines trend
noraal to the shelf break and are Spaced 15 to 25 km
apart (sheet 1). Tie lines ars roughly parallel to
the shellr break. Because of the grid spacing, fewer
than half of the structures mapped on sheet 1 ware
erosyed on moreé than opne seismic profile. Strikes of
atructures crossed only onca have been inferred from
reglonal trends or fram the trenda of nearby loocal
structurss. Maximum unoertainties in posivion
obtained by the 41integrated satellite—doppler g3onar
navigation system on the R/V 8. P. Lee in 1977 are
estimated to be ut 1 k.

The Uniboom' 3selsmic-reflsotion system used for
tha survey employs a hull-mountad transducer and a
short sgingle-channel gtreamer Lowed with an offget of
32 w. Awmplifiers were filtered Lo pass signals in the
300- to 1,500-Hz range. Structural offsets as 3msl)
as | m are discernidle oa the beat profiles. Sub-
bottom scoustic penetration was commonly 0.1 to 0.15
seconds of two-way seismio travel time, but, (n
espeoially favorable areas when aeas were oalm,
penetration ranged to as much a8 0.2 to 0.4 neconds.
Offsetas along near-surface geologlo structures (sheats
1 and 3) were calculated assuming a sedimentary aound
velooity of 1,500 m/s, a choige inferred from intervel
valooities derived (rom the prooessing of coincident
multichannel seismic=reflection and sonobuoy
refraotion profiles.

The chief inhomogeneivies {n the data were
introduced by sea atate. HNoise and strong motion of
the atreamer and the hull-mounted transducer during
ogoasional storms strongly degraded the selismic
prafiles. At suoch times, indicated by a marked
afnusoidal-like waviness of reflections on the high-
resolution profiles, only atrongly reflective gnallow
features wera recorded. These e¢ffsats, combined with
water depth and 1local variations in acoustio
properties of the shallow sedlmentary deposits,
created coonsideradble variation in the depth to whioch
the young gecloglc structures oould be resolved.

Bxcept on turns between theé generally linear
tracklines, low~frequenay single-channel and
myltiohannel seismio-reflection profiles were regorded
aeinoldeatally with most of the Uunlboom profiles. All
structures mapped from the high-resolution profiles
ware als9o examined on the low~frequency prof{les in
order to datermine their deeper structural charaotar,
approximate dip, and relation to0 regional geologla
stroeture.

1Ilny uze of trade names i3 for desoriptive
purposes only and does not imply endorsement by Che
U.8. Oeological Survey.



Earthquake data

The eplcenters shown on sheet 1 represent all
earthquakes in the map area looated by the northern
ard central Alaskas aslamographio networks of the
Geophysical Institute (University of Alsska) and by
the regional selfsmographic network of Canada during
the period 1968-78. Esrthquakes prior to 1968 were
excluded because the data are too inoamplete.

The Canadian locations are  loaat-squares
solutions for a one-layer, 36-lm-thick crust having
hypoeentral deptha conatrained to mid-layer (18 km).
A general estimate of errors in Canadian logations of
epleanters is about + 100 km (Basham and others,
1977). Locations determined by the Geophyaical
Institute are based on the welghted least-squares
method of Lee and Labr (1975). The P-wave velooity
structure used is given by Biswas and othera (1977).
The hypocentral depths ware constrsined to 10 Jm. Por
most of these events the epicentral loocation errors
are about +15 to 20 km,

The magnitude of ths earthquakes shown ranges
from about 0.5 to 5.3. The largest ovent (M = 5.3)
occurred about 30 ¥m off shors of Barter Island in
1968. Many events had magnitudes betwaon 3.0 and 5.0,
and & significant number of thesg were between M = 4.0
and M = 5.0.

The location of stations 1in the Geophysioal
Institute seismograph network in northeast Alaska
(Biswas and Gedney, 1978) was sueb that all events
greater than magnitude 3.0 in the northeast Brooks
Range and the sastern part of the oocastal plain to the
weat would have been recorded. Given the large number
of events greater then M = 3.0 recordad by the
network, and the fact that the network operated during
parts of three years, the absence of eplcenters from
the coastal plain west of the mountain front and the
Canning displacement zone {(sheet 3) 18 thought to be
tectonically significant.

GEOLOGIC FRAMEWORK

The regional extent and structural character of
each of the thras provipees of young, near-surface
atructures can be related to mejor faavures of the
reglonal geology of the Alaswan Beauvfort shelt and
slope. In order to demonatrate the uwonneoction a
synopsls of the regianal geclogy, presented in graster
detail by Grantz and others (1979), is included here.

The Atlantic-type continentz)l margin off northern
Alaska is postulated to have been coreated by rifting
that separated the present North Slope of Alaska from
the western Arctic Ialands of Canada by sundering a
formerly stable shelf, the Avotlo platform. The
Arctic platform was cut by erogion aoross mildly
metamorphosed early Paleogoic bedded rocka during Late
Devonian and Early Mississippian time and tben covered
by shelf-facies clastic and carbonate rooks during
Mississippian to Triassic tima. Breakup of the
platform, &snd the beginnirg of drift, occurred about
120 m.y. B.P.

