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ABSTRACT

Di stinctive Hol ocene tran.sgressive sand and post-transgressive mud with
ndant physical and biol ogical structures occur on the shallow (<60 m shelf
he northern Bering Sea. Thin gravel lag layers, formal during the Holcene
eliue transgression, veneer exposed glacial noraines. Epifauna douwinate
e relict gravel areas and cause little disruption of physical structures.
relict submerged beach ridges contain faint rippling that probably is caused
odern current reworking. lell-sorted medium sand on exposed shoal crests is
rked by the sand dollar and tellinid clan conmmuniti es. Buried thin layers of
sgressive beach sand and gravel 'Yetain rare original mnedium-scale cross~
nation and flat lanination that have been intensively bioturbated. A thin
r of an offshore fine~grained sand facies that was deposited by the Holocene
sgrassion rewains unburied by modern .aud in central Chirikov Basin. Primarily
use of ampeliscid anphi pod bioturbation, this facies has no physical
ctures.

Post-transgressive silty mud from the Yukon River blankets the shallow
m) areas of Norton Sound. In places the silty mud cent.ins thin bheds of
1s and pebbles, and thin sand interbeds and | enses that exhibit ripples and
| -scale flat and cross-lamnation. These coarse-grained i nterbeds are inter-
ed to be storm layers fornmed by nobdern storm waves and storm surge currents.
ical sedinmentary structures are well preserved only near the delta fringe;
27 the frequency of physical reworking is highest, the potential for
arvation bya high rate of deposition is greatest, and the inhibition of
wbation by low salinity is most severe.. At greater
wnces trom shore, infaunal deposit-feeding bivalves, polychaete wornms, and
L amphipods cause progressively greater disruption of bedforms in prodelta

Almost all modern physical structures have been destroyed at water depths
;er than 25 ms As a result the following sequence of storm deposits is
icteristic of profiles extending away from the delta: thick (>5 cnm) storm

layers, thin storm sand |ayers, isolated and bioturbated sand | enses, faint
nbated shell and pebbl e beds.




| NTRODUCTI ON
Pur pose
The northern Bering Sea region from St. Lawence Island to Bering Strait

1) has continually strong bottom currents, an extrenely rich benthic fauna,

wi de variety of sediment substrates. These factors, coupled with shallow
mtinental shelf depths that are affected by wave and tidal current activity,
ce a Wide variety of physical and biological sedinmentary structures. Qur
)se IS to map the distribution of these structures and to correlate the dis-
ition patterns with the controlling physical and biological factors. Such
rses provide a model of factors controlling devel opment of physical and bio-
:al structures on continental shelves in general and assist in specific
>environmental reconstruction of ancient epicontinental shelf deposits.

Cceanographic Setting
Three water nasses have been defined on the northern Bering shelf: Al askan
tal Water, Bering Shelf Water, and Anadyr Water (Fig. 2, Coachman et al.,
). Algskan Coastal Water, generated primarily from the Yukon and Kuskokwim
rs ané other runoff (Fig. 2; Saur et al., 1954), has pronounced seasonal
nity changes. This is particularly true in southern Norton Sound, where
t changes in discharge fromthe Yukon River occur from sumer to wnter.
re June, salinities are close to 30 0/00 throughout southern Norton Sound.
ng the sumer and early fall salinities below 20 0/00 are comon (Fig. 2;
man et al., 1941; Sharma et al., 1974).

Typically, current speeds in the offshore part (>30 km from shore) of the
kan Coastal Water are !0 cnis near the bottom and 20 cm's near the surface,
currents trend northward except for the counterclockw se gyre into Norton
d (Fig. 3). Nearshore surface and bottom water travels generally northward

i1lel to the Al askan coast at typical speeds of 30-40 cm's (Coachnman and




gard, 1966; Flemi ng and Heggarty, 1966; Husby, 1969; 1971; McManus and Smyth,
70; Coachman et al., 1976).

The maxi mum current speeds are found where the Al askan coast protrudes
stward and constricts water flow. At the smmllest constriction, Bering Strait,
ttom speeds reach 180 cm's in water depths of 55 m (Flenmi ng and Heggarty, 1966;
3. )« Currents in the other two water nmmsses are generally slower, reaching a
¢imum of 50 cm/s in eastern Anadyr Strait and mininuns of 5-15 cms in central
trikov Basin (Flem ng and Heggarty, 1966; Husby, 1971; McManus and
rers, 1977).

Changes in atnospheric pressure and wind velocity during storns can cause
r current speed to fluctuate by as nuch as 100 percent over periods of a day or
‘¢ (Coachman and Tripp, 1970) and can produce storm surges causing sea |evel

up of 4 malong the southern coast of Seward Peninsul a (Fathauer, 1975).
Cal cul ations based on linear wave theory suggest that the waves hindcasted

normal wind conditions can affect the bottom to water depths of 20 m (McManus

al., 1977). \Wave reworking of bottom sedinments nay extend considerably deeper
ing intense stornms. For exanple, the storm of XNoveuber, 1974 generated waves
m high and may have produced water notion capable of affecting the bottom at
ths exceeding any found in the northern Bering Sea (A Sallenger, oral
nun., 1977).
Geol ogi ¢ Setting

The entire northern Bering Sea floor is less than 60 m deep and generally
;s but. it has distinctive topographic features in several locations (Fig. 1;
iins et al ., 1976). The eastern margins of both Bering and Anadyr Straits ex-
.t relatively steep scarps. Southeast of Bering Strait and in central Shpan-
; Strait, a series of linecar ridges and depressions are found. Large linear

11s al so occur off the northwestern and northeastern flanks of St. Law ence

nd. The shall owest area in northern Bering Sea is off the nodern Yukon sub-

a in southern Norton Sound.




The northern Bering epicontinental shelf is a nosaic of nodern and relict
ace sedinents. The relict sedinments fornmed in shall ow water, at the strand,
n subaerial environments at times when sea |level was |ower than at present
.« 4}. During these times continental glaciers pushed debris toward the center
‘hirikov Basin, and valley gl aciers deposited sedi ment several Kkilometers
md the present shoreline of Seward Peninsula (Nelson and Hopkins, 1872).
‘eline regressions and transgressions, nost recently during the rise of sea
:1 since 18,000 BP, reworked the glacial noraines, leaving a lag gravel on the
floor north and west of St. Lawence |sland and along the southern side of
trd Peninsula. Transgression of the shoreline across the Bering shelf blan-
:d the remai nder of the Chirikov Basin with a relatively coarse-grained basa
:r ranging from nedi umgrained sand to gravel with an overlying thin layer of
»-sand. Except in central Chirikov Basin, the transgressive deposits are only
w tens of centimeters thick and overlie Pleistocene glacial debris, alluvium
freshwater nmud and peat dated at 10,500 BP or ol der (Nelson and Hopkins,

2; Nelson and Creager, 1977).

Holocene sandy silt, mainly originating from the Yukon River (called Yukon
hereafter in the paper), has been deposited in Norton Sound. This sedinent
1s deposits tens of centimeters thick in parts of central Norton Sound and de-
its several neters thick off the present subdelta and around the margins of
ton Sound (Nelson and Creager, 1977). Currents apparently Lave inhibited de-
ition of Hol ocene Yukon sand and silt over the older relict transgressive sand

gravel found in Chirikov Basin (McManus et al., 1974).
Bi ol ogi cal Setting

The continental shelf of the northern Bering Sea is an area of rich macro~
thic standi ng stock (Reyman, 1961, Filatova and Barsanova, 1964; Kuznetzov,

4; Rowl and, 1972; Stoker, 1973), though it has a relatively low diversity in

ms of mmj or species (Stoker, 1973). Wile major faunal communities are as yet




letely defined, affinities of species for sedinment types have been defined
elled forms (Row and, 1973) and work is in progress to delineate overall
ation patterns (Stoker, unpub. ). The primary bLenthic ecosystemis based
on a detrital food web (Kuznetzov, 1964), though other feeding types exist
S the sessile seston feeders of the Bering Strait.
A najor problemin describing either trophic structure or distribution of
ring Sea benthos is the extreme patchiness of the popul ations (Stoker,

The reasons for such patchiness are inconpletely understocd but result
conbi nati on of variable habitats and biological interactions (Stoker,
and unpubd. ).
The major forms in the benthic macrofauna are bival ve nol | usks, eophiuroid
hi noi d echi noderms, ampeliscid anphi pods, and polychaete worms; ot her
such as tunicates, holothurians, sipunc+lids, and gastropod, may be
y dominant (Neyman, 1961, Rowl and, 1973; Stoker, 1973 and unpub. ). Infer-
on the bioturbating capabilities and substrate preference of sone taxa can
wn from general accounts of functional morphology (Stanley, 1970), distri-
al studies in other areas (Ockelmann, 1958) and recent Al askan studies

1).

