Continental Shelf Research, Vol. 17, No. 5, pp. 491-508, 1997
Pe:rgamon Copyright © 1997 Elsevier Science Ltd
Printed in Great Britain. All rights reserved

PII: S0278-4343(96)00043-X 0278-4343/97 $17.00+0.00

Storm-driven transport of foraminifers from the shelf to the
upper slope, southern Middle Atlantic Bight

CHARLOTTE A. BRUNNER* and PIERRE E. BISCAYE{}
(Received 15 May 1996; accepted 10 July 1996)

Abstract—Storms play an important role in the delivery of benthonic foraminifers to the
continental slope, as observed in a study of foraminifer fluxes through the upper slope water
column. The authors studied 30 sediment-trap samples with a 13-day average period from the
1988-1989 SEEP II experiment offshore from the Delmarva Peninsula. The traps were suspended
at about 125 m water depth on a mooring in 400 m of water. Benthonic and planktonic foraminifers
from 10-ml subsamples were measured, identified by taxa and growth stage, and counted. Number
fiuxes of benthonic foraminifers averaged 155 test/m?/d during periods of relative calm during the
spring and summer, when mass fluxes of aluminosilicates were also minimal. In contrast, number
fluxes of benthonic foraminifers peaked during a mid-April 1988 storm and ranged from about
300 to 50,000 tests/m?/d from mid-December 1988 to the end of April 1989, when mass fluxes
of aluminosilicates also were highly elevated. Highest foraminifer fluxes (29,000 and 50,000
tests/m?/d) coincided with a late February storm. Taxa observed included Bolivina, Nonionella,
Trochammina, Rosalina, and other taxa typical of the continental shelf of this region. Number
fluxes of planktonic foraminifers peaked during the spring and summer due to production. The
peaks from 6000 to 11,000 tests/m?/d were due to peaks in productivity of Globigerinita glutinata in
early March and late April, Turborotalita quinqueloba in mid-July, and Globigerinita uvula and
Globigerinoides ruber in latest September. Planktonic foraminifer fluxes did not crest during the
mid-April or mid-December 1988 storms, but fluxes reached peaks of 38,000 and 41,000 tests/m?/d
in late February and early March 1989 when fluxes of benthonic foraminifers and aluminosilicate
material also were highest. Storms dominated the delivery of both benthonic and planktonic
foraminifers to the slope. The single storm in late February 1989 delivered more foraminifers
through the water column to the slope (120 x 10* benthonic and 130 x 10* planktonic tests/m? in 32
days) than during all the preceding calm days in 1988 (1.9 X 10* benthonic and 72 X 10% planktonic
tests/m? in 217 days). Mid-water advection of benthonic foraminifers from the continental shelf to
the slope is an important mechanism of delivery that exceeds by an order of magnitude the numbers
of planktonic foraminifers produced in slope waters during periods of relative calm weather.
© 1997 Elsevier Science Ltd. All rights reserved

INTRODUCTION

The slope is a major center of deposition on the continental margin and holds about 41% of
all marine sediment (Kennett, 1982). The upper 6 m of sediment is bioturbated,
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hemipelagic, silty clay (Bennett et al., 1980, and references therein) with no structural or
textural evidence of downslope delivery (Doyle et al., 1979), yet it is common to find
significant numbers of foraminifers displaced from the shelf in inter-canyon areas as well as
in canyons (Ingle and Keller, 1980; Ingle et al., 1980; Lutze, 1980; Lutze and Coulbourn,
1984; Brunner and Culver, 1992).

Surficial sediments in the study region include sands on the storm-dominated shelf and
shelf edge (Milliman, 1972; Swift, 1976; Stubblefield et al., 1984), sandy silt on the upper
slope, and clayey silt to silty clay on the lower slope. The sandy surficial sediment of the
upper slope is actually a thin veneer usually less than 10 cm thick that covers underlying
silty clays to 900 m water depth, suggesting a late Holocene change in sedimentation to the
present regime of spill-over from the adjacent shelf (McGregor et al., 1979; Stanley et al.,
1984). The sands include abundant planktonic and benthonic foraminifers, including shelf
taxa. It is widely assumed that some form of bottom transport, like turbidity currents, is
responsible for delivery of the terrigenous material and displaced faunas, and that
bioturbation has destroyed textural evidence of the transport mechanism. However,
resuspension on the shelf and subsequent seaward midwater advection over the slope is a
possibility that would not necessarily leave such textural evidence.

Benthonic foraminifers in suspension have been collected in water samples and
plankton tows above the shelf and shelf edge. The tests are thrown into suspension by
vigorous tidal currents (Murray, 1965; Loose, 1970; Culver, 1980; Murray et al., 1982),
storms, and other energetic processes (Lidz, 1966). Seaward transport of suspended
sediments from the shelf to the slope has been demonstrated in several studies using
sediment traps, aggregate cameras, and transmissometers (Honjo ez al., 1982; Biscaye et
al., 1988; Gardner, 1989; Gardner and Walsh, 1990; Huh et al., 1990; Biscaye and
Anderson, 1994; Churchill ef al., 1994; Falkowski ef al., 1994). Suspended material is
advected seaward above the continental slope along isopycnals (Biscaye et al., 1988), and
it is reasonable to suspect that neritic foraminifers are included among the particulates.
The question is, how important is this process to delivery of foraminiferal tests to the
slope?