The geometry of tbe nascent rift divided the
continental margin eazst of long 160° W. iate twe
discrete structural sectora. Thisa division bas
largely contrelled the post-Triassio  geologle
development of the northern Alaskan oontinental
margin. In the western, or Barrow, 3eéator, whioh lies
wast of the Canning River, the edge of the rifted
margin is thought to underlie the slope or upper rise,
and a well-defined tesctonic hinge line (sheet )
underlies the middle and outer shelf. The bhinge line
is & flexure in the Arctic platform north of which the
platform was heated, uplifted, and deaply eroded
during the initial stages of rifting, and than cooled
and subsided as the seafloor sgpreadlog center moved
away from the margin. The eroded Arctio platform
steepens in slope at the hinge line and desosnds
northward through a transition zone to ogsanlc deptha

beneath the contipental rise. As most of the shelf in
the Barrow sector s underlain by the Arctic platform,
the 9sector 13 characteriged by relative tectonic
stability. During Cretaceous and Tertiary time,
olastio sedimentary materials derived from southerly
(Brooks Renge) socurces prograded across the platform
in the Barrow sector to form a thick and
stratigraphioally complex, bdbut in general little-
deformed, continental-terrace sedimentary prisa.
These sedimentary rocks are assigned to the Brookian
gequenae of Lerand (1973) as modified by Grantz and
others (1979).

In tha eastern, or Barcer Island, sector of the
continentsl margin, which 1lies east of the Canning
River, the edge of the rifted margin is thought to lie
beneath tha shelf, and the hinge 1ine lies shoreward
of our gelamic profiles, probably near the present
coastliine. The stable Arctic platform, which lies
gouth of the hinge line, 1is therefore believed to be
mostly absent baneath the shelf in this sector (Grantz
and others, 1979). The Brookian sedimentary wedge
beneath the shelf here is thicker than in the Barrow
seator, and is thought to contain thick sections of
Jurassic as well as Cretacepus and Tertiary strata.
The Brookian sequence here is also much more complax
strugturally and contains deep subbasims. A few loug,
large-aaplitude folds dominate the structure of the
inner Ahelf in the Barter Island sector, and numerous
amaller diapiric folds underlie the contineatal slope
and rige. The folds in the esasterm part of the sector
are ohale~cored structures of irregular shape and
northwest strilke. Those in the wWestern part are
detachment folds of more regular morphology and
Jouthwest strike.

The detachment folds of the eastern Beaufort
shelf w&ppear to be related spatially, and probably
genetically, to a broad zone of uplift and distributed
left-lateral displacement that follows the west face
of the northeast Brooks Hange (sheet 1). Bacausse part
of it follows the lower Canning River, the feature is
herg nanped the Canning displacemant zans. The
oxlstonce of a zone of "...either left- or right-
lateral movement,...® along the lower Canning River was
postulated by Blanton (1970, p. K-14) on tne basis of
regional struotural and stratigraphic trenda. We read
Blanton'a brief note, which was not accampanied by
maps, to guggest that che movement [followed a
subsurface dlsturbed zone that trended north from the
Canning River at about 69930' N. through the Marsh
antioline. From near 69°30' N. the subsurface
disturbed zone trands westerly and pasaas south of
Umiat.

Evidencea for the Canning displacement 2zone is
phystfographis, seismie, and structural, but the
struotural evidence is subtle, presumably because the
20na 18 {n an early stage of development.
Physiographioally, the zone is defined for mueh of its
length by the norihwest-facing, northeast-trending
west front of the northeast Brooks Range (sheet 1).
This front i3 at or near the west limit of major late
Quaternary upliCt in northeast Alaska {T. D. Hamilton,
written oommun., 1981). Seismically, tke 2cne is
merked by the west margin of a belt of teleseiamic
earthquake eploenters that trends southwest from
Cemdean Bay toward the junction of the Yukon and Tanana
Rivers (Meyera, 1976). Bpicenters of the mainly
smaller earthgquakes shown on sheet 7, most of which
were located by local and regional seilsmographic
networks, 8180 extend only as far west as the
displagement zone. Structursl evidence for the zone
i9 of three kinds. Pirst, Laramide structural trends
are rotated ocounterelockwiae in a broad zone across
the mountaln froot. The pgeometry of the rotation
guggests that the esastern Brooks Range moved about 25
to 50 km morthward along the displacement zone with
respect to the aseismic terrane to the west (Grantz
and others, 1979, p. 284). Second, late Paleozolc and
sarly Mesozole atrata are folded in the northeasc