Met hods of Study

ne hundred twenty box cores were obtained fromthe northern Bering Sea
at water depths greater than 10 m(Fig. 5). The cores were sectioned to
| abs, photographed, and x-rayed; the texture, stratigraphy, and structures
hen described (Fig. 5). Identification of fauna was based primarily on
ens fromthe greater-than-2-pm sedinent fraction of 25 kg Van Veen grab
s (Nel son and Hopkins, 1972; Row and, 1973; Stoker, 1973). Photos of |ive
dbserved in box cores at the tine of collection also were available. These
are conpiled to estimate distribution and abundance of types of structures

athic fauna from the region.




PHYSI CAL SEDI MENTARY STRUCTURES
External Form

ebble Lag Layers consist predomnantly of clasts from4 to 64 nm in dianeter

6A and B) with [ittle matrix, although large boul ders have been reported by
s In |ag areas off Nome (G E. Geene, oral commun., 1967). General ly, th

a2 |ags occur at the sediment-water interface in layers 5 to 15 cm thick’

6A)* However, a well-sorted “pea gravel” interpret: 17 be on an ancient
strandline at -30 m'in Anadyr Strait is nore than 32 cm thick (Fig. 5B).
surficial pebble lags generally overlie glacial till but locally cover b
»utcrops i n topographically el evated regi ons (Nelson and Hopkins, 1972)

1, 4, 5, 7).

Shell Lag Layers in the subsurface, several centinmeters thick, and.cocposed

:1y of shell debris, were encountered in transgressive sands at several
.ons off north-central St. Lawence Island (Fig. 6). They also were found
| -sorted, medium-grained sands on shoal crests of Shpanberg Strait and
rast Bering Strait (Fig. 6D). ¢lam shells predomnate in |layers off St.

wwe Island, while sand dollar fragnments nake up |ayers of the shoal crests.
+ region southeast of Bering Strait, basal coarse-grained, pebbly sands com~
have a high content of shell fragnents, but ‘pot enough to be classed as

| ayers.

Lag Layers of M xed Pebbles and Shells are.w despread %a the upper sub=-

e, particularly in the nud of the shallow northern and eastern parts of
v Sound (Figs. 5, 6G). However, a few such layers occur in subsurface basal
sand and gravel at water depths of 40 m or greater in the strait areas
4, 5, 6H and 7). In both cases, shell and pebble concentrations range
isti--t layers a few centineters thick, conposed entirely of pebbles and

(Fig. 6C, to diffuse zones 5-10 cm thick containing a matrix of sand and

Fig. 6H).




Solitary Rafted Pebbles are ubiquitous in all water depths, bathynetric

ttings, and sedinment types (Figs. 4, 7). They are nost common in sedi nent sur-
inding gravel deposits (Fig. 4), although solitary cobbles up to 20 cmin dia-
ter were encountered in Yukon nud far from gravel sources (Fig. 6J).

Storm Sand Layers are nmost common in silty nuds of the shallow parts of

1ithern Norton Sound (Figs. 4, 5, 6E, F, G, but a fewthin (<l cm coarse- and
jium-grained sand storm layers are found in fine sand on deeper scarps (>40 nj
itheast of Bering Strait (Figs. 4, 5 61, and 7). The sand layers in Norton
»ically are 1-2 cm thick except close to shore where they are thicker

tgss 6E~G). In the shallowest sanpling sites near the main distributaries of
> present Yukon subdelta, surface sand layers from4 to 12 cmthick have been
cected in areas where nud was sanpled in previous years.

In addition to the changes in distribution areally at the surface, the
imndance of sand layers varies with depth in the subsurface. For exanple, off
iart | sland approximately 20 sand |ayers occur in the uppernost 12 cm of the
e, and none are found in the 12 cmof the core beneath (Fig. 6F). In a long
32 cm) core of Yukon sedinent from southeastern Norton Sound, four sand layers
e found from Oto 15 cm two from 15 to 60 cm and two from 60 ‘o 132 cm

Internal Structures

Flat Lanmination is the nmost common and widely distributed internal structure

all sedinment types, water depths, and topographic settings (Figs. 5 7). It
observed nost often in sand |ayers of Norton Sound, where the lanination is

wt 1 mm thick and is defined by ‘minor variations in grain size (Fig. 6F and
Lami nation is least common in gravels, where layers are about 1 cmthick

.8+ 6B). The best exanples of flat lamination are found in pre-Hologcene depo-

s of limnetic nmud (Fig. 8A). Although the whiteness of sone lami#§l ghggests

canic ash or diatom varves, no glass shards or microfossils were found under

: microscope.




Cross Lamination like flat [amination, is widely distributed and is best

loped in the sand |ayers of Norton Sound. Characteristically the sets of
3~laminae are of small scale and are inclined at | ow angles (Figs. 4, 6F and
Crossbedding in gravel is rare, but when observed is larger in scale and

ar in di p angle than finer=-grained sedi ment (Figs. 6B and 8A).

Ripples are very common at the tops of sand layers of Norton Sound and in
at the margin of Chirikov Basin (Figs. 5 and 7). The ripples are generally
netric and small scale (6-8 cm wavel ength, 5-1.5 cm wave height) and are
rpreted to be current ripples and conbined flow ripples coomonly found in
or silt (Harms and others, 1975) Figs. 6F and G. \Were sand |ayers are
c, ripple forms appear to be nearly continuous (Figs. 6F and G), unless bio=-
ited, in which case the ripples are disrupted, producing sand |enses
» 6E).

M scel | aneous Structures
tural load and slump structures are Observed In lawinaied Fleisiocene lake
sits in a large depression off St. Lawence Island (Fig. 8F). Oher load-
features are present near the tops of sonme box cores, but they are suspected
2 coring artifacts (Fig. 6F). Extrenely disturbed sediment in a box core

the shallow area near the Yukon subdelta is the only apparent exanple of
rtures related to ice gouging (Fig. 8E). A paradox is that new st udi.es show
souging to be ubiquitous at depths less than 20 w over the northern Bering
floor (Thor et al., 1978), but it rarely produces noticeable effects in box

(Fig. 9). Large-scale bedforms such as sand waves have a wide distribution

[77)

t opography and bathymetry constrict bottom currents (Figs. 1, 3and 9)

w

lan, 1962; Gim and McManus, 1970). Characterization of these large bedforms

ice gouge effects must await detailed investigation with sidescan sonar.




BIOTURBATION
CGener al

Once the primary physical structures associated with erosion and deposition
e devel oped, secondary processes such as slunping, |oading, and bieturbation
;in. In this generally flat epicontinental shelf region, biogenic Structures
1ally predomi nate over other secondary structures in the upper 30 cm of the
liment.

The size of the area and the patchiness of the benthos (Stoker, 1973) make
i mpossible to map benthic faunal distribution in detail or to correlate all
ves Oof structures with the organisnms. \Were single or very linmted types of
sturbation characterize certain broad areas of sea floor, conplete biologic
ictures can be traced to specific species. In other areas sone species, for
ample, sand dollars are restricted to certain habitats (Table 1, Figs. 61,8C, 9
110 and can be docunented to disturb shallow sands (Fig. 13A), but no dis-
act structures can be identified. Conmonly only parts of burrows are observed
box cores, and the burrow may not be assignable to a single species (Figs. 13
d 14Y; this is particularly true for the numerous species of burrowing claums.
rtunately, distribution for each major group of bioturbating organi snms (sur-
ze, shallow, internmediate, and deep can be outlined by analysis of screened
gafauna from grab sanples (Row and, 1973; Stoker, 1973) (Figs. 10, 11).

Surface Disturbers

Several species of small organisns disturb the sediment surface over large
eas of the Bering Sea floor (Fig. 10, 12). Brittle stars are one of the domin-
t organisms in eastern Bering Sea (Neyman, 1961), but they are nbst common in
ddy areas closer to land and least common in central Chirikov Basin (in Fig. 10
te the absence of brittle stars at the predom nant sandy 30-40 m depth of off=-
ore Chirikov Basin). Distinctive surface tracks of brittle stars can be

entified on the top surface of box-cores, but burrows (lertweck, 1972) are not




ldent even where massive popul ati ons cover the bottom (Fig. 12),
The carnivorous gastropods occasionally |eave surface trails also but may
'row to shallow depths after prey; they are w despread, being rare only in the

t1low region around the Yukon subdelta (see Tachyrhynchus Fig. 10). Crabs and

v urchins typically are found on gravel substrates and both may excavate slight
iressions, however, they are fewer in number than the other surface disturbers
g« 10). Crabs are conmon also in sandy areas except for central Chirikov
tin.
In response to the benthic food resources, |arge popul ations of walrus,
rded seal, and gray whale inhabit the northern Bering Sea on at |east a
sonal basis and are likely to be responsible for considerable reworking of the
llowsedi nents over mnuch of the northern Bering shelf. Gay whales are known
di sturb bottom sedinment to a depth of several centineters to feed mainly on
hipods (Tomilin, 1957). The distribution of ithe large awphiipodpupulaticus
«11) and the pathways of whale mgration (Nasu, 1974) suggest that gray
les may cause surface disturbance of the Chirikov Basin area. Walrus and
rded seals also may disturb the sediment surface as they feed upon |arge bi-
ves and ot her infauna (Fay and Stoker, unpub. data).
Shal | ow Burrowers
The nost wi despread shallow burrowers (O-5 cmdepth) aresmall, bright-

ored amphipods possibly of the genus Protoncdeia, Melita, or Hippomedon

g. 11). These taxa are nobst abundant off southeastern St. Lawrence |sland and
the western and northern areas of Norton Sound, where they inhabit patches of
on-derived sedinment. One or nmore of these species probably is the builder of
haped burrows about 5 mmin dianeter (Fig. 11C, and D). Conpletely preserved
rows are distinctive, but fragments are not separable from burrows made by
ychaete wornms such as Nephthys (Fig. 13D). In general, we believe nost incom-
te burrows were constructed by the nore abundant amphipods (Figs. 10 and 11).