METHODS

This study uses data and samples collected during the SEEP-II (Shelf Edge Exchange
Processes) study in the middle Atlantic Bight off the Delmarva Peninsula (Biscaye et al.,
1994). The SEEP II experiment was designed to monitor water mass exchange and particle
fluxes across the shelf edge and, for this purpose, consisted of two arrays of moorings set
perpendicular to the coast from the outer continental shelf to the upper slope (Fig. 1).
Moorings were placed at approximate sea floor depths of 90, 130, 400 and 1000 m, and
were heavily instrumented with current meters, transmissometers, fluorometers, oxygen
sensors, thermistor chains, and sediment traps (see Biscaye et al., 1994, for further
details). The moorings and their instruments were deployed during three periods over the
15-month experiment: spring (February-May 1988); summer (June—October 1988); and
winter (November 1988 to May 1989) with two hiatuses of 34 weeks between deploy-
ments.

Sediment traps, which are of particular relevance to this project, were set at nominal
depths of 80, 120, 390 and 990 m as a function of sea floor depth (Fig. 2). The traps were a
carousel design made of cylindrical PVC tubes with a collection area of 0.0729 m?,
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Fig. 1. Bathymetric chart showing locations of all moorings deployed during the SEEP-II

experiment offshore from the Delmarva Peninsula. Mooring 6 (circled) on the upper slope was

used i this study. Core 33 is a gravity core whose surface foraminifers were compared to those in

the midwater trap on mooring 6 (GR77053HP core 33, stored at AOML; 429 m water depth;
37°13.3'N 74°29.58’'W; Nastav et al., 1980).

protected by a honeycomb baffle, and with an aspect ratio of 3:1 (further details given in
Biscaye and Anderson, 1994). The average trapping period was 13 days with a total of 30
periods during the experiment. Fluxes measured in the trap samples included total mass,
organic carbon and nitrogen, carbonate, opaline silica, aluminosilicates, and the natural
radionuclide '°Pb. Aluminosilicates, which are of particular importance to this paper,
were computed as the difference between the total mass and the sum of the biogenic
components as described in Biscaye and Anderson (1994).

In the time-series study of midwater flux and advection of foraminifers to the slope, a
single midwater trap was selected at about 125 m water depth on mooring 6, which was
anchored in 400 m of water on the upper slope. This midwater trap was chosen in
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Fig. 2. Schematic representation of the two mooring transects, North and South, and the near
equivalency in water depths of the two trap arrays, with the addition of the 80-m trap at mooring 3.
The general position of the shelf edge front is marked by heavy dashed lines.

preference to that on mooring 7 because the most seaward thermistor chain was deployed
on mooring 6, enabling us to monitor hydrography at the trap on a daily basis (R. W.
Houghton, unpub. data, 1994). The thermistor chain on mooring 6 consisted of 11-12
thermistors with the deepest thermistor in proximity to the midwater sediment trap during
each of the three, seasonal deployments.

The methods were quite straightforward. Subsamples of 10 ml that were reserved from
each trap sample of ~170 ml of particles plus water were used prior to any other
manipulation (see Biscaye and Anderson, 1994, p. 465). The subsamples consisted of
particles suspended in a buffered solution of seawater and preserved with buffered
formalin. Each sample was poured as evenly as possible onto a Dolphus cuvette, which is a
glass tray subdivided into two hundred cells, each bounded by low glass walls. The
particles were examined using a high-quality dissecting microscope, and manipulated
using a glass pipette drawn out to a tip that was about 20 um in diameter. The microscope
was operated in a plexiglass “fume hood” vented to the outdoors by a fan to prevent
inhalation of formalin fumes. The longest axis of each foraminifer was measured, and a
census was taken noting the growth stage when possible (Brummer et al., 1986, 1987),
taxon, presence of cytoplasm, and other characteristics. Practically, the smallest tests that
could be identified as foraminifers with confidence were about 30 um in diameter. In most
samples, all the foraminifers on the cuvette were counted. However, in cases where
foraminifers were too abundant to count, cells on the cuvette were chosen at random using
a random number generator, and all the specimens in the cells were counted. Cells were
selected and counted until the average number of tests per cell stabilized around a constant
value, and the cell mean could be estimated with an alpha of 0.95.