Brooks Range, whereas the sasme peds are generally flat
beneath the lowlané to the west. Third, the
detachment folds and sssoclated earthquaye epicenters
of the Camden Bay area of the Beaufort shelf, and
apperently the Marah antieline of the Aprctic ooastal
plain near Camden Bay, terminate near the projeotion
of the displacement zone. Taken together, these
physiographic, seismie, and structural features
suggest tnat the Canning displacement zons is a young,
active, malnly strike-slip zobe of displacement along
which the northeaat Brooks Range 18 moving nerthward,
but also upward, with respect to the lowland to the
west. The detachment c¢haracter of the folds near
Camden Bay suggests two structural models for their
origin. The folds may be the structural front of an
active, low angle thrust fault system that dips
beneath the northeast Brooks Range and is bounded on
the west by thé Camning displacement zone.
Alternatively, the folds may be developed in one or
more gravity slides underlain by 14istric detachament
fanlts that rise to the surface bdatween the folds and
the front of the northeast Brooks Range. The gradient
for aliding could have been oreated by the observed
uplift and northward translation of thess wountains.
Nearshore and onshore seismic data will be required to
test these models.

DATIRG METHODS AND LATE QUATERNARY
STRATIGRAPHY

The favlts and monoclines mapped on Sheet |
displace ssiamic reflectors that correspond either Lo
bedading or to disconformities within approximately the
uppermost 300 m of sediment on the Alasksn Beaufort
shelf. The age ranges of young movemants assigned to
the faults and monoolines (sheets 1 and 3) are based
solely on & tantative interpretation of the ages of
the involved strata and contacts as observed on the
high-resolution selsmio-reflection proffles. From an
envirommental or engineering-~geologic standpoint, the

most important structures are thoss which are
presently, or were recently, aotive--that 18, those
faults that displace upper Plelstocene deposits,

Holooene deposits, or the seabed. Fortunately, these
deposits can be dated with relatively little ambiguity
from stratigraphio relatioms observed on the high-
resolution profiles, Aotivity along faults and
monoolines that displace older atrata s dated with
léss confldence, and the ages of movement reported for
these badz are probtably more useful in establishing a
relative, rather than an absolute, chronology of
faulting ang monoc¢linal folding on the Beaufort shelf.

Faults and monoclines reported Lo show evidenca
of Holoaene aoctivity offaset either the aeabed or
bedding snternal to a late Wiscomsin/Holocene stratum
called univ A by Dinter (1982). For emphasis, these
structural features are marked with a dall on sheet
1. Beoause much of unit A i3 probably older than the
Pleistocana-Holocene boundary arbitrarily defined at
roughly 10,000 years B.P. Dby Hopklns (1975), faults
and monoclines that displace unit A may be latest pre-
Holocens. As explained below, even the oldeSt beds at
the base of wunit A beneath the outer shelf postdate
the maximum development of the latest Wisconsin
glaciation, and none exceed 17,000 years in age. For
oconvenlance, bacause there 18 no preaently recognized
stratigraphic feature that defines the 10,000 year
isochron in unit A, we arbitrarily refer all features
wnich displace any part of unit A to the Rolowene even
though most parts of the unlt may be older than 10,000
years. In dolng so, we 40 not intend a revision of
the definition of the Pleistocene-flologene bpoundary at
10,000 yeara B.P. (Hopkins, 1975).

Unit A 19 a stratum that apparently represents
nearly oontinuous marive deposition during the early
phases of the rise in vea level following subaerial
exposure of the shelf during the [ipal Wisconsin
eustatic ses lavel minimum. The stratum is bounded st

its base by & disconformity and is underlain, in
places, by a thin nonmarine or shallow-marine stravum,
unit B of Dinter (1982). This unit is thought to
represent 3ubserial exposure of the shelf during the
late Wisconsin glaoclation, which culminated about
17,000 years ago when sea level was approximately 100
m lower than at present (Dillon and Oldele, 1978).
The age interpretation of these atrata is gorroborated
by the fact that the disconformity at the base of unit
A becomes indistinct and dies out seaward 4t a depthr
of 97 to 115 m below sea level, roughly the same depth
as the 1late Wisoonsin sea-level wminiwmum. The
uppermost  sadiweotary deposits seaward of cthe
termination of the disconformity show vague but
gontipucus bedding at least as deep ag 150 to 200 m
beneath the sea floor and probably rapresent
intermitient marine deposivion from at leasv middle
Wisconsin through early Holocene time.

Beneath much of tie middle and outer Beaufort
shelf, units A and B are undarlain by at least four
marine strata saparated by probinent disoonformities
and, in places, by thin layers similar in reflection
ocharacter to unit B, The penstraticn limit of the
Uniboom high-resolution systéem is such that no more
than four underlying marine layers can be interpreted
with oonfldence, and record quality is variable enough
that not all four layers are penetrated on every line,
nor can these layers be uniformly corrglated from line
to line, as is possible with unitvs A and B.