Several species of shallow burrowing gastropod (Table. 1) wWith no posi-

N




11y identified burrowing structures are present throughout northern Bering Sea
pt off the Yukon delta (Figs. 10 and 13). Tubes of the polychaecte Pec-
iria al so are widespread (Fig. 10) (Stoker, 1973}, and these organisms are

m to devel op shal | ow burrows (Hertweck, 1972), but no identification can be
»in Bering Sea sedinent . Numer ous bival ves, such as _Yoldia, Macoma, Nucu-__

t, Tellina, and Nucula (Row and, 1973; Stoker, 1973) are undoubtedly responsi-

for w despread shallow disturbance (Figs. 20 and 1A), but they also have pro-

:d no distinctive burrows.
I nternediate Burrowers

I ntense bioturbation from the sedinment surface to 10 cm depth can be defined
rentral Chirikov Basin and southwest and southeast of St. Lawence Island. In
;e areas, abundant popul ati ons of large tube-building ampeliscid anphi pods
v in fine-grained sand (Figs. 20, 22B, 14A and B; Table 1). In mcst other
s, except central and southern Norton Sound, |-nmdianeter burrows of small
chaete WOrns are conmon to abundant. These structures are particularly com~
in the silty nmud on the northern and eastern margins of Norton Sound

is. 11, 6G 14C and D). Bivalves such as Serrijpes and Clinodardium are par-

tlarly abundant throughout northern Bering sea region, however, the preponder-—
» of anphi pod aburrowing in Chirikov Basin and polychaete burrowing in Rorton
id appears to obliterate nobst other physical and biological structures at
rmediate dept hs.
Deep Burrowers

Bi val ves such as Mya and Spisula are the nost conmon deep burrowing (O to
cm depth) organisms. Their wi despread distribution suggests that nmany deep
'ows are caused by pelecypod biloturbation (Figs. 20, 1l and 15; Table 1).
rarely (Fig. 8A) is it possible to correlate the burrow type with clam spe-
, since normally only portions of the burrows are evident.

Several species of polychacte worms, holothurians, and sipunculids al so

ow deeply into the sedinents. Though deep-burrowi ng worm species occur

11




roughout the area, they are nost comon in silty and very fine-grained sand in
eper water (Figs. 10, 11 and 15A and B).
DI SCUSSI ON
Factors Control ling Distribution of Physical Sedimentary Structures

lict Structures in Relict Sedi nents

The physical sedinmentary structures of northern Bering Sea are either relict
>m Quarternary conditions or devel oped by nbdern wave and bottom currents. In
aces, the Hol ocene shoreline transgression rewrked Pleistocene noraines and
Irock outcrops exposed on the sea floor. The fine~grained debris was w nnowed
t | eaving behind surface lag gravel deposits (Fig. 6A) (Nelson and
skins, 1972). These deposits remain on the surface of current-w nnowed topo-
iph ic el evations where deposition of Hol ocene nuds has bee prevented. In the
stern parts of Anadyr and Bering Straits as well as along nearshore sout h-
stern Seward Peninsula and St. Lawence Island, the mneralogy and large grain
;e of gravel | ags plus old radiocarbon da.es (15-40,000 BP; Nel son, unpub.

:a) of underlying sediment both indicate deposition” under ol der, high-energy
iditions not present today (Nelson and Hopkins, 1972; McManus and ot hers,

?4).  The coarser grain size and different nineralogy of the Chirikov Basin

id bl anket conpared to the silty-sized sediment of the nmain nodern Yukon sedi-
tt source suggest that Chirikov Basin sand also is relict.

Relict physical structures in relict sedinents are best preserved in the
surface sedinent of strait areas with the deepest water, where present-day
‘e effects are mninmal, coarse gravel arnmors the bottom surface, and strong
Tents prevent burial by nmpbdern deposits. Here box cores have penetrated into
er transgressive sedi ments, and even into Pleistocene freshwater deposits with
ict lam nation (Fig. 8). Coarsc-grained relict sedinent overlying Pleisto-
e tills contains flat |amnation and associ ated hi gh-angle, mediumscale cross
ding that evidently originated during the Hol ocene shoreline transgression

g8« 6B, A 4, 7). Subsurface shell and pebble horizons in such relict sedi=-

12




g are now in sufficiently decep water and buried deeply enough to ensure iso=~
on from nodern day storm wave and bottom current effects. These structures
rently formed as storm |lags during |ower sea level stands (Figs. 6C, 611).

rn Structures in Relict Sedinents

The relict fine-grained sand of central Chirikov Basin is interpreted to
been deposited as a nearshore belt of sand that migrated along with the
cene shoreline as it transgressed across the epicontinental shelf. The mo-
Yukon silt- has notprograded aver the transgressive sand, and it has, there-
, been exposed to intense bioturbation for thousands of years. Additionally,
Chirikov Basin sand has been covered by 35-55 m of water since the sea
hed its present |evel several thousand years ago, and the devel opnent of
ical sedinentary structures by waves thus has veen limted. Bottom currents
his central area generally are sluggish (Fig. 3; McManus et al., 1977) and in
pl aces probably are insufficient to develop structures. Even though waves
ottom currents occasionally possess sufficient energy to create structures in
noncohesive sedinent, the binding effect of the dense network of ampeliscid
i pod tubes should inhibit formation of such structures (Fig. 14B;
ds, 1970). Consequently, the sand is conpletely devoid of sed’mentary struc-
s* except on a few shoal crests where the sedi ments are reworked by strong
om currents (Figs. 61, 8C).
Recent evidence from sidescan sonar, underwater television, and vibracores
fies physical formation of sedimentary structures in certain shoal areas of
>t sedinent in Chirikov Basin. In the shall ower upper parts of sand ridges
sand waves (Figs. 1, 4 and 9), the surface and near-surface coarse sand and
1. stormlags (Fig. 6D) along with faint ripple structures (Figs. 61 and 8CK)
ar to be near-surface nodifications of relict sand by nodern storm waves and
m currents. On underwater television, stormwaves have been observed to
»w shell pavenent and to superinpose small-scale oscillation ripples over the

r sand--wave structures (Figs. 9A and B). Sidescan sonar records show |arge-

13




» asymmetric sand waves covering ridge tops and trending northward in phase
the present strong northward bottom currents in northeastern Chirikov Basin
3) (Fig. 9C, Nel son et al., 1977; Nel son, 1977); a thousand-year-old radio-
m date (Tel edyne |sotopes 1-9773) on wood from 30 cm depth in a sand wave
1 documents that nodification of sedinents by sand wave formation has taken
: recently during the present stand of high sea |evel.
Ei ther wave or current effects could be responsible for individual faint
le structures observed in specific box cores fromsand ridges. However, the
i1ance and type of asymretric sand wave and ripple fields in all sidescan re~
5 and bottom photographs from the region indicate that the majority of mo-
ripple structures in Chirikov Basin nust derive from bottom current activity
» 9).

rn Structures in Mdern Sedinents

Nurrer ous radi ocarbon dates substantiate that the blanket of nud with inter=~
2ad sand in Norton Sound has a Hol ocene origin and contains contenporary sedi-
ary structures (Nelson et al., 1975; Nelson and Creager, 1977). Devel opnent
preservation of these physical structures varies widely both spatially and
tigraphically over the contenporary surface in Norton Sound. Historica
ge fromconplete bioturbation to conplete preservation of physical structures
in the past several thousand years can be denpbnstrated in several |ocations
so 6F, Q. In those locations closest to the Yukon delta, such dramatic
ration in preservation of physical structures may be attributable to salinity
circul ation changes caused by a shift in location of a mgjor Yukon distribu-
(Fig. 6F, Nelson and Creager, 1977).
The storm sand |ayers that are interbedded with mud surrounding the Yukon
a contain the best devel oped physical sedinmentary structures because of se-
1 interacting factors. The prodelta area is subject to the nost intense and

uent wave reworking of any northern Bering Sea area owing to its extremne

dlowness. In addition, the Norton Sound shape acts to focus storm surge set-

14




of water 1level (Fathauer, 1975) and this in turn results in devel opnent of

'ong bottom currents as stormsurge water runcff noves northward fromthe re-
m (Fleming and Heggarty, 1965 ; Nel son and Creager, 1977). Such "runoff" cur-
its may be the final nechanismto rework and form physical structures in sand
rers of the prodelta area.