One of the 30 samples in the time series was not counted. The sample (30 June to 11 July,
1988) contained an exceptionally large number of zooplankton, which during storage
caused the pH of the solution to fall to less than 6.5. All carbonate shells had dissolved,
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leaving naked foraminifers incased in organic test membranes. The pH of all other
buffered samples ranged from 7.1 to 9 and showed no evidence of dissolution, such as
removal of delicate forms (like juveniles, neanics, or microperforate species, and arago-
nite pteropods) or presence of naked foraminiferal cells.

HYDROGRAPHY OF THE SHELF-EDGE FRONT

A hydrologic shelf-edge front lies near the shelf break in the study region. The front
separates fresher and more buoyant coastal waters from saltier, denser slope waters. In
general, the front dips shoreward intersecting the sea-surface some distance seaward of the
shelf edge and intersecting the sea floor on the shelf, sometimes near the shelf edge and
sometimes far inshore. The shape and position of the front varies seasonally and is also
deformed and displaced during short events like wind-driven surficial outbreaks of coastal
water or migration of the foot of the front onto and off the shelf (Houghton et al., 1988,
1994). The shelf-edge front acts as a barrier which all materials must breach in order to pass
from the shelf to the slope, or the reverse.

Mooring 6 stood in 400 m of water on the upper continental slope only 6 km from the
shelf edge. The mooring intersected the shelf edge front throughout most of the
experiment, so that the top of the mooring was within coastal waters and the base of the
mooring within slope waters (R. W. Houghton, pers. comm., 1992). The front passed
above the midwater trap, which was attached at about 125 m water depth throughout the
experiment, although the thickness of the coastal layer varied. Thus, materials formed or
suspended in coastal water could settle into the trap and onto the slope at any time during
the year.

HYDROGRAPHIC EVENTS LINKED TO SEDIMENT FLUX EVENTS
ABOVE THE SLOPE

The temperature structure at mooring 6 (Fig. 3) showed the expected seasonal cycle of
growth and decay of the seasonal thermocline (Csanady and Hamilton, 1988; Houghton et
al., 1994) and also flagged several major storms. Surface waters were relatively isothermal
in the spring of 1988, with surface waters 4°C cooler than waters at 100 m. The dip in
isotherms in mid-April 1988 (Fig. 3) was caused by rapid advance and retreat of cold shelf
waters over the slope during a spring storm. The seasonal thermocline started to develop in
June between the spring and summer mooring deployments, when surface waters warmed
from about 8 to 16°C and the temperature gradient reversed. During the summer
deployment, the thermocline steepened in July so that waters cooled by 4°C within the
upper 50 m. The seasonal thermocline intensified in August, deepened in September,
weakened in early October after a storm and due to other processes, and broke down
during small storms between late October and late November between the summer and
winter mooring deployments. Water structure was relatively isothermal during the winter
deployment, and surface waters were again cooler than those at depth by February.
Temperatures cooled in several steps from December to March 1989 in response to a
succession of large winter storms in mid-December, early January, and late February, then
began to warm in April.

Particles were suspended by storms on the outer shelf and shelf edge during the
experiment, based on coincident measurements by current meters and transmissometers
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Fig. 3. Development and breakdown of the seasonal thermocline at mooring 6 throughout the

SEEP-II experiment shown as a plot of isotherms with time and water depth. The ticks on the x-axis

mark the first of every month starting with 1 February 1988. The black bars at the top of the plot

delimit the timing and duration of four major storms connected with sediment resuspension events

that affected mooring 6. The temperature data were collected by a thermistor chain attached to

mooring 6 between 20 and 125 m water depth. Note the two hiatuses in June and October—
November when no data were collected.

(Churchill ez al., 1994). Storm events, augmented by reduced sediment threshold veloci-
ties in the winter, coincided with major flux events at the midwater trap of mooring 6
(Churchill et al., 1994). Three vigorous storms produced surface waves large enough to
resuspend sediment on the outer shelf at mooring 3 (90 m) in mid-April, early October,
and mid-December 1988 (Churchill ez al., 1994). Two of the storms, the mid-April 1988
and mid-December storms, coincided with flux events to the slope traps (Biscaye and
Anderson, 1994). Unfortunately, during the 6-month long winter deployment, biofouling
of the transmissometers made particle resuspension events impossible to observe after
January 1989.

The mid-April storm, which was actually two storms in succession {7 April and 17 April,
1988), suspended particles across the entire shelf including the outer shelf at mooring 3.
The mid-April storm generated longshore currents up to 60 cm/s on the shelf with a net
water mass flux off the shelf (Houghton ez al., 1994), though no net offshore currents were
detected by current meters moored above the slope. Additionally, the foot of the shelf
edge front, operationally defined where the 9°C isotherm intersects the bottom, moved
from the outer shelf at 60~90 m water depth to the upper slope to a point somewhat
shallower than 400 m water depth, based on data from thermistor chains (Houghton et al.,
1994). The event can be seen as a distinctive dip in isotherms on Fig. 3 as nearshore waters
approached the midwater trap at mooring 6 and then retreated after the climax of the
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storm period. The event coincided with an episode of high flux of aluminosilicates to the
midwater trap on mooring 6 (Biscaye and Anderson, 1994).

