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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 
fluxes of benthonic foraminifers averaged 155 test/m2/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/m2/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/m2/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/m2/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/m2/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 4 benthonic and 130 × 104 planktonic tests/m 2 in 32 
days) than during all the preceding calm days in 1988 (1.9 × 104 benthonic and 72 x 104 planktonic 
tests/m 2 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 

I N T R O D U C T I O N  

T h e  s l o p e  is a m a j o r  c e n t e r  o f  d e p o s i t i o n  o n  t h e  c o n t i n e n t a l  m a r g i n  a n d  h o l d s  a b o u t  4 1 %  o f  

a l l  m a r i n e  s e d i m e n t  ( K e n n e t t ,  1982) .  T h e  u p p e r  6 m o f  s e d i m e n t  is b i o t u r b a t e d ,  
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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 aI., 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 et al. ,  1982; Biscaye et 
al., 1988; Gardner, 1989; Gardner and Walsh, 1990; Huh et al. ,  1990; Biscaye and 
Anderson, 1994; Churchill et al. ,  1994; Falkowski et 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 3-4 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 2, 
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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 in 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 21°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 
componenlts 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 iin 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 mooting 3. 

The general position of tile 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 - 1 7 0  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/~m 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 foraminiIers with confidence were about 30/tm 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 tresher 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 :rnidwater 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 anti decay of the seasonal thermocline (Csanady and Hamilton, 1988; Houghton et 
al., 1994) ~md 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 iin 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. 

Particle,,; 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 et 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 et 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 et 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 
deployment compared to the spring and summer deployments based on transmissometer 
data (Churchill et 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 et al., 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 et al., 
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 ,;everal 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 ~tt 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 to evaluate these competing effects on their foraminiferal data, but it is clear that a 
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/m2/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/m2/d from mid-December to the end of the stormy 
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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/mZ/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/~m in longest diameter with a 
median in the 98-114 ~m size class (Fig. 5). There is a small difference in median size 
(benthonic median in 81-98/~m size class and the planktonic median in the 98-114/~m 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 ~m 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/~m size class; Fig. 5c,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 ktm, the size used in many modern 
micropaleontologic studies, but smaller than 250/~m, 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 2 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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Fig. 5 Stacked size frequency distribution curves of benthonic and planktonic foraminifers 
deposited during calm and storm conditions into the midwater trap of mooring 6. Each line of the 
stacks represents one of 29 collection intervals, 11 from storm periods and 18 from calm periods. 
Each collection interval has been standardized such that the test flux in all size classes totals 100%, 
giving each collection interval equal weight. The collection intervals are arranged in sequence with 
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 #m. One of the 30 collection 

intervals was omitted due to a problem with sample storage (see text). 

of sed iment  to the midwate r  co lumn can occur on  sea floor of any  depth ,  bu t  is l ikely to 
occur most  f requent ly  on  the shelf and  shelf edge where  energy (storm waves,  b reak ing  
in te rna l  waves,  etc.)  is higher  than  on  the slope. The  mode l  has several  in teres t ing 
impl icat ions  for del ivery of displaced,  shelf foraminifers  to the slope. 

First  of  all, what  is the source of the resuspended  microfossils dur ing  the four  major  flux 



502 C.A. Brunner and P. E. Biscaye 

Table 2. Fluxes of foraminiferal tests integrated over all collection days of the 
experiment 

Planktonic foram flux Benthonic foram flux 
Period (tests/m 2) (tests/m 2) 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 99 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 etal., 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/ 
m2/d in the >125-/~m 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/m2/d; <125 pm; Deuser and Ross, 1989); is similar to that of the subarctic 
northeast Pacific Ocean (about 2000 tests/mZ/d; > 125/tm; Sautter and Thunell, 1989); and 
is about twice that of the upwelling region of the San Pedro Basin (average about 950 tests/ 
m2/d; >125/tm; 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 oceans. 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/,m or >250pm rather than the >63-/~m fraction) in order 
to avoid specimens displaced from the shelf. The results suggest as a mechanism for the 
observatio:a that the median size of advected foraminifers is about 110 pm, so samples 
sieved at 63 pm will probably contain more specimens displaced by seaward advection than 
will samples sieved at 150 or 250 #m. 

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 tharL 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 e ta l .  (1994) observed up to 2% shelf taxa in the >63-#m 
fraction in middle slope sediments south of the present study site, Miller and Lohmann 
(1982) observed greater than 3% in the >250-/~m fraction, and Brunner and Culver (1992) 
observed 14-16% shelf taxa in the >63 pm fraction in upper rise sediments deposited in 
inter-canyon areas north of the study site. In contrast to Doyle et al. (1979), Stanley et 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. 
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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  
paleoceanographic conditions any bet ter  than do turbidite deposits. 