Formation of the thickest sand layers and their rapid burial due to the
sh sedinmentation rates in the prodelta area both inhibit bioturbation and
\ance preservation of the physical structures. Even nore important, the | ow
linity and nore extensive ice formation in the prodelta area (Figs. 2 and 11)
sear t0 restrict faunal popul ati ons and consequent bioturbation of the physical
ructures. The complete bioturbation of physical structures at simlar water
»ths but normal salinity on the northern side of Norton Sound appears to
1firm this hypot hesis.

Mich of the cross-lamination and lenticularity in nodern sand |ayers of
cton Sound appears to result fromrippling by unidirectional bottom currents.
2ripples are usually asymmetric, and the ripple form where it can be observed
box cores, bottom photographs, underwater TV, and sidescan sonar, iS Sinuous
iirregular, not straight-crested like oscillation ripples (Nelson, 1977),
igs. 8 and 9). Furthernore, the basal surfaces on sand layers are regular, the
ternal structure conforns to ripple form and bundlewise buildup or of fshoots
ssing from adjoi ning troughs and crests are absent. Each of these points
ggest formation primarily by unidirectional bottom currents (Reineck and Singh,
73).

Waves still are inportant in formng bottom structures, and formation of
xillation ripples over asymetric ripples and sand waves has been observed in
irikov Basin at water depths similar to those of Norton Sound (Nelson et al.,
77) (Fig. 9). Hindcasting of wave data indicates that wave reworking can
fect nmost of the Norton Sound sea floor (McManus et al., 1977). however, in

e >10 m water depths with very fine sand that this study covers, Cifton's
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6) conceptual model predicts that wave-related currents should not produce
metric rippling. Apparently, the dominant storm effect on sand |ayers is
rking by bottom currents, which are intensified by storminduced sea |evel
ges (Fathauer, 1975). Later nodification by less intense wave effects my
e sonme oscillation ripples to be superinposed over the dom nant
irectional features, but in general they appear to be subordinate.

Eastward and northward fromthe present delta, storm sand |layers becomne
r and fewer, and only 'diffuse stormlayers rich in shells and pebbles are
tved. Near the delta, where biota appear to be restricted and no rocky
| ands are present, few shells or pebbles are encountered in stormlayers.

i ncreasing distance fromthe delta into higher salinity water, nore and nore
1s are. encountered and bioturbation increases. In addition, the intensity of
n~wave reworking decreases and sand layers become thinner, while headl ands
» the coast awav fromthe delta provide a pebble source. Figs. 6T-G. AT, J3R~
:mplify such a proximal (delta) to distal (central Norton Sound) or shallow
:ep sequence of stormlayers. The change from sand layers to coarse |ags of
tes and shells offshore also suggests that processes change from dominantly
sport and deposition of sand sheets t0 mainly erosion of nud | eaving pebble
shell | ags of fshore.

The Yukon nmuds of Norton Sound, both massive and those interbedded with
i sand layers, remmin nearly devoid of physical structures, except for
iional | am nations (Fig. 13B,E)., Because the nmud deposition represents slow,
nual deposition under non-storm conditions, bioturbation apparently can

t always keep pace with fornation of physical structures, and thus physical
tures are not generally preserved in nuds.

nt-Day Pebble Rafting and Ice Gougin

| sol ated pebbles are widespread in sedinment of the Bering Sea region and may
been transported by several processes. Pebbles are nost common in areas

unding ceafloor gravel(Fig. 4). This distribution pattern may result from




groundi ng in gravel arecas. The ice may pluck pebbles from the gravel source
drop them nearby after -the iceberg works free rind begins nelting. Other
hanisms such as transport of walrus gastroliths (stomach “stones) (S.W. Stoker
F.H. Fay unpub. data) and sea grass rafting (Stoker, 1973) may also carry
lated pebbl es of fshore.

Recent studies indicate that gouging into the sea floor by icebergs occurs
tywhere at depths shallower than 20 m (Thor et al., 1977) (Fig. 9), except in
ait areas, where ice jans nay cause gouging at much greater water depths (G
sm, oral commun, 1970). The gouging is nost intense (reaching depths of up to

in the sediment) in the prodelta area surrounding the nodern Yukon subdelta;
5 is the sane region where physical sedinmentary structures are best preserved
3.5). The question remains, why does this intense gouging have such little
:ct on physical structures? Perhaps sedinment rates are rapid enough near the
:rn subdelta to keep ahead of the rate of ice gouging.

Factors Controlling Bioturbation

logical Factors

A few ubiquitous species show little environnental control and account for a
1ifirant anobunt of the bioturbation anywhere in the northern Bering Sea area.
nples of these species have been described in the previous bioturbation

:ion such as the ophiuroid and gastropod (Tachyrhynchus_erosus) surface

:urbers, the clams (i.e. Yoldia myalis) and small| anphipod shal |l ow burrowers

clans (i.e. Serripes groenlandicas) and snmall polychaete (thread worm

xrmediate burrowers and the clans (i.e. Mya truncata) and | arge polychaete
o Ampharete) deep burrowers (Table 1, Figs. 10,11, and 12).

Except for the cosnpopolitan species just mentioned, distribution of npst
:ies is controll ed by environmental factors such as hydrographic conditions,
shologie setting, and substrate type. Consequently, bioturbation of npst
:ics has definite patterns of areal distribution (Figs. 10 and 11). Al

:ies appear to be restricted by the seasonally | ow saliity of f the modern

17




on subdelta (Figs. “2, 5 and 11; Lisitsyn, 1966). Regions of strong currents
' resulting coarse. -grained seaiment Support epifaunal communities such as the

pensi on-f eeder assenbl ages found in straits, or the sand dollar (Echinavachnus

'ma) and bivalve comunity (Tellina lutes alternidentata, Spisula polynyma)
md in sandy areas on crests of shoals (Fig. 10).

Because of the small depth range (O - 50 m) on northern Bering shelf, water
th has little direct influence on’ abundance or type of bioturbating organi sns.
tead, benthic conmunities typically show pronounced association wth
strate. For exanple, the |large ampeliscid anphi pods are the doni nant
anisms di sturbing the transgressive fine-grained sand in Chirikov Basin
gs. 10 and 11; Table 2). They are not evidqnt in Yukon silt of Norton Sound,
re the smaller amphipods, brittle stars, and deposit-feeding worms and cl ans
» predominant (Figs. 10 and 11, Table 1, P-~wland, 1972, 1973). Gavel lags are
itats for an abundant epifauna of rocky substrate type consisting of
'ozoans, barnacl es and brachiopods. However, the thickness and coarseness of
+ | ag layers and the sessile livin‘g habits of fauna on them seemto prevent
mificant bioturbation. Many other substrate associations of bioturbating
.aniswms, particularly bivalves, have been outlined in other Bering Sea studies
ble 1; Rowl and, 1972, 1973; Stoker, 1973 and unpub. ).

‘erplay of Biological and Physical Factors

Intensity of bioturbation Is controlled by rates of several processes such
the frequency of formation of physical structures, rate of reworking by
;anisms, and sedinentation rate (Fig. 16). Changes in these rates through geo-
iic time cause variations in the intensity of bioturbation at a site. The fol-
1ing physical factors cause a relative increase in the rate of formation of
rsical sedinmentary structures and decrease in intensity of biogenic reworking:
1llow water with intense wave reworking, swift bottom currents, rapid rates of
vosition, and |owsalinity water. “These physical variables plus other environ-

ital characteristics like those mentioned {in the previous section control spe-
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s di spersal and cause patchiness of faunal distribution. As a result, the
e of biogenic reworking varies fromone location to the next and with tinme at
iven | ocati on.

In the shal |l ow prodelta region of f the Yukon River subdelta, bioturbation
ically does not keep pace with the formation and rapid burial of physica
uctures (Fig. 5). An area just east of the prodelta near Stuart Island also
ws N0 bioturbation in deposits of the last 5,000 years (Figs. 5 and 6J; Nelson

Creager, 1977). This is true even though the area has | ow sedinentation

es and is at a greater water depth, where the formation of wave-formed struc-
es is expected to be slower. The well-devel oped physical structures probably
ult fromthe shoreline constriction of coastal currents. The extrenely good
servation of physical structures here and in the prodelta area may result both
m continued formation by bottom currents or waves and from the inhibition of
genie activity by the great seasonal changes in salinity. Conplete bioturba-
n of sedinment older than 5,000 years near Stuart Island strongly suggests that
on delta distributaries shifted into the region after 5,000 BP (Nel son and
ager, 1977) and that salinity is the predomnant factor controlling bioturba-~
nin this area.