Resuspension events on the shelf occurred much more frequently during the winter
deploymerit compared to the spring and summer deployments based on transmissometer
data (Churchill ez al., 1994). Events were typically 3 months apart during the spring and
summer deployments, but were less than 10 days apart during the winter deployment.
Churchill et al. (1994) observed that the threshold velocity required to suspend sediment
was substantially reduced during the frequent winter storms, an effect that added to the
amount of sediment dispersed at this time. The increase in frequency of resuspension
events is mirrored by the aluminosilicate fluxes, which were higher throughout the winter
deployment than those of the summer deployment. Three major winter storms, described
below, further spiked fluxes far above the elevated background levels of the winter
deployment.

A vigorous mid-December storm began the winter series of resuspension events
(Churchill ezal., 1994). The storm coincided with a step in cooling seen in Fig. 3. The storm
resuspended sediments on the shelf, including the outer shelf at mooring 3 (Churchill ezal.,
1994), and coincided with initiation of high fluxes to traps on the slope (Biscaye and
Anderson, 1994). A second severe storm from 7 to 11 January, 1989 generated longshore
currents on the inner shelf up to 60 cm/s. This storm produced currents of 40 cm/s over the
slope at the midwater trap at 145 m at mooring 9 on the south transect, but the current
meter failed at the analogous midwater trap at mooring 6 (the present study trap) on the
north transect. The storm coincided with a step in cooling seen in Fig. 3. The storm
produced several brief peaks in beam attenuation above already elevated levels (Churchill
et al.; 1994), and coincided with a peak in particle fluxes to the slope traps (Biscaye and
Anderson, 1994). A third storm (Biscaye and Anderson, 1994) swept the region from 24 to
27 February and is linked to the highest fluxes of aluminosilicates to the slope traps during
the entire SEEP II experiment. The storm coincided with a step in cooling seen in Fig. 3.
Unfortunately, biofouling incapacitated transmissometers after 14 January, 1989. The
storm produced shore-parallel currents in excess of 80 cm/s on the inner shelf with an
onshore component of flow at the surface and some offshore flow at the bottom on the
outer shelf (mooring 3). The late February storm also generated currents of 30 cm/s above
the slope at mooring 6 near the midwater trap, where currents averaged only about 5 + 10
cm/s during calm periods (Biscaye et al., 1994; Shaw et al., 1994). The dynamics of
sediment trapping are certainly affected by currents as speedy as those produced by the
storm, and Biscaye and Anderson (1994) review two opposing effects on the accuracy of
measured fluxes: undertrapping, described by Baker et al. (1988); and overtrapping,
described by Gardner and Richardson (1992) and Gardner (1985). The present authors are
not able tc evaluate these competing effects on their foraminiferal data, butitis clear thata
great deal of shelf sediment was resuspended and moved during these storms.

FORAMINIFER FLUXES

Fluxes of benthonic foraminifers to the midwater trap on mooring 6 were substantially
elevated during storm periods. Fluxes ranged from 0 to 264 tests/m?/d during periods of
relative calm during the spring and summer deployments and two calm intervals during the
winter deployment (Table 1). Flux increased to 4900 during the mid-April 1988 storm and
ranged from about 300 to 50,000 tests/m*/d from mid-December to the end of the stormy