C O N C L U S I O N S  

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 J~muary and late March 1989 events included sediment f rom the outer  shelf and 
shelf edge that contained significant quantities of planktonic as we l l  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 1:o 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 delive:ry 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-bot tom 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 
componen!  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. 

Acknowledgements--The authors gratefully acknowledge the hydrographic data and assistance in its interpre- 
tation of Dr Kobert Houghton of Lamont-Doherty Earth Observatory. We thank Dr George Knauer, formerly 
of the University of Southern Mississippi, for the impetus and the original seed money to begin this project. We 
thank Drs Terry Nelsen and Jonathan Klay of NOAA-AOML-OCD for helping with selection and sampling of 
appropriate core-top material. We also thank Dr Frans Jorissen of the Department of Geology and Ocean- 
ography at Bordeaux University, Dr Stephen Culver of the Natural History Museum in London, Dr R. Timothy 
Patterson of Ottawa-Carleton Geoscience Center and Department of Earth Sciences at Carleton University, 
Dr Wilford D. Gardner of the Department of Oceanography at Texas A&M University, and an anonymous 
reviewer for their insightful reviews of the manuscript. This research was funded by National Science Foundation 
grant OCE-9202427, and the original SEEP Program, under which the samples were taken, funded (to PEB) 
under Department of Energy grant DE-FG02-87ER-60555. This is Lamont-Doherty Earth Observatory 
Contribution Number 5536 and Institute of Marine Sciences Contribution Number 0182. 



506 c . A .  Brunner and P. E. Biscaye 

R E F E R E N C E S  

Baker E. T., H. B. Millburn and D. A. Tenant (1988) Field assessment of sediment trap efficiency under varying 
flow conditions. Journal of Marine Research, 46,573-592. 

Bandy O. L. (1956) Ecology of foraminifera in Northeastern Gulf of Mexico. U.S. Geological Survey 
Professional Paper, 274, 179-204. 

Bennett R. H., G. L. Freeland, D. N. Lambert, W. B. Sawyer and G. H. Keller (1980) Geotechnical properties 
of surficial sediments in a mega-corridor: U.S. Atlantic continental slope, rise, and deep-sea basin. Marine 
Geology, 38, 123-140. 

Biscaye P. E. and R. F. Anderson (1994) Fluxes of particulate matter on the slope of the southern Middle 
Atlantic Bight: SEEP-II. Deep-Sea Research II, 41,459-509. 

Biscaye P. E., R. F. Anderson and B. L. Deck (1988) Fluxes of particles and constituents to the eastern United 
States continental slope and rise: SEEP-I. Continental Shelf Research, 8, 855-904. 

Biscaye P. E., C. N. Flagg and P. G. Falkowski (1994) The Shelf Edge Exchange Process experiment, SEEP-II: 
an introduction to hypotheses, results and conclusions. Deep-Sea Research II, 41,231-252. 

Brummer G.-J. A., C. Hemleben and M. Spindler (1986) Planktonic foraminiferal ontogeny and new 
perspectives for micropaleontology. Nature, 319, 50-52. 

Brummer G.-J. A., C. Hemleben and M. Spindler (1987) Ontogeny of extant spinose planktonic foraminifera 
(Globigerinidae): a concept exemplified by Globigerinoides sacculifer (Brady) and G. ruber (d'Orbigny). 
Marine Micropaleontology, 12,357-381. 

Brunner C. A. and S. J. Culver (1992) Quaternary foraminifera from the walls of Wilmington, South Wilmington 
and North Heyes Canyons, U.S. east coast: implications for continental slope and rise evolution. Palaios, 7, 
34-66. 

Churchill J. H., C. D. Wirick, C. N. Flagg and L. J. Pietrafesa (1994) Sediment resuspension over the continental 
shelf east of the Delmarva Peninsula. Deep-Sea Research II, 41,341-364. 

Csanady G. T. and P. Hamilton (1988) Circulation of slopewater. Continental Shelf Research, 8,565-624. 
Culver S. J. (1980) Differential two-way transport in the Bristol Channel and Severn Estuary, U.K. Marine 

Geology, 34, M39-M43. 
Culver S. J. and M. A. Buzas (1980) Distribution of Recent Benthic Foraminifer off the North American Atlantic 

Coast, Smithsonian Contributions to the Marine Sciences, No. 6, 512 pp. 
Culver S. J. and M. A. Buzas (1983) Benthic foraminifera at the shelfbreak: North American Atlantic and Gulf 

margins. In: The shelfbreak: critical interface on continental margins, D. J. Stanley and G. T. Moore, 
editors, Special Publ. 33, pp. 359-371. SEPM (Society for Sedimentary Geology), Tulsa, OK. 