Anot her stratigraphic sequence for the last 2,000 years in eastern Norton
nd (Figs. 5 and 6G shows conplete bioturbation in the lower third of the
iment, nearly conplete preservation in the nmddle, and conplete bioturbation
the upper third. Either faunal popul ations dimnished during the time of
osition of the nmiddle sequence, or frequent stornms prevented bioturbation from
ping pace with deposition

CGEOLOG C SI GNI FI CANCE
Geol ogi ¢ Effects of Bioturbation
In addition to disturbing physical structures and creating trace fossils,
turbation may severely disrupt fossil assenblages and organic debris used in

ing deposits. The disruption is especially severe in regions of thin trans-
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essive sequences such as the epicontinental shelf of the northern Bering Sea.
several cores (Figs. 8A snd 8D), present-day burrows extend at |east 30 cm

to Pleistocene freshwater deposits that are tens of thousands of years old. As
result, in part because of this upward mixing of older materials, radiocarbon
tes of 1,740 to 5,085 BP are found for bulk organic carbon in the top 1 - 2 cm
nodern surface sedinent on the northern Bering shelf (Tel edyne |sotopes

B134, 8135, 8226, Fig. 6F). Downward honogenization of Hol ocene sedinent by
>turbation helps to explain radiocarbon dates of only a few thousand years for
ler buried transgressive deposits (Figs. 61, 8D; Tel edyne |sotopes |-7482,

33).

Radi ocarbon dates on cal ci um carbonate of shells again suggest significant
>logic m xi ng of nmodern shells downward into buried transgressive gravel and
ad (Fig.-6B, C, H, and I). Dates on fossil, surface-dwelling nollusk species
> just several hundred years old, even though only those shells buried in ol der
liment far below their nornal living habitat were dated (M. Rubin, USGS Radio-
cgon Lab. W2462, 2464, 2466, 2467, 2681-2685). In Chirikov basin, where the
msgressive sequences are thin and lolat es on shells do not appear t-o0 be reli-
le, r-"xed nodern and transgressive foraminiferal assenbl ages are found
-oughout the entire transgressive sequences (Figs. 8A and &) (R Echols,
itten commun. , 1974). Only where sedimentation rates are high, producing
yid, deep burial such as near the nmpbdern Yukon subdelta, do radi ocarbon dates
shel I s and organi ¢ carbon agree with stratigraphy (M Rubin, USGS, Radi ocarbon
» W26180; Tel edyne |sotopes 1-7316', 8134), and can unm xed transgressive
juences of microfossils be detected.

Rhoads (1973) points out another aspect of bioturbation that may have par-
:ular geologic significance for the northeastern part of the Bering shelf. The
>dominance of deposit feeders can reduce the bulk density of fine-grained sedi-
1t and greatly enhance the potential for erosion. The dom nance of deposit

xders in Norton Sound (Figs. 10 and 11; Row and, 1972) may be a contributing
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actor to the resuspension of considerable fine-g rained sediment there. The
esuspension of sedinment by stormwaves and its renoval by storm-generated and
ontinuous currents may have displaced about half of the Hol ocene sedinent of
ukon source from Norton Sound to the Chukchi Sea (Nelson and Creager, 1977).
Conparison of Bering Shelf and Sinilar Sedinentary Environments

rodelta and | nner Shelf Facies

Prodelta nmud facies develop in the shallow regions surrounding the Yukon
iver nmouth where the lowsalinity river plume is the domi nant water nmass (Figs.
and 5). The proximl deposits are characterized by thin nud interbedded with
hick storm sand layers that contain well-devel oped sedi nmentary structures
esulting from waves and wcurrents generated by stormsurge (Table 2, Ci1).
ffshore fromthe nost proximal prodelta facies, | ayers becone thinner, nor,
ighly rippled, well structured with cross lanmination, and increasingly biotur-
ated. The nost distal prodelta deposits are dominated by bigly bioturbated nuds
ith sand [ enses containing bioturbated remmants of physical structures. Further
eavard, shell and pebble-rich stormlag layers. occur (see Figs. 6E, 6F, 6G 13B
nd 14C for a specific sequence; Figs. 5 and 16 show general. patterns of distri-

ution). Bioturbation in the muddier facies is dom nated by tube-building detri-

us feeders and burrowing deposit feeders (Table 1, Gc; Fig. 10 and 11; Table2, C, ) .

The physical and biol ogical structures in simlar ancient stratigraphic se-
uences reflect this same proximal to distal energy gradation. For exanple
roximal to distal sequences of physical structures and storm sand |ayers |ike
rose in Norton Sound are described for Jurassic deposits by Anderton (1976). In
1e Upper Cretaceus Blackhawk fornmation in Uah, a regressive sequence begins
(th conpletely bioturbated offshore nuds (Howard, 1972). Sand beds appear up-
:ction and thicken upward with increasingly well-preserved physical structures,
dicating greater wave energy. The faunas also change up-section from deposit to

1spension feeders as the depositional environnents shallowed.




Variations in wave climte and topographic setting can greatly extend or
uce proxi mal-to-distal offshore gradation of physical structures generated by
'es. For exanple, in “the GQulf of Gaeta In the | ow energy wave climte of the
iterranean, well-devel oped physical structures are limted to less than 6 m of
;er depth (Reineck and Singh, 1973) bel ow which biocturbation predom nates. In
: hi gher energy environments of the northern Bering Sea and off Southern
dfornia, well-preserved recent physical structures exist to 15-20 m water
th (Figs. 5 and 7) (Karl, 1875). In the very high energy environment off
.gon, wel | -preserved physical structures occur in sedinments in over 50 m of
er (Kulm and others, 1975). \ell-preserved physical structures also may exist
malously far offshore on topographic elevations.

Sedi ment type and rate of influx als: may influence the nmaxinum of fshore
:ent and water depth at which physical structures are preserved. In nuddy
:as, such as near deltas, fine-grained sand layers and their structures are
:dily identifiable in nodern or ancient sequences (Fig. 6E-G) Moore and Scru-
1, 1957; Masters, 1967; Howard, 1972). Commonly, in the nost distal |ocations
deposition, isolated pods or lenses of rippled and | am nated sediment are the
it recogni zabl e vestige of a stormsand layer (Figs. 6J and 13B) (Reineck,

'0; Wnston and Anderson, 1970). Such thin sand |enses are usually destroyed
bioturbation closer to shore or at shallower depths than are simlar storm lag
‘ers conposed of shell and pebble lags (Figs. 5 and 7). For exanple, faint

:11 and pebbl e horizons of coarse-grained stormlags are identifiable to water
iths of 30 m in nodern sediments of Norton Sound even after very extensive bio-
bation; the last vestiges of fine-grdined sand layers occur in 25 m of water
.8+ 7)* In nost delta areas, the formation of such shell and pebble layers is
tibited by the paucity of rocky headl and pebble sources and by the influx of
ie-grained sediment and low salinity water, which appears to discourage large

ralve mollusk popul ations, the source of most shell material.
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The distribution pattern of the prodelta facies may be controlled as nuch
water circulation and freshwater plume dispersal as by the shallow, nearshore
ation and shape of the prodelta topography (Figs. 2, 3 and 5). This is
zause variations in salinity and oxygen and nutrient content of sea water can
fluence benthic productivity and thus affect formation and preservation of
ysical structures. The best preservation of physical structures coincides with
e location of the lowsalinity plunes (Figs. 3 and 5; Nelson et al., 1975) sur-
anding the M ssissippi and Yukon deltas; a progressive reduction in bioturba=
on al so has been correlated with with decreasing salinity up estuaries {Wnston
1 Anderson, 1970; Moore and Scruton, 1957). The inportance of salinity com-
red to other factors, like rapid sedinentation, is suggested by thin (12 cm
te Hol ocene sequences that have remai ned unbioturbated for at least 5,000 years
E the Yukon (Fig. 6F).

I n sone geographic settings physical structures may be preserved in un-
sected epicontinental shelf areas where the benthic fauna is depauperate
rause of | ow oxygen content in bottom water (Seibold et al., 1971). Excel | ent
:servation of physical structures found in the Mesaverde Fornmation of north-
ster: Colorado (Masters, 1967) suggests that these ancient deposits simlar to
ise off the Yukon were formed under shallow, lowsalinity water near a delta,
where environmental factors inhibited bioturbation.

insgressive and Current-Winnowed Facies

The transgressive fine-grained sands in northern Bering Sea are charac-
:ized by a honogeneous texture, the general absence of physical structures, and
:ense bioturbation by tube-building detritus feeders (Table 281). This sedi-
it facies may typify thin transgressive sands on epicontinental shelves with
» wave energy, but where burial by offshore mud is prevented by strong bottom
'rents or isolation from sediment sources. In contrast, in areas where there
a very high energy wave regime, such as presently off Oregon, sonme physica

uctures are found in the offshore” relict transgressive sane 1w ices (Kulm and

ers, 1' 375).
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The basal transgressive gravel and pebbly coarse to medium-grained sand of
ering shelf in many places overlie Pleistocene noraines either as surface

t deposits or as subsurface strata beneath transgressive fine sand. These
e-grained transgressive sedi nments take severalforns that may be dis-
ishable in the stratigraphic record. The deposits with rounded pebbles,
-worn and thick-shelled nollusks, and mediumscale cress and flat [amnation
r to be typical sediments associated with shoreline stillstands (Table 2, A;
on et al., 1971; Reineck and Singh, 1973). The angular pebble |ags that

op over glacial till and bedrock apparently form during very rapid shoreline

gressions. Criteria for such deposits are angular gravels, little or no fine-

ied matrix, and the remains of a rocky intertidal fauna (Table 2, Al). Sessile

ii¢ ‘ fauna consists .largely of epifaunal forns (Craig and Jones, 1966). As a

t, the thin pebble lags show little disruption from bioturbatirg organi sns
ay remain well preserved in the stratigraphic record For exanple, thin,
tureless, transgressive sands overlying well-preserved glacial deposits have
noted in the Pal eozoic transgressive sequence of the Al gerian Sahara region
et al., 1971).