On the presumption that each worldwide high stand
of sea level would be accowpanied by the accumulation
of sediment on the outer Beaufory shelf, each
interpreted marine dtratum has been tentatively
correlated (sheet 3) with an odd-numberad oxygen-
igotope stage of Shackleton angd Opdyke (1973). These
authors  suggest thast the odd-numbered atages
correspond olosely to low ice volumes in the northern
hemisphere and relatively high stands of worldwida saa
level. Converssely, each disconformity or interprated
nonmarine or ahallow-marine stratum separating two
marine units on the Beaufort shel{ has been
tentatively ocorrelated with an even-numbered oxygen—
isotope satage. Even-numbered stage= are believed to
gorrespond to periods of high iee volume 1in Che
northern hemisphere and relatively low stands of
worldwide sea level during which erosion or ponmarine
and shallow-marine dgposition oight occur on
oonfinental shelves. The timing of activity derived
for each of the mapped structures is based entirely on
thesa provisional correlations and on the absolute
ages tentatively assigned to the oxygen~isotope 3tage
boundaries by Shackleton and Opdyke (1973). Wberever
a fault offsets the base of a stratum but not ivs taop,
or offsets the top less than the base, movement 18
inferred to have ocourred duripg the oxygen=-isotope
stage assigned to that atratum. The incremental and
cumuwlative offsets during each atage for each mapped
fault and monocline are presented in a oorrelation
chart (sbeet 3).

Only the oorrelations of units A and B with
isotope stages ) and 2 are striotly defensible. Tbe
older units have not been dated with certainty within
the study area. However, the tentative correlations
and age assignments are udeful (1) a3 a framework for
egtablishing a vrelative chronology of structural
activity within snd between shelf provinces and (2) in
providing a best estimate of the absolute ahronclogy
of deformation from tha available data.

LATE QUATERNARY STRUCTURES

Listric norwal faults and related strugtures
at the head of the continental slopa

Character

Northwest of Smith Bay, and betwesn the Colville
Delta and the Canadisn border, the upper continental



slope 19 undurlain by features interpreted to be large
slumps that moved Seaward on moderate- to 8hallow=-
dipping 8lip surfacss morphologleally resembling
1listric norwal faults (feature 45 on sheet 1; figs. 9
and 10 on sheet 2). Relatively steep bathymetric
gradienta suggest that 9lumping also shaped the upper
slope west of the Colville Delts. However, only one
of the few profiles that orogsas the upper slope in
that area 3hows & listric faulv and slump masses. The
length of the 1listri¢ fault and slump terrane,
measured parallel to the ylope, exceeds 380 km. Its
width, from head to toe, locally exceeds 35 kum.

The 8)ip surfsces st the base of the large slumps
dip between roughly 15° and 40° (oommonly 20°) seaward
near alide beadwalls, end flatten to between 1° and 6°
down slope, where they are planar and subparallel to
the 3eabsd. These structural dips are approximate,
having been measured from single-channel and
unmi grated mdtichannel seismiq profiles and corrected
only for apparent dip, Upper surfaces of the slump
masaes are hummooky on 8 large scale, with bathymetrie
ralief locally exceedlng 400 m. Slump-mass
thickneaseg are commonly 200 to 300 m and rarely
exceed 1,000 m (figs. 9 and 10, 3heet 2). Vertleal
displacements at »slide beadwalls, observed on low-
freguency selsmio proflles, range from 70 to 700 m
(average asbout 100 m) at the aeadbed or in the
uppermost sedimentary strata. In general, thicker
slump mas3es are structurally more coherent than
thinner ones and have greater bathymetric relief,
3teaper headwall alip surfaces, and larger
displacemanta at the hesdwall.

Pour near-surface struotures beneath the outer
shelf (features 4¥1-44 on shoets 1 and 3; figs. 6 and 7
on sheat 2) are ologsely related to the slump
terrans. Ona (feature U41) {3 a deep-reaching
monocline with no observable faulting at depth. The
others are 3 ponocline and t#o 39ynclines developed
over pull-apart zones at the heads of low-angle bloek
glidea., The block glides range from approximately 350
to 1,000 m in thiokness. Thelr bounding slip surfaces
are low-angle listric nommal faults, Down—-to-the—
basin displaceoentas as great a3 70 m in upper
Pleistooane sedinentary deposits and 30 m in Holocene
materials were measured bt these festuraes.

Age

Dating of the 1istric normal features is
uncertain. They sappear morphologlcally young on low-
frequengy sefsmi¢ refleotion profiles and offset beds
that are probably ocorrelative with sedimentary
daposits on the outer shelf inferred by Dinter (1982)
to be upper Pleistocene angd Holocene. The faults and
slumps are, therefore, presumed to6 be late Pleistooene
or Holeaense 1ib age. The relsted monoclines and
synalines that overlie {inoiplent listric faults and
bloock glidas on the outer shelf cut FRolocene
sedimentary materials and, at ore locality, the
seabed. Large-sople slumping has bpeen a persistent
process on the uppar continental slope, as indicated
by the many buried, insotive slump masses observed on
low-froqueney selamie records.