C. A. Brunner and P. E. Biscaye

498

080°+12 8pL SHT [ 05 ¥bS o¥8LT 6L70T 68 ABIN 10 68 1dv 61 6L
00Z°002 LT 4! 05792 €891 9zLLT 68 14V 61 68 1dv L0 8Ly
76907 766°ST 4! 01°€9 12LT 1912 68 1dv L0 68 T8N 97 LLY
TUTYE ZE8° 1P a 00°L1T 958 98b¢ 68 IBIN 9T 68 12N 1 oLy
SLL'EVL ST0°129 ST 09°180°T 86 6 100° 1Y 68 T8N +1 68434 LT SLy
£v9°T6b YOL 0S9 LT 01°L98 026'8T LLTSE 68924 LT 68 Q94 0T vLy
082S 00L'ST 0z 0€LE 9T S8zl 68 421 01 68 uef 17 €Ly
S At 996°CT1 0T oL Tl T9TL 8P19 68 Uef 17 68 uef 19 wy
SLE'VE SL6‘T9 sT 00'8LT 66€1 61ST 68 Uef 10 8899 L0 Ly
ozy OP1°6€ (174 0$'9Z 1z LS61 8899 L0 88 AON LT oLy
m—\zm_m.m
0€91 0€9°¥C ) or's €91 €T 88100 91 88 190 90 60€
059 0¥6°S9 01 06'C 59 7659 88 190 90 88 doas 97 80€
088 LTBSE 1 0ST 08 LSTE 88 dog 97 88 dos 61 LOE
6¥9 00v‘ST 11 LLO 65 00v1 88 dos 6T 88 dag 0 90€
0zz SOL‘€ET 11 0L 0z 914 88 dag 0 88 3NV y7 S0
0 P8P 11 1 0S'€ 0 ¥01 88 8ny ¢ 88 3ny €1 ¥0€
0 €748 1 08°S 0 €6L 88 8y €1 88 3nv 70 €0¢
vz £1p°8T 1 0L'ST o¥e €857 88 8uv 70 88 N[ T Z0€
0 ZE1°99 1 09'€2 0 7109 88 Inf 7T 88 Inf 1 10€
®vlEp OU ejRp OU 1 0S°'L9 e1ep OU eIEp OU 88 Inf 11 gg unf o¢ 00€
m—.—aﬁm
0981 009°TE 0z 06'81 €6 08$1 88 unf 99 88 ABN L1 174
8TLI $97°€6 91 0€°L0T 801 628S 88 ABIN LT 88 AeN 10 61
T80°T1 80€°6€1 Al 0€°8LT 126 609°11 88 ABIN 10 88 1dv 61 81
oSt 6 0€8°9S 01 0b T8¢ S €89 88 1dvy 61 88 1dv 60 Ll
432 LETTY 6 08°0S 14 €69 88 1dv 60 88 IBN 1€ 91
YTy SYTHT 8 09°1€ £ 1€0€ 88 IBIN T€ 88 IBIN €7 ST
0 960°ST 8 08'97 0 LE1E 88 TeN €2 88 18N ST 1
088 765°S€E 8 or'€s 011 6¥hy 88 I8N ST 88 BN L0 €1
vy £06°S0T 6 08°95 6 L9LTT 88 TeIN L0 88 Q3] LT 4
0LT1 0SS°12 o1 00'18 LZ1 SST1T 88 94 Lt 88 Qo LT 1
((wy#) xng (;wy#) xny sep dex),  (p/,w/3) (pruy#) xng (P uy#) xog potrad pouad den Jsquinu
suoyiuaq pajerdauy  oruoyyjuerd pajeidaul xnyg ISV osruoyuag oswopjuery derm joarep pug  JO dep URIS dexy,

g Suri00ut uo yidap 4230M W GTT 1NOGY 10 dp.ay 42IDMPILU Iy O] VLIV FIDIYISOUNUNID PUD SIS31 LafIutun.of atuoyuaq pup owopyupyd fo saxnjy | aqv]



Transport of foraminifers, Middle Atlantic Bight 499

a

50 1200
=== Aluminosilicates —=— Benthonic forams &
a0t {1000 E,
S lsoo &
99 30} 3
EE 5
53 1°* =
£ 0 g
9 é 20 | s
X 4400 E
. 10 %
[ {200 3
2
i

0 e e o e pp—t 0
Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
Date
b

50 1200
«wme Aluminosilicates  —s— Planktonic forams )
41000 Q
40} E
— o
$ P J 800 E
8% 5} 8
§5 2
=& 4600 =
Q3 S
£ 0 4
5 a0 E
T C
10} {200 E
M 3
8

o ¥ L] T T T T T T L) Ll Ll L L) 0

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
Date

Fig. 4. Number fluxes of (a) benthonic and (b) planktonic foraminiferal tests compared to mass

fluxes of aluminosilicate material plotted with time. The data were collected in the midwater trap

suspended at about 125 m water depth on mooring 6. The ticks on the x-axis mark the first of each
month.

winter deployment. Small peaks in flux occurred in mid December (Fig. 4) and January
followed by a huge peak in late February and early March and another peak in April at the
end of the experiment. The peaks in benthonic foraminiferal flux coincide very closely
with those in aluminosilicates (Fig. 4). Taxa observed include many common to the shelf
(<200 m) including common Bolivina, Nonionella, Trochammina, Rosalina, various
textularids and other shelf or ubiquitous taxa (Parker, 1948; Culver and Buzas, 1980, 1983;
see the following for slope taxa—Phleger, 1942; Miller and Lohmann, 1982; Streeter and
Lavery, 1982).

In contrast, fluxes of planktonic foraminifers (Table 1) to the midwater trap on mooring
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6 do not respond to storms, which are flagged by peak fluxes of aluminosilicates on Fig. 4,
until the winter. Planktonic foraminifer fluxes peak in early March, late April, mid-July,
and latest September during relative calm periods (Fig. 4). These peaks correspond to
peaks in production when Globigerinita glutinata (Egger, 1893) (early March and late
April), Turborotalita quinqueloba (Natland, 1938) (mid-July), Globigerinita uvula
(Ehrenberg, 1861) and Globigerinoides ruber (d’Orbigny, 1839) (latest September) are
relatively abundant in the assemblage. Planktonic foraminifer fluxes do not peak during
the early April or mid-December storms, but the fluxes reach peaks during the early
January and late February storms and are high in April as well. Fluxes are highest, near
38,000 and 41,000 tests/m%/yr, in the late February and early March trapping periods when
fluxes of aluminosilicates and benthonic foraminifers are at their maxima. Fluxes are also
elevated in late April 1989, as are those for benthonic foraminifers.