Cutter Jr G. R., R. J. Diaz and J. Lee (1994) Foraminifera from the continental slope of Cape Hatteras, North 
Carolina. Deep-Sea Research H, 41,951-963. 

Deuser W. G. and E. H. Ross (1989) Seasonally abundant planktonic foraminifera of the Sargasso Sea: 
succession, deep-water fluxes, isotopic compositions, and paleoceanographic implications. Journal of 
Foraminiferal Research, 19(4), 268-293. 

Doyle L. J., O. H. Pilkey and C. C. Woo (1979) Sedimentation on the eastern United States continental slope. 
In: Geology of continental slopes, L. J. Doyle and O. H. Pilkey, editors, Special Publ. 27, pp. 119-129. 
SEPM (Society for Sedimentary Geology), Tulsa, OK. 

Falkowski P. G., P. E. Biscaye and C. Sancetta (1994) The lateral flux of biogenic particles from the eastern 
North American continental margin to the North Atlantic Ocean. Deep-Sea Research I1, 41,583~02. 

Gardner W. D. (1985) The effect of tilt on sediment trap efficiency. Deep-Sea Research, 32, 349-361. 
Gardner W. D. (1989) Baltimore Canyon as a modern conduit of sediment to the deep sea. Deep-Sea Research, 

36,323-358. 
Gardner W. D. and M. J. Richardson (1992) Particle export and resuspension fluxes in the western North 

Atlantic. In: Deep-seafood chains and the globalcarbon cycle, G. T. Rowe and V. Pariente, editors, Kluwer 
Academic, The Netherlands, pp. 339-364. 

Gardner W. D. and I. D. Walsh (1990) Distribution of macroaggregates and fine-grained particles across a 
continental margin and their potential role in fluxes. Deep-Sea Research, 37, 401-411. 

Grimsdale T. F. and F. P. C. M. Morkhoven (1955) The ratio between pelagic and benthonic Foraminifera as a 
means of estimating depth of deposition of sedimentary rocks. 4th World Petroleum Congress, Rome, 
Proceedings Section I, pp. 473-491. Wiley, Chichester. 

Hemleben Ch., M. Spindler and O. R. Anderson (1989) Modern planktonic foraminifera, Springer-Verlag, New 
York, p. 229. 



Transport of foraminifers, Middle Atlantic Bight 507 

Honjo S., D. S. Spencer and J. W. Farrington (1982) Deep advective transport of lithogenic particles in Panama 
Basin. Science, 216,516-518. 

Houghton R. W., F. Aikman III and H. W. Ou (1988) Shelf-slope frontal structure and cross-shelf exchange on 
the New England shelf. Continental Shelf Research, g, 687-710. 

Houghton R. W., C. N. Flagg and L. J. Pietrafesa (1994) Shelf-slope water frontal structure, motion and eddy 
heat flux in the southern Middle Atlantic Bight. Deep-Sea Research H, 41,273--306. 

Huh C. A., L. F. Small, S. Niemnil, B. P. Finney, B. M. Hickey, N. B. Kachel, D. S. Gorsline and P. M. Williams 
(1990) Sedimentation dynamics in the Santa Monica-San Pedro Basin of Los Angeles: radiochemical, 
sediment trap and transmissometer studies. Continental Shelf Research, 10, 137-164. 

Ingle J. C. an:l G. Keller (1980) Benthic foraminiferal biofacies of the eastern Pacific margin between 40°S and 
32°N. In: Quaternary depositional environments of the Pacific coast paleogeography, Symposium 4, Pacific 
Section, Society of Economic Paleontologists and Mineralogists, pp. 341-355. SEPM (Society for Sedimen- 
tary Geology), Tulsa, OK. 

Ingle J. C., G. Keller and R. L. Kolpack (1980) Benthic foraminiferal-biofacies, sediments and water masses of 
the southern Peru-Chile Trench area, southeastern Pacific Ocean. Micropaleontology, 26(2), 113-150. 

Kennett J. P. (1982) Marine geology. Prentice-Hall, Englewood Cliffs, NJ, 813 pp. 
Lidz L. (1966} Planktonic foraminifera in the water column of the mainland shelf off Newport Beach, California. 