Faults that show late Quaternary and, in
partioular, Holoocene digplagement, and are still
subjeat to the tectonlo conditions that produced that
displacemant, are considered aotive (Slemmons and
MoKimney, 1977). By these criteria subsidiary faults
in the hesdwal)l region of the listric-normal-fault
province and most of the related structures are
potentially subjeot to rencwed motion.

Origin and relation Lo regional framework

The listric vormal faults and slumps and related
outer-ghalf struoctures represent tensional failure
under gravitational stre23es of the thick and probably
poorly oonsolidated wupper part of the outer-shelf

sedimentary prism toward the adjacent, relatively
steep, free face of the oontinental slope. The
listric normal faulte and related slides are largely
responzible for the struotural contrast bHetween the
orderly strata of the gontinental shelf and the
structurally and stratigraphically more ohaotio strata
of the contipentsl slope and uppar riss. The four
subsidlary struovures (features Wi-U4) are early
stages in the extension of tha slump tarrane of tpe
alope into the ocontinental shelf. All reprasent
failures toward ateepened slopes at the headwalls of
the main slide terrane. The dsep~resciing mopocline
(feature 41) 43 inferred to be an inolpient or
arrested listrio pormal faplt that may fail and formm a
large, deep slump. The other structures overlie the
listric heads of low-wigle norme)l faults that bound
deep block glides. Thea Dblocks have moved only a
relatively short distance, and the grabens behind them
are largely filled with sediment. Renewed
displacement that reaoctivarted tvhe deep-reaching
monocline or moved the glide bloecks onto the alope
could collapse these perts of the outer ghelf and
shift the shelf break seversl kiloweters shoreward of
1ts present pogition. Collapse could cocur auddenly
or by 8low creep, but in either c¢ase i3 Judged to be
an infrequent avent.

Normal faults and monoclines beneach
the ahelfl

Charaoter

Down-to~the-basin norma)l faults and wonoclines
underlie Lhe Beaufort shel{ between Camden and Prudhoe
Bays and from Harrison Bay to the west edge of the map
area (features 1} to 35 on sheets ) and 3; figs, 1, 3,
4, and 8 on sheet 2), Most of these struotures
consist of northerly dipping faults, many of them
growth faults, that pasa upward from badrook into
faults or @monoclines with the same sense of
stratigraphic displacewment 4in Quaternary deposits.
This morphology suggsats that monoolinal warping in
the Quaternary deposits may forashadow future normal-
fault Adisplacement. All but a few of vhe monoclines
can bs traced downward inte faulta in the saismic
proflles.

Dips of the normal (sults, roughly estimaved from
unmigrated multichannel selsmie profiles, oommonly
fall between 55° and 75°, averaging about 65° near the
surface; and between 40° and 65°, averaging sbout 55°
at depths of 1.5 to 2.4 wm boelow Che sea floor. These
estimates are oorreoted only for apparent dip. Owing
to the prevalling down-to-tha-basin gense of
displacement, moderate dip, and oommon structural
growth on the fauits, their movament is Llnfarred to be
dominantly or entirely dip slip.

The highest stratigrapnic level of faulting at
each structure mapped on sheet 1 {8 indioated on sheet
3. Observed stratigraph3 ¢ digplscements at the normal
faults and assoofated monoolings range from 2 to 3 w
at the seabed to wore than 118 m in beds of
Pleistocene age 150 m or more bengath the seabed. The
1imited penevration of the Uniboom profiling system
and a lack of means for dating the older Quaternary
section predlude the determination of  maximm
Pleistocene offset.

Age

Eight of the thirty-five struotures assigned to
the normal-fault province are oonaldered active
because thay offset Hologene deposits or the seabed
(sheet 2). Theve structures are marked with a dot on
sheet 1. Another 18 struoctures are oonsidered
poasibly active because they offset strata tentatively
dated as latvest Plelastocene. The remalaing structures
displace only atrata thought to bs older than latest
Pleistocene and are therefore presumed young, but



inactive.

We are moat confident of the age of offset oan
struotural features in the eastern and central parts
of the Alaskan Besufort shelf whera the late
Quaternary daposits are best known. The diasplacement
bistory of these featurea 1s abhown by beavy vertical
lined on sheet 3. Beoavse & numdber of tbe near-
surface normal faults can be traced down dip into
larga bedrock growth faults, the growth process must
be stil) active on the Beaufort shelf. Exeept near
Camden Bay, no earthqumkes have been reocorded from the
normal-fault province on the Canadian or northeast
Alaska selasmograph networka. EBither the young faulte
of thé province are aseismio or Gheir recurrence
intervals are too long, or these tenslonal features
produce eoarthguakes too small to be detected by the
seilamographio networks.

