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Abstract

Boundary currents and internal waves determine cross-slope zonation of erosion and deposition in the
Faeroe-Shetland Channel. Currents were measured at 8§ and 34-50m above the bottom at three mooring
sites (502, 595 and 708 m depth) for 14 days. The structure of the water column was evaluated from CTD
sections, and included nepheloid layers and particulate matter concentrations. Indicators for recent depos-
ition in the sediment (organic carbon, phytopigments, 2'°Pb) were measured at eight stations across the
slope. Strong near-bottom currents at the upper slope sustain down-slope particle transport in a benthic
nepheloid layer, which is eroded under the influence of critically reflecting M, internal tidal waves at
350-550m, where the major pycnocline meets the sloping bottom. Beam attenuation profiles confirmed the
presence of intermediate nepheloid layers intruding into the Channel along the major pycnocline, and
elevated concentrations of particulate matter and chlorophyll-a were measured at this depth. Near-bottom
currents decreased with depth, thus allowing particle deposition down the slope. Inventories of excess *'°Pb
activity in the sediment deeper than 600 m were higher than what was expected on the basis of atmospheric
input of '°Pb and production in the water column, thus indicating additional lateral inputs. Simple
calculations showed that off-slope input of particles from areas shallower than 600 m may be responsible for
the enhanced deposition at greater depths. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Continental slopes constitute important and complex regions connecting shallow shelf seas and
the deep ocean. Although continental margins contribute only about 11% to the surface area of the
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world ocean, over ~ 20% of the global primary production takes place there (Wollast, 1991).
Large multidisciplinary research programs have been conducted in the recent past to determine the
exchange fluxes from the productive shelf to the deep ocean, e.g. SEEP 1 (Walsh et al., 1988) and
SEEP II (Biscaye et al., 1994) in the Middle Atlantic Bight, ECOMARGE in the Gulf of Lions
(Monaco et al., 1990) and OMEX I at the Goban Spur on the NW European margin (Van Weering
et al., 1998). All these programs have indicated that cross-slope advection contributes substantially
to the flux of biogenic debris to the sediments on the slope.

The main source of nepheloid layers, in which much of the cross-slope particle transport above
continental slopes occurs (Puig and Palangues, 1998), is sediment resuspension at the outer shelf,
the shelf break and the upper slope (Biscaye and Anderson, 1994; Van Weering et al., 1998; Monaco
et al., 1999; Durrieu de Madron et al.,, 1999a). In the Middle Atlantic Bight particles are either
flushed away with the along-slope current or deposited in a mid-slope depocentre (Walsh et al.,
1988; Biscaye et al., 1994) where the turbulent kinetic energy density in the bottom water is at
minimum (Csanady et al., 1988). Distinct depocentres on the slope were not found in the Goban
Spur (Lohse et al., 1998; Van Weering et al., 1998) or the Gulf of Lions (Courp and Monaco, 1990),
but sediment deposition rates were not evenly distributed across the slopes in these areas, either.

Strong boundary currents may be the cause of erosion at the upper slope and the shelf break (e.g.
Thomsen and Van Weering, 1998; Durrieu de Madron et al., 1999b). Heavy storms over the outer
shelf (Churchill et al., 1994; Brunner and Biscaye, 1997), internal waves impinging from the ocean
on the slope (Cacchione and Drake, 1986; Dickson and McCave, 1986; Thorpe and White, 1988;
Atzetsu-Scott et al., 1995; Durrieu de Madron et al., 1999a), and combinations of these processes
(Huthnance, 1995) are likely causes also. Recently, direct turbulence measurements around a sub-
surface seamount have revealed bands of enhanced turbulence dissipation levels emanating from
the sloping bottom (Lueck and Mudge, 1997). Where these bands, corresponding to ray-paths of
internal waves, meet the seafloor, erosion of the bottom nepheloid layer (BNL) may occur to form
an intermediate nepheloid layer (INL) extending off the slope. Increased turbulence above a slope
and the resulting formation of INLs has been attributed to critical internal wave reflection
(Dickson and McCave, 1986; Thorpe and White, 1988). Geometric focusing of internal waves along
distinct attractor beams allowing repeated reflections may be an alternative mechanism (Maas et
al., 1997). Critical reflection and geometric focusing of internal waves both can cause sediment
erosion in restricted, but different, depth zones on the slope and re-deposition at greater depth
where near-bottom turbulence is sufficiently less.