Limnology and Oceanography, 11,257-263. 
Loose T. (1970) Turbulent transport of benthonic foraminifera. Contributions from the Cushman Foundation of 

Foraminiferal Research, 21,161-166. 
Lutze G. F. (1980) Depth distribution of benthic foraminifera on the continental margin off NW Africa. "Meteor" 

Forschungs-Ergebnisse, C32, 31-80. 
Lutze G. F. and W. T. Coulbourn (1984) Recent benthic foraminifera from the continental margin of northwest 

Africa: community structure and distribution. Marine Micropaleontology, 8,361--401. 
McGregor B. A., R. H. Bennett and D. N. Lambert (1979) Bottom processes, morphology, and geotechnical 

properties of the continental slope south of Baltimore Canyon. Applied Ocean Research, 1,177-187. 
Miller K. G. and G. P. Lohmann (1982) Environmental distribution of Recent benthic foraminifera on the 

northeast United States continental slope. Geological Society of America Bulletin, 93, 200-206. 
Milliman J. D. (1972) Atlantic continental shelf and slope of the United States---petrology of the sand fraction of 

sediments, Northern New Jersey to Southern Florida. U.S. Geological Survey Professional Paper 529-J, 40 

PP. 
Murray J. W. (1965) Significance of benthic foraminiferids in plankton samples. Journal of Paleontology, 39, 

156-157. 
Murray J. W., S. Sturrock and J. Weston (1982) Suspended load transport of foraminiferal tests in a tide- and 

wave-swept sea. Journal of Foraminiferal Research, 12, 51-65. 
Nastav F. L., G. F. Merril, T. A. Nelson and R. J. Bennett (1980) Research elements, study areas, sample 

location,;, tracklines, and publications of the marine geotechnical seafloor stability program 1967-1980. 
NOAA Technical Memorandum ERL AOML-44, Atlantic Oceanographic and Meteorological Labora- 
tories, Miami, FL, 107 pp. 

Parker F. L. (1948) Foraminifera of the continental shelf from the Gulf of Maine to Maryland. Bulletin of the 
Museum of Comparative Zoology at Harvard, 100, 213-241. 

Phleger F. B. (1942) Foraminifera of submarine cores from the continental slope, part 2. Geological Society of 
America Bulletin, 53, 1073-1098. 

Sautter L. R. and R. C. Thunell (1989) Seasonal succession of planktonic foraminifera: results from a four-year 
time-se~es trap experiment in the northeast Pacific. Journal of Foraminiferal Research, 19(4), 253- 
267. 

Sautter L. R. and R. C. Thunell (1991) Planktonic foraminiferal response to upwelling and seasonal hydro- 
graphic ,.'onditions: sediment trap results from San Pedro Basin, Southern California Bight. Journal of 
Foraminiferal Research, 21(4), 347-363. 

Shaw P.-T., L. J. Pietrafesa, C. N. Flagg, R. W. Houghton and K.-H. Su (1994) Low-frequency oscillations on 
the oute~r shelf in the southern Mid-Atlantic Bight. Deep-Sea Research H, 41,253-271. 

Stanley D. J. and C. M. Wear (1978) The "mud-line": an erosion-deposition boundary on the upper continental 
slope. Marine Geology, 28, M19-M29. 

Stanley D. J., S. K. Addy and E. W. Behrens (1983) The mudline: variability of its position relative to shelfbreak. 
In: The ~helfbreak: critical interface on continental margins, D. J. Stanley and G. T. Moore, editors, Special 
Publ. 33, pp. 279-298. SEPM (Society for Sedimentary Geology), Tulsa, OK. 



508 C.A.  Brunner and P. E. Biscaye 

Stanley D. J., T. A. Nelson and R. Stuckenrath (1984) Recent sedimentation on the New Jersey slope and rise. 
Science, 226, 125-133. 

Streeter S. S. and S. A. Lavery (1982) Holocene and latest glacial benthic foraminifera from the slope and rise off 
eastern North America. Geological Society of America Bulletin, 93, 190-199. 

Stubblefield W. L., D. W. McGrail and D. G. Kersey (1984) Recognition of transgressive and post-transgressive 
sand ridges on the New Jersey continental shelf. In: Siliciclastic shelf sediments, R. W. Tillman and C. T. 
Siemers, editors, Special Publ. 34, pp. 1-23. SEPM (Society for Sedimentary Geology), Tulsa, OK. 

Swift D. J. P. (1976) Continental shelf sedimentation. In: Marine sediment transport and environmental 
management, D. J. Stanley and D. J. P. Swift, editors, John Wiley, New York, pp. 311-350. 

Wilcoxon J. A (1964) Distribution of foraminifera off the southern Atlantic coast of the United States. 
Contributions from the Cushman Foundation for Foraminiferal Research, 15, 1-24. 