The well-sorted current-w nnowed medi um sand on the shoal crests of the
lern Bering shelf is another sediment facies that nay be recognizable in
mt shelf deposits (Table 2). Remmants of ripples and flat |amnation are
m; shell lag horizons and clay stringers, possibly representing mgjor fluc-
ons in currents, are locally present. An inportant key to such deposits in
mt sequences woul d be dom nance of sand dollars and filter feeding bivalves

milar ancient organisns (Table Bz)‘

© Model
The physical und biol ogi cal structures observed on the Bering shelf agree

other simlar studies; these data permt conceptualization of a model of ty-
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shel f sedimentary “structures and factors controlling their distribution on
n shelf with elastic deposition domnated by nuds and no organic reefs

16). The inshore margin of the nodel presented here phases into the well-
«d shoreline sequences of physical structures caused by breaking waves that
een depicted in the conceptual nodels outlined by Aifton et al. (1971).
del presented here does not consider the series of |arge-scale bedforms

' by extrenmely strong bottom currents in constricted bathymetric regions
dgh tidal or dynamc current flux. Such sequences have been described by
'son et al. (1971) in the English Channel shelf and appear to be present in
ring Strait area (Figs. 1, 4, and 16).

In the model we present, physical sedinmentary structures caused by waves
lominate the open shelf sedinment just offshore from beach-rel ated features.
st devel oped physical sedinmentary structures caused by strong bottom cur-
associated with periodic tides (Mofjeld, 1976), storm tides and shoreline
‘ictions of dynamic currents will generally occur just offshore fromthe
‘elated structures. Seaward fro% strong wave- and tide-forned sedinmentary
ures, there occurs a spatial series of physical structures resulting from
wave and bottom-current processes associated with storms. This conplete

ice of storm sand to pebble- and shell-rich layers has been well docunented

:ton Sound (Fig. 16).

As physical energy from waves and currents dimnishes offshore, the fre-

1 of physical sedinmentary structures |essens and the physical structures are

bated and replaced by trace fossils to a progressively greater degree. The

wce of biological structures indirectly follows gradients of wave and cur-

mergy because these gradients regulate substrate types, which are the main

)L on bi ol ogi cal assenbl ages (Craig and Jones, 1966 Row and, 1973; Stoker,
Typi cal |y, suspension-feeding organisus will be more prom nent nearshore

irse-grained substrates associated with high physical energy. In this

mment, filtering apparatus is less |likely to be clogged by fine-Erained
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i s (Rhoads and Young, 1970), and the circulation of suspended debris is vi~-
1e. Suspension-feeding organisms will tend to disturb sedinment |ess because
only need to anchor onto or into the bottom surface and do not need to bur~
through the sedinment to acquire food. In contrast, discrete burrows and com-
2 biloturbation characterize offshore muds (Howard and Frey, 1973) because

sit feeders and detritus feeders require the higher content of organic de-
found “in fine-grained sedi nents of | ower energy settings.

The conceptual nodel (Fig. 16) portrays an open graded shelf that gradually
ses in depth, wave energy, sedinment character, and current energy offshore.
:nce fromthe northern Bering epicontinental shelf and el sewhere indicates
many variables, including topographic setting, hydrographic characteristics,
»gic productivity, and type and |ocation of sedinment sources can nodify this
lized sequence. Several exanples have already ! 2en cited to show that varia-
of wave climte can greatly extend or reduce offshore extent of physica
:tures generated by waves.

Topogr aphi ¢ projections outward from the adjacent shorelines such as deltas
ward from the surrounding sea floor, such as offshore sand ridges (Nelson
sthers, 1975) are inportant variables controlling the devel opnent of current-
:d physical structures. Wiere water circulation is constricted and strength-
by major shoreline projections as in the Bering Strait or English Channe
lerson et al., 1970), bedforms and internal physical structures will be well
ooped no matter what the water depth or distance fromshore. COfshore areas
:a-floor topographic relief such as sand ridges that constrict and focus bot-
wurrents arc also sites of well-devel oped physical structures wthout regard
ieir di stance from shore (Fig. 6L).

Variation in the amount and type of sediment is another influence on tile
.opment and preservation of physical structures. Where rates of deposition
iigh and interbedded nmuds are common, as off the Yukon and M ssissippi deltas

‘e and Scruton, 1957), prescrvation of physical structures is enhanced and
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tendtounusually great depths or distances from shore considering the

snergy setting. The final shell and pebble remants of an offshore storm | ayer
xtend far offshore beyond the distance usually expected because of unusual

2s of pebbles and nmechanisns like ice or organic rafting to disperse them

the shelf.
Al the factors of increased wave energy, current velocity and deposition

s, in addition to decreased benthic productivity will extend areas doninated
hysical sedinmentary structures farther seaward than bioturbation would other-
allow (Fig. 16). These variations in basic physical, chemcal, and biologi~-
factors are predictable at least partially and nust be considered when sedi-
ary structures are utilized for paleocenviromnmental reconstructions.
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WLE 1 - LIST OF MOST COMMMON BIOTURBATING ORGANI SMS, AND, WHERE
KNOWN, THEIR sSuBsTRATE Associ ATI Ons AND TYPE oF SEDIMENT
DISTURBANCE IS G VEN. WITHIN EACIL GROUPTHE SPECI ES ARE
LI STED | N ORDER ‘OF ABUDANCE AND WHERE KNOWN, THE PERCENT
OF OCCURRENCE AT SAMPLING STATIONS |'S GLVEN | N PARENTHE-
SES | N FRONT OF THE SPECI ES

Organi sm Substrate and Living Habits Data Source
Di stribution
Brachyuran crabs Create shallow St oker, unp
Choanoecetes opilio Ubi qui t ous surface depressions Fig. 10
Choanoecetes bairdi do
Hyas coarctatus do Sane as above

Telmessus cheiragonus

Anamuran crabs l

Pagarus biquitous
Paralithodes eascnal and uncertain

Crangonid shrinp
Crangon biquitous

Ophiuroid echi noder ns

Qphiura sarsi uddy silt, nearshore! Create extensive Fig.12;
Ophi ura maculata surface tracks Neyrnen, 196
Stegaphiura nodosa iley sand Fig. 10
Gorgonecephalus caryi St oker. unp
Echioid echi noderns Create shallow Fig. 10
(6%)St~ongylocentro= surface depressions

tus drovachiensis |[Gravel and pebble |ags

Gastropod nol | usks Ubiquitous, nost Surface trails and Fig. 10
ommon near shore shal | ow burrows when
. preying
(19%)Tachyrhynchus
er osus
(15%)Natica I ni quitous Predatory, drilling Rowl and, 1¢
bi val ves
(9%)Neptunea do Scavenger creating Schafer, 19
trails plus shallow
bur r ows
(7%)Polinices do Predatory, drilling
bi val ves
(2Z)Buccinum Scavenger
Bi val ve nol | usks
(36%)Yoldia myalis | ost common in nuddy Deposit feeders? Fig. 10, 11
sediment , but wide- Row and, 1¢
spread in all environ- Stanley, 1¢
nents.




Organi sm

Substrate and
Di stribution

Living Habits

Data Source

(16 Z) Yoldia hvporborea

or amygralea

Mud or muddy sand

Deposit feeder?