The sizes of trapped tests range from about 30 to 845 um in longest diameter with a
median in the 98-114 um size class (Fig. 5). There is a small difference in median size
(benthonic median in 81-98 um size class and the planktonic median in the 98-114 um size
class; Fig. 5a,b) and distribution of sizes between the benthonic and planktonic popu-
lations during calm periods, a finding consistent with the likely natural differences between
the two groups. The median size of planktonic foraminifers from calm and stormy periods
is the same (98-114 um size class; Fig. 5b,d), but the variability is lower in the stormy
period, presumably due to size sorting due to successive winnowing of the sediments on the
shelf and perhaps during transport. There are no significant differences in size distri-
butions, neither in median values nor in variability, between benthonic and planktonic
populations transported during stormy periods {(median in 98-114 ym size class; Fig. 5¢,d),
suggesting that winnowing on the shelf and perhaps subsequent transport processes have
made the different populations uniform in size. It is interesting to note that the median
sizes of displaced foraminifers is larger than 63 um, the size used in many modern
micropaleontologic studies, but smaller than 250 um, the size used in many older studies,
especially on continental margins. It must be said that the present authors measured the
longest test axes, so the data are only generally comparable to sieve size.

Approximately 5 million tests/m? were delivered to the midwater trap on mooring 6
during the 372 collection days of the SEEP II experiment (Tables 2 and 3). About 75% of
the planktonic tests and 99% of the benthonic foraminiferal tests were delivered during
stormy intervals, which took up 147 trapping days (40%). The single, biggest storm-
transport event, which spanned two collection periods from 10 February to 13 March 1989,
carried 44% of all the planktonic tests and 63% of all the benthonic tests transported
during the whole experiment. Clearly, storm events exert the dominant control over the
midwater fluxes of both planktonic and benthonic foraminiferal tests to the upper slope.

DISCUSSION

A model of sediment dispersal to the slope was proposed by Biscaye et al. (1988) during
SEEP I and further developed by Biscaye and Anderson (1994) in the SEEP II experi-
ment. The models propose two sediment pathways from the shelf to the slope: (1)
resuspension and advection of particles along isopycnals to the midwater column from
which the particles eventually settle to the sea floor; and (2) net advective movement
downslope along the bottom. The present paper is concerned with the importance of the
first pathway in the transport of foraminifers to the slope. The resuspension and advection
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the earliest collection interval on the bottom and the latest collection interval on the top. In (a), the
collection intervals in the calm period are lumped together because the total number of benthonic
tests is small. The size classes are shown in increments of 16.25 um. One of the 30 collection
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intervals was omitted due to a problem with sample storage (see text).

of sediment to the midwater column can occur on sea floor of any depth, but is likely to
occur most frequently on the shelf and shelf edge where energy (storm waves, breaking
internal waves, etc.) is higher than on the slope. The model has several interesting
implications for delivery of displaced, shelf foraminifers to the slope.
First of all, what is the source of the resuspended microfossils during the four major flux
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Table 2. Fluxes of foraminiferal tests integrated over all collection days of the
experiment

Planktonic foram flux  Benthonic foram flux

Period (tests/m?) (tests/m?) Days
Total (storm + calm) 2,905,000 1,965,000 372
Calm 725,000 19,000 225
Storm 2,180,000 1,945,000 147
Late-Feb. storm 1,272,000 1,235,000 32

Table 3. Relative fluxes of foraminiferal tests integrated over all
collection days of the experiment

Relative period Planktonic flux Benthonic flux  Days
(period/total) (%) (%) (%)
Calm/all days 25 1 60
Storm/all days 75 9 40
Feb. storm/all days 44 63 9

events on the slope? Comparison of planktonic and benthonic fluxes suggests a partial
answer to this question. Resuspension and advection of benthonic foraminifers to the
slope coincided with aluminosilicate delivery to the slope (Fig. 4a). However, planktonic
foraminifers were not carried to the trap during the April 1988 event nor during the first
winter storm in mid-December in numbers much greater than during calm conditions
(Table 1). Rather, only the numbers of benthonic foraminifers were elevated above
numbers delivered during calm conditions. Large numbers of planktonic foraminifers well
above calm conditions did not appear in the sediment trap until the January and late March
events, well into the stormy winter season (Fig. 4b). The difference in timing of delivery
between benthonic and planktonic foraminifers can be explained by differences in source
areas. Planktonic foraminifers prefer deep water and open-ocean conditions and so are
sparse in sediments on the inner and middle shelf and abundant in sediments on the slope
(Parker, 1948; Grimsdale and Morkhoven, 1955; Bandy, 1956; Hemleben ez al., 1989). In
contrast, benthonic foraminifers dominate the foraminiferal assemblage in sediments on
the inner and middle shelf and decrease in abundance in sediments on the outer shelf and
slope. For example, benthonic foraminifers on the Maryland shelf generally comprise
greater than 97% of the foraminifers found in bottom sediments shoreward of the 50-m
isobath, decrease to 40% near the shelf break, and decrease to less than 10% of the
foraminiferal assemblage on the lower slope in inter-canyon areas below the mudline
(Phleger, 1942; Parker, 1948; Wilcoxon, 1964). Resuspended material must have come
largely from the inner and middle shelf during the April and December events because
planktonic fluxes remained low and benthonic fluxes were high. In contrast, resuspended
material in the January and late February events must have included surficial sediment
from the shelf edge and perhaps the upper slope where planktonic foraminifers are higher
in frequency relative to the shelf. It is also possible that along-isobath transport of material
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was important during the later winter storms, but the foraminifer distributions do not
change enough alongshore in the study area to record such a transport pattern.