Origin and relation to reglional framework

Down-to-the=baain norma)l faults and reslated
monoolines of the Alaskan Beaufort sbelf are
extensional faflures in Brooklan sedimentary rocks.
They are found near and seaward of the tectonic hinge
line iIn the Arotic platform of the Beaufort shelf
(ahest 1). The 3teepened slope of the platform and
the thickened sedi{mentary wedge that overlies it
seaward of the hings lime have apparently locoalized
the faults. The dips of the largest and deepesti-~
reaghing faults are observed on low-frequency seiamtc
profiles to flatten as they descend from shallow
depths in the vicinity of the hinge line to merge with
the seaward-sloping surface of the eroded Arctic
platform to the north.

Faulting was presumably favored by the weight of
the thiokenad Brookimn seotion, the steepened alope of
the base of the Brookian sedimentary prism seaward of
the tectonic hinge line, and by the proximity of the
relatively steep free face of the continental slope.
In the gage of the growth faults, differsntislly
greater sedimentary loading of the hangipg wall by
deposition after displacement events provided an
additional driving mechanism.

The apparent absence of young normal faults on
the shelf Dbetween the Colville and Canning Rivers
(sheet 1) may bs due to the faot that the tectonie
hinge line there is olose to the shelf break. The
thickened sedimentary prism that is found seaward of
the hinge line, and in which normal faults are well
developed to the east and west, is thus narrow or
absent in this area. Seaward of the shelf break, any
young normal faults that may be prasent are obscured
on the seismic records by slumps and other atructuras
of the listric-nomal-fault terrane. The pauoity of
mapped young normal faults wagt of Barrow Saea Vallsey,
whera the hinge lipe lies sbout 50 lm sBouth of the
shelf break, i3 probably due to the wide gpacing of
profiles in that area.

A cluster of young faults and monoclines pear
Camden Bay (features 20=35, sheet 1) marks the east
termimation of the normel-fault province. The
termination 1s abrupt and lies at the transltion zone
between the tectonically stable Barrow seotor of the
continental margin to the weat and the folded Berter
Island seotor to the east. It elso lies along tha
projection of the Canning River shear =zone. The
transition 2zone is characterjzed by a sbharp westward
decrease 1n zmplitude of Neogene folds, a swing in
strike of Neogene and Quaternary (ocld axes from
southwest to west, and a wedtward decrease in the
density and magnitude of earthquakes (sheet 1).
Although both the north and south 1imbs of the short
vest-trending west ends of the broad Neogene and
Quaternary f(olds are cut by ths young Teults and
monoclines of the transition zona, the dip of these
faults and monocolines, where determinable, s
consistently northeast. FPor this reason, it is
believed Uhat the faults and folds had different

origins,

The relative abundance of young faulta in the
transition 2zone m@ay be due to reactivaviom of
preexdsting favita in this area. Such faults would
have formed originally in a setting similer to that of
the normal faults which presently 1ié nsar and north
of the tectonic hinge 1ine in the Barrow sector.
Renewed movement along these preexisting faulta in the
transition zone might have garisemn frowm tbs stresses
that produced the Neogene detachment folds in the
adjacent west part of the Barter lsland seotor. If
the strike of the young faults in the transition zone
i3  corractly intarpreted, renswad displacenent
initiated by suwoh stresses would be pormal and(or)
strike slip, depending on tba praclse orientation of
the atresses involved.

The normal faults and mowmoclines west of the
transition zone (features 1-19) are thought to be
aimple gravity fallures, where the hanging wall amoves
and the footwall is stabla, The oharacter of vthe
normal faults of the transition zone (features 20-25)
i8 less clear. Thelr structurzl setuing suggesta that
they could also be gravity faults, but 2s noted above
they may have been reaotivated by compressive atresses
related to Neogene and Quaternary folding, Thus, at
least their young bilstory may have involved aatual as
well as relativa motion of the footwalls, and they may
not be simple gravity faults.

Structural features near Camden Bay

The inner shelf off Camden Bay and Barver 1sland
1a wpusual 4p that it is saismically aotive (sheet 1)
even though 1t s part of a passive oontinentel
margin. Rgcorded earthquakes range 1in magritude
from 3 to 5.3 and oocur in greatest concantration in
the area of broad late Quaternary folds that overlie
the Neogene detachment folds near Camden Bay, in the
western part of the Barter Island tectonle saator.
The Neogene detachment folds underlie the inner and
middle sbelr and verminate on the west near the
Barrow-Barter Island seotor boundary. A horst-like
ridge {(feature 38-39), a monocline {feature Y40), and
two normal faults (features 36 and 37), all showing
avidence of late Quaternary aotivity, were found
witbin tbe area of the brosd late Quaternary folds.

Folds

Late Quaternary deformation has odcurred along
mapy of tbe large Neogene folds of the Barter Island
tectonio 3eotor but hes bean strongest near Camden
Bay, whers anomalously thin Holocéne deposics
delinesate a brogd, low-amplitude late® Quaternary
structural high about 30 ¥m wide and at least 60 km
long. The northeast=trending structural high
ocomprises three broad folds eoxpressed in Ilate
Quaternary sgedlmentary deposits. Flank dips on Lhesa
folds do not excaed 0.5° to 1.5°.  Their axes are
roughly ocoinoident with northeast-gtriking detaahment
folds of muoh higher amplituwde developed in the
underlying Neogene sedimentary rocks (sheet 1).