Figs. 11,14
Stanl ey, 197(
Row and, 1973

(15%) Nucula tenuis do “ do Figs. 11,
Stanl ey, 197(
Nuculana radiata do * do Row and, 197:
Clinocardium Sandy silt substrates Suspensi on Petrov, 1966
giliatun f eeders
Tellina Current -w nnowed Figs. 13, 14
alternidentata cl ean sand
Amphinoda
f3%nf nmbdeia an. Mud ant? fine sand “Detritus feeders,
felita sp. do one or nore of
(27%) Hippomedon sp. do these species
Haplocpns lezevis do create U shaped and
Pontonoreia do vertical burrows
ferorata with widened c¢cir-
w cular area
Yolvchacta
(8%)Nepthvs Ubi qui t ous Errant polychaete Fig. 13
Haplescolonlos Burrows parall el Fig, 10
elongcata to bottom surface
Sternaseis scutata
Pectinaria Fiune, silty sand
hvporborea near shore
Brada sp.
Echinoidea
(11%)Echinarachnius Sor t ed- nedi um sand Shal | ow hori zont al Fig. 10

parina

on shoal s

burr ows

Lisitsyn, 19(




Organi sm

Substrate and
di stribution

Living Habits

Data Source

Bi val ve nol | usks

(58%)Serrines Ubi qui t ous Filter feeder Fig . 10
grocnlandicus
(45%)Hacoma calcarea Ubi qui tous, sandy Detritus and Coan 1971
silt and sand filter feeder
Venericardia Sandy silt do
crebricostala
Liocvyra fluctusa | Sand ard sandy silt do
Echiroidea
Fchiurus echiuru:| Fine to coarse sand Deposit feeder
Anphi . pods
(28%)Amnelisca sp. Silty sand Detritus feeder Figs. 11, 14

BPvblis geimardi

that builds narrow,
V- shaped,
mucus-| i ned tube

Polychaeta
Myriochele herri

Onunhis sp.

Spiophanes borbvx

Ubiquitoué
Fi ne sand

Figs. 10, 11

Holothuroidea

(1%) Cucumaria Detritus feeder Fig. 10
Tunicata

(3%) Polonia corrugara | Sand to gravel Filter feeder Fig. 10

Bi val ve ol | usks

(28%)Mva truncata Ubiquitous, hard do Figs. 10, 11

sand or nud Quayle, 1970

(1%)Mva priapus do

(7%)Spisula polvnvus Sand Deep burrowers Chatberlain an

alaskana and filter Stearns, 1963
feeders




Or gani sm

Substrate and
Distribution

Living Habits

Dat a Source

(1%)Sipunculida

Golfingia

margaritaceum

Polychaeta

(9%)Lunbrinereis

(47%)Amphareta

Maldane sarsi

Praxill.ells
practermissa

Axiothella
catenate

Ubi qui t ous

Mud and silt

All deposit fec
Errant Polychac
Tube buil ding

do

Fig.

Fig.

10

10




14BLE 2- CHARACTERI STl C PHYSICAL AND BI OLOG CAL STRUCTURES OF NORTHERN BERING SEA SEDIMENT FACIES

glacial till

structure which overliesgla-

cial till, .
gravel without matrix

barnacle and bryo=

Angular to roundod «oan encrustations,
brachipeds Present

sea Urchins, barnacl es,
crabs, brachipeds

present on scarpe Of
el evated topography

Sediment PhYSi cal Physical B..ological Characteriscic Scedimentary Figures
Facles Setti ng Structures Siructures Biologic Environment
Community
Yukon Silt Best devel oped Abundant 1O common- Rare - 1 MM worm Mai nl y infauvna Suspension depositionwith 6 =-¢
Prodel ta <15 m water depth sand lags, sand Ienses, urroews, U-shaped abundant deposit and cormon sediment input and
Low salinity water smal | -scal e flat amphipods, deep comon detritus feeders recorking by low=crerey 33,82
Cz and cross lamination, worr and Cl am burrows, traction currents from storm
asymetric i pples seittle Star tracks wives and agssociated 12A
Rare-ice push features bottom currents. blo-
turbation , restricted
lov S@linity.
Yukon silt <30 mand common to abundant Cenron £ O abundant Same as prodelta Li ke procelta, but stora 62,125
of fshore normal Salini ty sand louses l-rm wornm burrows, reworking legs and biow- 133 and C
wat er Rare to common shell U shaped awphipod turbacten NOt 1 nhibited. 13
c and pesble | Ays with tubes, decp WOT M %2 end 12
1 internal Structures and claz DUrTOWS, 15F and 3
Drirtle groy rracks
Sorted Shoal crests and Corron - faint Ii ppI es Abendart bival ve Mainly infaura, abun~— Relict transgressive &I,
mediun Sand  other current- Rare - coarse sand and and sand dol | ar dant SUSpensi on sand revorked by 8C
reworked :reas shel | 1ags ﬁSOﬂEti mes revorking - feeders especially Strong bottom CUrrents 132 and D
‘9 of sand-dollar fragments) Rare t«w comon ; sand dollars, teili-
clay Stringers, flat amd 5 MM WOr m nid ¢l ams, rare tO
lamination JUrrows common detritus and
depositc feeders
Chirikov q)en shaft areas Absent, excepr rare storm Rarce-surface dis- ¥airly infauna Wi th Relict transgressive 6 and D
fine sand Wi thout Holocene storm shell and pebble turbance and decp wundant detritus and saad deposited near- €H
hard cover | ags SUrrows comon deposit feeders.  shore DY wave suspun- 14h and A
‘1 Conmon-small amphi- sion and trac 110N ig?Efmd -
yods and lemn WOI'M processes, NOW below
JULrows - wave Dase.
Comaon t O abundant lg.
wiphipod burrows.
Gavelly Overlie bedrock Rare-medium-scale, cross- Pradaninant DI . val ve Mainly infauna Wit h Relict shor el i ne sedi- €3
nedi um ‘sands OutcrOFS or lamination and flat lamina- bioturbarion Wi th abundant  suspensi on scdiment ea
Ly o gravel glacial till tion; pebbl es wel | rounded, sccasional WOI M feeders and rare de- winnowed | aQ (Swift 1S
gravel s sorted nd amphipod tritus and 0€pPOSit and others, 1971), now
burrows feeders sreserved DY burial or
strong bottom CUrrents
) Coarse Qverlie bedrock Internal Structures ansent, but Eioturbation struce Mainly epifauna Samc as A, except NOL 6A
pebbl e 1ags  outcrops or gravel lag layer is a Oi STINCE  py.os not cvidear, ancmones, bryazoas, buried an¢ usually



FIGURE CAPTIONS

I ~Setting, physi ography, and | ocation of lar[:e-scale bed forns presently
known in northern Bering Sea. Bathymetry modified from Hopkins et al.
(1976). Large-scale bedforms from Jordan, 1962; Gim and McHanus, 1970;
L. Toimil, 1975, oral commun., and Nel son, unpublished data.

2 ~Water masses in northern Bering Sea (nodified from Coachman et al.,
1976). The Al askan Coastal water (14 - 31.5 0/00, . 8°c) occupies the
eastern portion of the study area, the Bering Shelf Water (sonetines
call ed Modified Shelf Water) (31.5-33 0/00, 0-4°C) covers the central
area, and the Anadyr Water (33 0/00, 1-3°C) occurs in the western
portion of the study area. Data on seasonal salinity changes from
Goodman, et al., (1942), G.D. Sharma (1975, witten commn. ) and Nel son
et al., (1975). Data on shorefast ice margin from Thor et al., (1977).

3 -Ofshore water circulation (from Goodman et al., 13842}, and nmaxi num
bottom current velocities from available measurements in northern Bering
Sea (from Fleming and Heggarty, 19663 Husby, 1971; McManus and Smyth,
1970; Nelson and Hopkins, 1972).

4 -Surface sedinent distribution in northern Bering Sea (modified from
Nel son and Hopkins, 1972; Knebel and Creager, 1973; McHManus et al .,

1974, 1977).

5 -Box core locations and descriptions of physical sedinmentary structures
observed ih the upper 40 cm of sedinent in northern Bering Sea.
Structures in relict transgressive deposits and figure numbers of text
phot os are keyed to location.

6 -Lag and stormlayers in nortrern Bering Sea sedinments: | ocations of box
core photos shown in Fig. 5. Individual centimeter scale is shown in
| ower right corner of each photograph or radiograph.

6A -Transgressive lag gravel over glacial till shown in box core slab face.
Note Hemithvris psittacea (brachiopod) and bryozoan skel etons on
surface. 41 mwater depth.

6B -Epoxy cast of box core confaining thick; well-sorted transpressive lag
gravel from-30 m shoreline stillstand (Nel son and Hopkins, 1972). Note
faint cross-bedding in center of cast, 30 mwater depth.

6C -Box core slab face exhibiting shell 1lag at base of transgressive fine-
grained sand. The shell layer was composed of equal amounts Of lyatella

arctica and Macoma calcarea and probably fornmed as a storm lag during

| ower sea level. The laycr was found in an isolated small basin at 43 m
wat er dept h.
6D -Bioturbated coarse sand and shell |ayer conposed entirely of

Echinarachnius parma (sand dollars) in currcl~t-w nnowed finc sand aver a
shoal crest, 35 muwater depth.
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6L -Box core 81 ah face showing thick light-col ored storm sand layers in
Yukon s11t30km f{rom the modern Yukon subdelta. DNote that the thick
upper csand noSt recently formed IS not bioturbated, whereas only cross-~
laminated sand | enses remain in the | ower bioturbated bed. 11 m wat er
depth.