Is the quantity of benthonic tests delivered to the slope by advection through the water
column significant to the total deposition of the slope? This question can be answered
indirectly. We assume that the flux of planktonic foraminifers during calm periods
represents production in surface waters and that seaward advection along isopycnals to the
midwater column is minimal during calm periods. The average flux of planktonic
foraminifers during calm periods when seaward transport is minimal is about 1800 tests/
m?/d in the >125-um size fraction in the study region. This size fraction is used in order to
compare the data to fluxes determined by other workers who used sediment traps. The
average flux at mooring 6 exceeds that for the Sargasso Sea by about an order of magnitude
(100-500 tests/m?/d; <125 um; Deuser and Ross, 1989); is similar to that of the subarctic
northeast Pacific Ocean (about 2000 tests/m?/d; >125 um; Sautter and Thunell, 1989); and
is about twice that of the upwelling region of the San Pedro Basin (average about 950 tests/
m?/d; >125 um; Sautter and Thunell, 1991). It is reasonable to say that production of
planktonic foraminifers at mooring 6 is comparable to other high productivity regions of
the world cceans. The fact that fluxes of benthonic foraminifers due to seaward advection
during stormy intervals exceeds production of planktonic foraminifers during calm periods
suggests that addition of benthonic tests by seaward advection to the upper slope is as
important as is delivery of planktonic shells by production and vertical settling. ‘Seaward
advection’ is used here and below to indicate that there is, in fact, a seaward movement of
the shelf water mass, recognizing that, on a longer-term basis, this process is essentially
diffusive, rather than advective, in that there is an exchange of shelf and slope water,
rather than a continuous, offshore, advective current or current component.

Seaward midwater advection of large numbers of shelf benthonic foraminifers can
explain the size distribution of these taxa in hemipelagic slope and rise sediments.
Foraminiferologists have observed that the fine size fractions of slope sediments typically
contain more tests displaced from the shelf than do coarse size fractions (e.g. Lutze, 1980;
Lutze and Coulbourn, 1984). In fact, it has been common practice for decades to use
coarse size fractions (i.e. >150 gm or >250 um rather than the >63-um fraction) in order
to avoid specimens displaced from the shelf. The results suggest as a mechanism for the
observation that the median size of advected foraminifers is about 110 um, so samples
sieved at 63 um will probably contain more specimens displaced by seaward advection than
will samples sieved at 150 or 250 ym.

Does the deposition into the sediment trap suspended at 125 m below the sea surface and
250 m above the bottom account for the benthonic—planktonic test ratio found on the
nearby sea floor? A gravity core top recovered from 55 km south of mooring 6 near the
same depth was examined (Fig. 1). Unfortunately, box cores taken near mooring 6 during
the SEEP II experiment were sacrificed for other purposes. It was found that benthonic
tests constitute 57% of the total foraminiferal tests. The abundance of benthonic tests in
the midwater trap on mooring 6, averaged over the total trapping period, is 40% , which
may be significantly lower, although comparability of the sampling period between the
trap (15 months) and surface sediments (hundreds of years) is questionable. If these values
are compared, and the percentage of midwater-trapped benthonic foraminifers is, in fact,
lower than in the sediments, then additional transport processes are responsible for the
discrepancy: in situ production of benthonic foraminifers; bottom advective (Biscaye et
al., 1988) transport of foraminifers; perhaps additional midwater advection and sedimen-
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tation from sediments deeper than the shelf edge. This discussion brings up questions
concerning the relationship of these sediment and foraminifer dispersal pathways to
deposition of fossiliferous slope facies.