Bast of the late Quaternacy folds, recorded
earthquakes are sparse and evidence of late Quatarnary
daformation 13 more subtle. In places, however,
folding possibly has extended 1into late Quateraary
time, The axis of one of the northwest-striking
shale~aored Neogene anticlines 6ast of Barter 1sland
i3 marked by z slight elevation of the sea floor, and
a large Neogena 3yncline in the area is overlaln by
slightly thickened late Quaternary sediment and by a
3light depression of the sea floor.

The pattern of late Quaternary aotivity along
structures that orlginally developed in Reogene Linme
may extend on shore, Marsh antic¢line, for instance, a
60-~tar-iong southwest-striking Neogene detachmenc(?)
fold lying a few kKilameters south of Camden Bay, must
have been active during late Quaternary time, Dips in



Plioceng atrata near the axia of the fold reach 60°
and Pleistoocsns beds on 1ts {lanks dip as much as 1
(Morris, 1954; Relser gnd othera, 1971), D. M.
Hopkins (oral ocommun., 1980) reparts that probable
outwash gravels exposed on the north flank of Marsh
anticline 1n Carter Creek ar¢ underlain by marine
clays containing fosallsy probvably restrigted to middle
Pleistocene and younger deposits. The extensive
outwash gravels expoded on the flanks of the structure
are thus also probably of aiddle Pleistoocens or
younger &ge, snd the time of their deformarlon younger
still, The extent of folding on the antieline salnce
deposition of the gravels can be estimated by making
the assumption that the surface upon whioch the gravels
were doposited had relatively low relief. The present
structural relief of the basal surface, then, provides
an estimate of growth on the fold since deposition of
the gravels. Mapping by Morris (1954) indicates that
struetural prelief on the base of the Pleistocene
gravels presently exceeds 50 m on the south flank and
100 m on the north flank of Marsh anticline.

Geomorphic features along the plunging northeast
end of the anticline may 8lso landicate late Quaternary
folding. Carter Creek and Marsh Creek oross the fold
axis in vslleys that are onarrower and deeper than
thelr headwaters. They may thus be antecedsnt streams
that maintained their course through an area of sctive
uplift. In additior, severgl amall stresms curve
around the northeast-plunging nose of the fold. Some
of these stremms lie in shallow valleys in aress of
low topographic gradient, and thelr ourvature may
partly result from late Quaternary tilting.

Faults and monoclines

Only a few faults and wmounoclines are assvolated
with the anallow earthguakes and broad late Quaternary
folds nesr Camden Bay (featurez 36-40, sheets 1-3; see
also figs 2 and 5, sheat 2). Faults and monoclines
are also gperse or absent on the shelf east of Camden
Bay, even though Holocene folding and several recent
earthquakes have occurred there.

In contrast to the norgal faults of the Barrow
sector and the 1listrio oormal faults of the
continental Sslope, whioh dip uniformly 3sesward, some
of the young faults in the zone of seismiolty near
Camden Bay dip southward (features 38-40, sheets 1-
3). The faults in this 2zone also dip relatively
steeply, sbout 60° to 90°, whereas the normal faults
elsewhere dip at averags angles of 55° o 65°.
Maximup stratigraphic displacement obsarved on faults
and monoolines of the seismogenic province is 7 m at
the weabed and 21 m in the upper Pleistocene section
(sheet 3).

Two normal faults (festures 36 and 37) in the
selsmogenio provinoce formed 1n response to extension
near the axs of a large Neogene to late Quaternary
detachmant anticline. In oontrast, what appears to be
a shallow fault-bleek (feuture 38-39) way have
resulted from oompression. This small, surficial,
horst-1ike struoture has bathymetria expression and
occupies a atructurally low position on the flank of a
large Neogene and Quaternary fold (sheet 1).

If we assume that Ats bounding faults are
parallel or subparallel, the horst-like 3structure
forms & low ridge 300 m or less in width that has been
upiifted a3 much a3 7 m above the adjscent ueabed
along steeply dipping faults. The hedghts of the
bounding gocarps are wequal, and the ridgetop between
them slopes & little more steaply than the aurrounding
seabed. The sea bed north of the structure lica about
5 m higher than the geabsd to the south. The deepest
reflector, inferred to be upper Pleistocene, that can
be seen on our Unibowm profiles to be diaplaced st the
bounding faults is offset 13 w.