6F -Radiograph of well-defined thin storm sand |ayers in late llolocene Yukon
silt 75 km offshore fromthe present subdelta. Thoroughly bioturbated
ol der Yukon silt underlies well-structured beds in younger Yukon silt
(after Relson and Creager, 1977). Note rippled and wavy bedded sand
beds (light-colored) with snall-scale cross and flat |am nation. 16 m
wat er dept h.

6G ~Radiograph showing shell and pecbble lags in the upper and | ower parts of
the core and numerous thin sand layers in between. Both probably
devel oped by storm reworking of Yukon silt located 110 km from the
present Yukon subdelta. UGote that upper shell lag is only slightly
di srupted, whereas basal |ayers are highly bioturbated. “The m ddl e
unbioturbated section has sand beds (light-colored) that exhibit
di scontinuous parallel bedding in the upper two layers and nonparall el
and lenticular bedding in the lower three layers. Wod at the core base
had an age of 2,120 years BP (Tel edyne |sotopes sanple No. 1-7320).
Not e the l-mm-diameter burrows in the upper part of the core that
probably are caused by polychaete worns (see Howard, 1969, Figs. 8, 13
and hertweck, 1972, Figs. 3, 5). 14 m water depth.

6H - Radi ograph showi ng bioturbated shell and pebble lag layers (lower half
of core) in transgressive coarse to nedi um sand. Lag apparently
developed during the Halacene transereccinon. Overlyving fine-grained
transgressive sand in the upper half of the core is highly bioturbated
by amphipods and cl ans. 47 m water depth.

61 -Box core slab face of medium-grained sand from a shoal crest containing
coarse sand lag layers and clay laminae probably formed by current
r ewor ki ng. 31 rewater depth.

6J -Yukon silt containing a large rafted pebble. Note thin sand Lenses near
t he surface. 18 rewater depth.

7 Frequency of various physical sedinentary structures in different depth,
substrate, and topographic settings.

8 -Internal physical sedinmentary structures.

8A - Radi ograph showing the following Sequence: transgressive fine-grained
sand overlying transgressive pebbly nmediumgraincd sand with flat
[ ami nation and medi umscal e cross-lamnation, which overlies pre-
transgressive limnetic clays with freshwater ostracodes (P. Valintin,
witten commun., 1971). Note deep burrowing probably by lya sp., after
marine transgression (scc Fig. 29 of Mya arenaria burrows shown in
Reineck, 1970). 36 m water depth.

88 -Plan section of a ripple set inpression at a parting surface near sthe
bottom of a box core, together with an cpoxy slab cross scction (adjacent
upper right) snowi ng the same dark—colored lower sand layeraundanother
surface sand layer. HNote that apparent ripple crests (dotted line) are
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irregular ana asymetric wth tongue-like projections (¢ £. wWith Harms et
al. ,1975, rig. 3-7 and Reineck and Singh, 1973, Fig. 30). Ripple
index (length/he ight) is 5-8 basal and 10-12for surface sand layer.s.

12 m water depth.

8C - Radi ograph of remant asymetric ripples that have been altered by
bioturbation of mediumcjrained shoal crest sand. 21.9 m water depth.

8D -Core slab face showing loading, slump or ice-disrupted structures (near
the core bottonm) in lanmnated |ate Pleistocene nmud deposited before the
Hol ocene transgression. Mud contains freshwater ostracodes (See
reference for 8a). These have an age of 14,920 BP (Tel edyne Isctopes
No. 1-7318) based on organic carbon frem a whole sedinment sanple. 51 m
wat er dept h.

8E -Radi ograph showing highly contorted sand lags possibly caused by ice
push or scour of the sea floor. Note shallow u-shaped burrows caused by
smal | amphipods and large, deep burrow (on the right) probably nade by a
clam 12 m water depth.

9 -Mnographs and underwater TV and canera photographs of sea-floor surface
features.

9a -Sand dollar pavenment covering current-w nnowed shoal crest at 36 m
98 -Oscillation ripples on sand ridge crest at 9 mduring severe storm

oc -Asymetric ripples on sinmilar shoal crest, as 25, with strong
unidirectional currents during non-stormconditions in 17 m water depth.

9D -Sonograph showing | arge-scal e sand waves over crests of sand ridges at
30 m water depth.

9E -Sonograph showing intense ice scour that covers nmost of sea floor in
10-20 m of water (14 mwater depth). There is no side-scan data in |ess
than 10 m of water.

10 -Frequency of various surface,. shallow (O5 cn, intermediate (0-10 cm
and deep (0->10 cmM) bioturbating Speci es versus water depth, substrate,
and topographic setting.

i1 -Distribution of the nost common shallow (0- 5 cnm) (n), internediate
(0-10 em)(B) and deep (0->10 cm) (C) biological structures that could be
identified. Note that small amphipod tubes in A, ampeliscid tubes in B,
and unidentified deep burrows in C are present everywhere in at |east
rare quantities.

12 -Surface-disturbing organisns. and sea-floor traces in northern Bering
Sea. Fig. 12A-Photo of box core surface showing surface trails of
brittle star Ophiura sarsi on Yukon silt. 14 mwater depth.

12B-Serripes grocnlandicus that has severly disturbed the box core surface
of Yukon Silt. 18 m water depth.

13 -Shallow burrowing (0-5 cn) organisns and their structures in Northern
Bering Ssea.

13a~Aampharete sp. burrows shown in radi ograph ot core 207.  Sedinment, typeis
clayey silt. 42 m water depth.




13-Ficld photograph Of pmpharete sp. tubes and worns from box core 207
surface just after collection.

13C-Thotograph of bhox core vertical and horizontal surface showing cenented
tubes and subsurface mucus-lined burrows of sabellid-terribellid worms
that occur in large numbers within nuddy gravels. Note also the live

shal | ow burrow ng Yoldia sp. in the upper center of photograph. 27 m
wat er depth.

‘13D~-Photograph of box core vertical slab face showi ng burrow of tunicate
Pelonia corruaata in fine-graincd transgressive sand. Note
characteristic corrugations of burrow. 44 mwater ’depth.

13E~-Field box core photograph show ng Holothurian Cucumaria calcigera
burrow ng vertically downward through very fine sand. 37 mwater depth.

13F~Photo of box core vertical slab surface showi ng burrow ng of polychaete
worm (probably Lumbrinereis) in fine-grained sand. 19.6 m water depth.

13G-Box core photo of horizontal burrow of Macoma brota from specimen |iving
at the time of core collection. Sedinent is Yukon silt and burrow is at
a depth of 7 cmfromthe sedi nent water interface. 19 m water depth.

14 -Intermediate burrowi ng (0-10crm) organi snms and their structures.

14a-Radi-~graph Of large amphipod (Rmpelisca macrocephala) tube structures
occurring in great abundance IN fne transgressive sand of central
Chirikov Basin. Box core 237 from 27 mwater depth.

14B- Fi el d photograph of surface of box core 237 taken inmmediately after
collection.  Silt-like, mucus-lined dburrows shown are typical of large
ar nphi pod speci es ampelisca macrocephala.

15 -Deep burrowi ng structures and organi sns.

15A~Sand dollar (Echinarachnius pamma ) burrowing in medium sands ¢f a choal
crest; photo of box core surface was taken in the field inmediately

after collection; it shows organisms in living position. 31 m water
dept h.

15B-Radiograph of box core 103 from Yukon mud showi ng numerous u-shaped and
straight 5-mm burrows assumed to result from burrowing of small anphipod
speci es (see 11c), Note that nearly all storm sand |ayers structures
are destroyed in the upper core but sone sand |am nation and rippling
remain in the | ower core. 19 m water depth.

15Cc~Field phot ograph of surface of box core 103 taken immediately after
col l ection; surface holes of snall amphipods are apparent and appear to
be responsible for u-shaped burrows observed in 11B.

15D-Core photograph showi ng horizontal shallow burrowi ng pattern of

polychaete Nepthys in Yukon silt. (T. Roonan, oral commun., 1976). 20 m
wat er depth.

15E-Field photograph of living Yoldia sp. on surface and intermediate
burrow ng Sciripes groenlandicus Within fine-graincd sand. 20 mwater
dept h. T

36




f+ 151" - Radl ograph showi ng shallow burrowi ng tachyrhynchus erosusin Yukon silt.
14 m water depth.

fo 16 -Conceptual model show ng inportance of physical structures versus
bi ol ogi cal structures in shelf sedinents. Thickness of wedge depicts
relative intensity of process from high energy to | OW energy shelf
envi ronments. Current and wave fields could be various sizes depending
on current or wave dom nation of a particular shelf. All areas of
physical structures would shift seaward with higher encrgy (See arr
or toward shore with lower energy. Unidirectional current features .n
shelves W | | be nore cemmon seaward of nearshore wave structures but -the
frequency of structures will relate to current intensity rather. than
di stance seaward (for exanple, see Fig. 7)
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Shallow Structures (0-5cm)
DIII]] Small phipod tubes, —abund
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Intermediate Structures (0-10 cm)

@ A isci phipod tubes, -abund

[D]]I\ Small sized polychaete burrows, common- abundant
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