Here, we report results from the PROcesses on the Continental Slope (PROCS) pilot program in
the Faeroe-Shetland Channel (North Atlantic Ocean) during May 1997. Previous work in this area
focused on the complicated hydrography (Van Aken and Eisma, 1987; Van Aken, 1988; Turrell et
al., 1999), large-scale dispersion (Burrows et al, 1999) and the dynamics of eddies (Oey, 1998).
Sherwin (1991) evidenced occurrence of internal waves. Less information exists on the patterns of
erosion and deposition in the Channel, though the general composition of the surficial sediments is
well-described (Stoker et al., 1993). The overall objectives of PROCS were to investigate whether
internal wave focusing is a major cause for the mixing of the stratified water column over the
sloping bottom of the channel and if the impact of reflecting internal waves can be traced in the
sediment. This paper deals with the second part of these objectives with its main emphasis on the
suspended and near-surface seabed sediments. Others will discuss the issue of mixing elsewhere.
Although substantial work has been done since the publication on bottom boundary mixing by
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Thorpe (1987), we may still quote him: “boundary layers on slopes have been given less attention
than they deserve, particularly in view of their possible effects in [..] sediment stability and the
production of nephel layers (Dickson and McCave, 1986), and their importance to benthic fauna”.
It is within this context that we will first discuss the occurrence of internal waves over the slope of
the Faeroe-Shetland Channel, then the structure of nepheloid layers and the depths where erosion
may be expected, and finally the cross-slope zonation of indicators for recent deposition in the
sediment (e.g. organic carbon, phytopigments, *!°Pb).

2. Study area

The Faeroe-Shetland Channel (FSC, 60°N, 6°W-63°N, 1°W) is one of the major conduits of the
global conveyor belt system as it connects surface waters of the North Atlantic with the Norwegian
Basin as well as deep waters of the Norwegian Basin with the Iceland Basin. The West Shetland
Shelf borders it in the southeast, where it connects the North Atlantic with the North Sea (Fig. 1).
The northern entrance is 1500-2000m deep; the southwestern connections have sills with
maximum depths of about 850m in the Faeroe Bank Channel and 600-650m across the
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Fig. 1. Study area and sampling locations. Dots indicate stations along the hydrographic sections (#1, 2, 3, 4, 5; # M).
For details on stations see Table 1.
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Wyville-Thomson Ridge. The hydrography of the area was described extensively by Turrell et al.
(1999). The upper 200-500 m of the water column is occupied by two distinct water masses of which
North Atlantic Water (NAW) flows northward along the West Shetland Shelf break at a tidal mean
speed of about 0.2ms ™' (Huthnance, 1986). Modified North Atlantic Water flows southward
across the Faeroe Shelf and upper northwestern slope, turns in front of the Wyville-Thomson
Ridge and then runs northward parallel to NAW along the central axis of the Channel. Water
masses deeper than 500m come in from the Norwegian Basin and flow southward towards the
Wyville-Thomson Ridge (Turrell et al., 1999). The barotropic tide in the FSC is dominated by the
semidiurnal M, that has an amplitude of 0.5-0.6 m in the FSC, runs parallel to the isobaths and
has a phase difference of ~ 20° between the Wyville-Thomson Ridge and the northeastern
entrance of the Channel (Sinha and Pingree, 1997). Maximum bottom current velocities as
documented in Stoker et al. (1993) are 0.5-0.7ms ™' over the West Shetland Slope.

The shelf-break is positioned at about the 200-m depth contour (Stoker et al., 1993). The axis of
the channel is at about 1200m depth on our sections. Isobaths on the southeastern slope run
parallel over long distances, and sediment types follow the depth contours. Biogenic carbonate
contents are 20-80% on the West Shetland Shelf and < 20% below the shelf break. The sediments
on the southeastern slope of the FSC consist of gravelly muddy sand between 200 and about
1000 m depth with patches of muddy sand, gravelly mud and sandy mud; deeper than 1000 m sandy
mud dominates the sediment composition (Stoker et al., 1993).

We have selected this area for our research because the slopes of the FSC are relatively gentle
and not intersected by canyons. Furthermore, the opposing sloping sides favor internal wave
reflections. Practically, the size of the basin is such that it could be covered by a modest
oceanographic expedition.

3. Materials and methods
3.1. Hydrographic sections

The sampling program ran from 30 April (day 120) to 17 May 1997 (day 137). Six CTD sections
were occupied perpendicular to the axis of the channel, five across the southeastern slope at mutual
distances of 5-10 nautical miles, and one across the northwestern slope (Fig. 1). The distances
between the stations on the sections were 2.5, 5 and 10 nautical miles depending on vertical
gradients and position on the slope. Here, we will focus on section # 1 across the southeastern
slope running from 60°33.07'N, 2°21.00'W at 149 m depth to 61°11.39'N, 3°23.34'W at 1213 m
depth for hydrographic data, and section # M, running from 60°49.68'N, 3°00.48'W at 500 m depth
to 61°10.00'N, 3°34.02'W at 1228 m depth on which, in addition to regular CTD casts, moorings
were deployed and bottom samples were collected. Data from the other sections will be given only
where they provide additional information.

3.2. Water column

The water column was sampled with a Seabird SBE-911 plus CTD equipped with a Sea-
Tech transmissometer (660-670nm, 0.25m lightpath) and a ‘Chelsea Instruments Aquatracka’
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fluorometer (excitation wavelength 440 nm and bandwidth 80 nm, detection wavelength 670 nm
and bandwidth 30 nm). The light attenuation coefficient ¢ (m ™~ ') was calculated from transmission
as ¢o = In(transmission)/0.25. The sensors on the CTD sampled at a frequency of 24 Hz, presented
here as averages over 1-m depth intervals during the downcast.