The high-resolution reoord 18 of {nmsufficient
quality to determine precisely the nature of the
faults that bound ¢the horat-1ike strugture, but

offsats of Quatgrnary dtrata suggeat that they may be
a bhigh-angle reverse rault/pormal [ault palir. In
contragst to the normal faults to the west, whiah
olearly continue downward into deep beédrock faulcs,
the faults Dbounding the bhorst-llke S3tructure are
obsguré on the «coincident multichannel profile.
Possibly the horat-like structure 1s 8 near-surface
failure formed 1n response Lo oocapression in a
synclinal region of the underlying large Neogene to
late Quaternary folda,

Age

The concentrgtion of shallow earthquakes near
Camden Bay demonatrstes that the area 18 tectonically
aotive. Furthermore, four of the five faults and
ponoolines within the seismic provines are considered
aotive because they offset the asabed, and the
remaining one may be active because it offsers upper
Pleistocene deposits (sheet 13). Recent tectonia
activity on the shell east of Camden Bay is indicated
by broad, low-amplitude folds that involve Late
Quaternary sedimentary deposits, and by a few shallow
earthquakes (sheet 1).

Origin and relgtion to reglousl) framework

The cluster of young faulta, momoclines, broad
folds, and earthquakes near Camden Bay overlies the
detachment folds {n the western part of the Barter
Jsland tectonle secvor. The spatiol association of
these features 8suggests a continustion of Neogene
teotonism into Holoocene and modern time. Late
Quaternary warping roughly coincident and congruent
with one of the shale-cored antialines and an adjacant
synoline of the area east of Barter Island suggests
that aome tectonic aotivity may have exteénded eaat to
the Canadian border. Bowever, the &basnce of observed
Quaternary faults and wmonoclines fn this area, Gthe
swal) amplitude of the late Quatarpary warps there as
sompared to those near Camden Bay, end the scarcity of
eartnquakes indiocate that the area 13 less active than
18 the zone of selsmicity near Camden Bay. Perhaps
the activity in the eastern part of the Barter Island
sector represents8 8 late phase of the diapiric
deformation that produced the large, probably shale~
cored anticlines and [rlanking 9gynalines of the
Begufort shelf ¢ast of Barter Islend (sheet 1). A
selsmogenic zone that Includes the aotive area near
Cemden Bay and extends eastward to oonnect with the
Richardson-Mackenzie Mountains gaismogenic belt of
northwesat Canada has been delineated by Thenhaus and
othars (1979).

Sheet 1 showa thea relation batwaen the Neogene
and late Quaternary folds, the geismie and aseismic
areas of nporthern Alaska (inoluding the =active
seismogenic zone nesar Camden Bay), end the Canning
left-lateral strike-slip displacement wone. Strong
Holooene tectoniem and selsmicity may ocour off Camden
Bay because the area is the structural front of the
belt of late Cenogole compraessional €olds that lias
east of the displscement zone. A9 discussed above,
uplirt and northward movement of the northeast Brooks
Range along the displacement zone may have prodused
the detachment (olda in the Brookian 3trata of the
qoaste) plain and shelf by thruscting or gravity
sliding. Their geometry implies that the displacement
zone and the detachment folds wera structurally linked
and 8gtructural 1inkage =and synohroneity are also
suggasted by Tthe reglonal distribution of =arthquake
aploenters. These are clustered In the northeast
Brooks Range and the continental shelf &s far north as
the northern atruotures of the fold beit but are
sparse or absent from the shelf to the north and the
lowland and continental shelf to the waest. The faot
that the displacement zone projeots into the area of[
Camden Bay whare both the Neogena folds and the
selsmogenic zone terminate on the west 3lso suggests
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aynchroneity. However, outerop dsta for the age of
the displacement zone have uot been reported from
onshore northern Alaska. If the diaplacement Zzone 13
indeed active and linked geaometrically to the fold
belt, 1t may be oapable of generating earthquakes
comparable in magnitude to the M x 5,3 avent that
occurred in the fold belt off Barter Island in 1968.

ENVIRONMENTAL CGEOLOGIC SIGNIFICANCE

The aotive geclogic struostures of the Alaskan
Beaufort shelf have the potential for surface
movewents that could disrupt petroleum production
facilities and pipelines that may, in the future, be
installed there. Because the line apaocing of the data
anelyzed in the present report are such that many
individual gecologic structures were probably missed,
detailed high-raesolution Burveys of possible
construction sites on the shelf are desirzble. The
arcas of greatest potentlal hazard are those where
fanlting or folding has displaoed upper Quaternary
sedimentary deposita or the sea floor. These areas
include (1) the zone of large late Pleistocene and
folocene slumps and related listric normal faulta on
the upper slope and outer shelf, (2) the zone of
ahallow earthquakes and Rolocene deformation near
Camden Bay, and (3) the province of normal faults that
offsel late Pleistocena bdeds, Holocene beds, or the
seabed west from Camden Bay. The absence of reoorded
earthquakea near the listric and normal faults i3 not
evidence that these features are quiescent. Areas of

. ths Beaufort s2helf underlaln by thick, fire-grained

unoonsolidated late Pleistocene and Holocene
gedimentary depovits (Dinter, 1982) that are within or
near teotonically aotive areas are algo hazardous
because fault movements or earthquakes might trigger
failures in these weak sedimentary mataerialsa.
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