For perspective, it is helpful to consider the present results relative to the Holocene
sedimentation model of Stanley et al. (1983), who consider sediment dispersal to the slope
over thousands of years, inferred from sediment-core data, in contrast to this paper and
the model of Biscaye et al. (1988) and Biscaye and Anderson (1994), which consider data
collected over 2-year-long experiments. Stanley et al. (1983) describe a sequence of
sedimentary facies and controlling processes from the outer shelf to the lower slope: the
shelf facies of shelly sand and gravel subject to reworking and erosion in the high-energy
environment; a transition zone of older units thinly veneered by muddy sand and
alternately subject to resuspension and deposition; and the muddy slope facies where
deposition from gravity-driven bottom flows (turbidity currents) dominates. Mooring 6
lies within Stanley et al.’s transition zone above the mudline (as defined by Stanley and
Wear, 1978), where reworked shelf sediments are delivered by various spillover processes
(Stanley et al., 1983), within which may be included the dispersal mechanisms of Biscaye
and Anderson (1994).

The present results have implications for dispersal of foraminifers and sediment below
the mudline. It is common to find significant percentages of benthonic foraminifers and
other sand-size particles from the shelf in bioturbated hemipelagic slope sediments below
the mudline. For example, Cutter ez al. (1994) observed up to 2% shelf taxa in the >63-um
fraction in middle slope sediments south of the present study site, Miller and Lohmann
(1982) observed greater than 3% in the >250-um fraction, and Brunner and Culver (1992)
observed 14-16% shelf taxa in the >63 um fraction in upper rise sediments deposited in
inter-canyon areas north of the study site. In contrast to Doyle et al. (1979), Stanley ez al.
(1984) contend, based on lithology, fabric, and mineralogy, that the Holocene covering of
sediments both above and below the mudline throughout the east coast slope consists of
sandy and muddy turbidites and other gravity deposits with only moderate to minor
amounts of sediment delivered by settling (Stanley et al., 1984). In fact, they imply that
sediment studies may underestimate the amount of material of turbidite origin, because
subsequent bioturbation may destroy the original turbiditic fabric in some slope deposits.
The present work brings forward for consideration another mechanism of quantitative
significance.

Seaward advection of silt and sand, including foraminifers, through the midwater
column by storm-driven outbreaks of coastal water may deliver more material both above
and below the mudline than previously suspected. Some bioturbated hemipelagites from
the slope may contain shelf foraminifers and other silts and sands delivered by midwater
advection and settling rather than by turbidites or other downslope, gravity-driven
mechanisms. The suggestion is supported by the finding of Biscaye and Anderson (1994)
that the midwater trap at mooring 7, which was moored below the mudline and 11 km
distant from the shelf edge, also experienced elevated fluxes of aluminosilicate material
during the late February 1989 outbreak of coastal water. The possibility that significant
amounts of shelf silts and foraminifers can be advected and settled into sediment that lies
below the mudline has significant implications for sedimentological studies in marginal
settings. The occurrence of shelf foraminifers, even at fairly large relative frequencies (i.e.
40% as in our midwater sediment trap on mooring 6, or 57% in our sediment core top),
does not necessarily mean that the sediment has been displaced by turbidity currents.



Transport of foraminifers, Middle Atlantic Bight 505

Unfortunately for biostratigraphic and paleoenvironmental studies, the advective process
can transport and sort large numbers of resuspended planktonic foraminifers as well as
benthonic foraminifers, so the pelagic record produced by this process may not represent
paleoceancgraphic conditions any better than do turbidite deposits.

CONCLUSIONS

1. Large quantities of foraminifers and terrigenous materials are delivered to the upper
slope by seaward, midwater advection during a few particularly vigorous annual storms,
especially ones that cause resuspension on the outer shelf and outbreaks of coastal waters
beyond the shelf edge.

2. The April and mid-December 1988 storm events apparently resuspended and
transported inner and middle shelf sediments rich in benthonic foraminifers, whereas
the early January and late March 1989 events included sediment from the outer shelf and
shelf edge that contained significant quantities of planktonic as well as benthonic
foraminifers.

3. The quantity of benthonic tests delivered to the slope by seaward advection driven by
a few large storms in the course of a year is comparable to the total number of planktonic
foraminifers produced above the slope during calm weather, and hence quantitatively
significant to deposition on the slope.

4. Paleontologists have frequently observed that displaced foraminifers in hemipelagic
slope sediments are most abundant in the fine sand fraction. This observation is consistent
with delivery by midwater seaward advection. The median size of the advected population
is in the range of very fine sand.

5. Other seaward dispersal mechanisms, in addition to midwater advection, are active
on the slope, because the relative frequency of benthonic to planktonic foraminifers in the
midwater trap appears to be somewhat less than the relative frequency in underlying
surficial sediments. Therefore, processes, such as near-bottom advection, may be import-
ant but need evaluation beyond the 15 months of trap data and one core top.

6. Seaward, midwater advection delivers significant quantities of material to the upper
slope and probably to the lower slope as well. Reworked deposits with bioturbated fabrics
previously attributed to turbidites may be formed in part by this process.

7. Unfortunately for biostratigraphic and paleoenvironmental studies, the planktonic
component of the sedimentary record produced by this process may also be reworked
and so may not represent paleoceanographic conditions any better than do turbidite
deposits.
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