Water samples were collected during upcasts with 12-1 NOEX bottles at about every 100 m and
at additional depths when the CTD downcast showed strong gradients. Surface samples refer to
depths between 10 and 15m, the deepest samples to 10-30m above the bottom (mab). Entire
NOEX bottles were emptied in carboys that were transported to the cooled van (4-6°C) on board
of the ship for further processing. The carboys were shaken vigorously before subsampling, 21 for
total particulate matter (TPM), 21 for particulate organic matter (POC, PON, 6'3C), and 11 for
chlorophyll-a (chl-a). TPM was determined by low-vacuum filtration over pre-weighted Poretics
polycarbonate membrane filters (47 mm diameter, 1 pm pore size), with rinsing of the filters with
milliQ water to remove the salt, drying (60°C, 24 h), equilibration to 30% ( £ 0.1%) relative
humidity (RH), and re-weighing at 30% ( & 2%) RH. A pore size of 1 um was chosen to stay as
close as possible to the filters used for POC (see below) and to prevent overloading of the filters. In
our experience and in literature data (Sheldon, 1972) the possible bias in TPM weight introduced
by this pore size relative to the more usual 0.45 um is small compared to other biases associated
with the determination of TPM from bottle samples (Bishop, 1991). We included humidity control
in the weighing procedure to exclude variability due to the uptake of water vapor from the
laboratory atmosphere (40-80% RH), which would occur during transfer from the dessiccator to
the balance and during weighing. Accuracy of the TPM weights is better than 0.04 mg at the 95%
confidence level.

Samples for particulate organic matter were filtered over precombusted (480°C, 6 h) Gelman A/E
borosilicate fibre filters (13 mm diameter, 1 um nominal pore size). Particulate organic carbon
(POC) and nitrogen (PON) of the material on the filters were measured with a Carlo-Erba NA
1500-2 elemental analyzer following the protocol of Verardo et al. (1990). Inorganic carbon was
removed with sulfurous acid. Accuracy expressed as the coefficient of variation for replicate
samples, was about 0.025 for POC and 0.07 for PON. Carbon isotope ratios of the organic matter
collected on the filters were measured with a VG-optima SIMS coupled on-line via a continuous
flow interface with the Carlo-Erba elemental analyzer. Results are reported in the é notation
relative to the Vienna-PDB. Reproducibility was better than 0.1%,.

Samples for chlorophyll-a (chl-a) were filtered over Whatmann GF/C borosilicate fiber filters
(55mm diameter, 1.2 pum nominal pore size) before fluorometric determination according to
Holm-Hansen et al. (1965).

3.3. Currents

An upward looking 75 kHz narrow-band RDI-ADCP, equipped with a CTD unit, was moored
at 595 m water depth on section # M (Fig. 1, Table 1). The instrument measured currents averaged
over 4-m bins between 150 and 546 m depth, at time ensembles of 10 min from 3 May (day 123) to
16 May 1997 (day 136). Aanderaa RCM9, Valeport BFM308 and NBA-DNC 2M current meters
were moored at 8 and 34 mab at two stations on section # M (Fig. 1, Table 1) during days 122-136.
Accuracy of the current data based on 10-min ensembles is + 1cms™ ' and + 5° for speed and
direction. The horizontal Cartesian coordinates were rotated anticlockwise over 40° to match the
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Table 1

Position, depth, sediment median grain size (surface 2.5mm) with % of particles < 60pum (in brackets) and % of
inorganic C (IC) of the mooring and multi-corer stations. Particle size was not measured at St. 54 due to lack of sufficient
sample material

Station Latitude Longitude Depth Median grain Instruments in

(N) (W) (m) size moorings/IC
(nm) content (%)

Moorings

26 60°49.65 3°00.47' 502 — Current meters

25 60°52.82 3°04.40' 595 — ADCP

27 60°55.48’ 3°10.49 708 — Current meters

Multicorer stations

38 60°54.22' 3°06.81 649 274 (11%) 1.3

78 60°55.19' 3°08.22 672 264 (11%) 1.4

23 60°55.76' 3°10.55 711 210 (7%) 1.0

28 60°56.84' 3°12.56' 766 160 (10%) 1.0

56 60°57.33' 3°13.92 801 158 (15%) 1.1

34 60°56.68’ 3°16.79' 900 160 (15%) 1.2

66 60°59.17' 3°19.15 978 195 (18%) 0.9

54 61°09.99' 3°33.95 1228 Not measured 1.2

mean bathymetry. Thus, along-slope components () are positive to the northeast, and cross-slope
components (v) are positive to the northwest (off-slope). All data were low-pass filtered with the
cut-off frequency at 1cph prior to further analysis.

3.4. Sediment

Sediment samples were collected with a multiple corer (Barnett et al., 1984) at eight stations on
section # M (Fig. 1, Table 1). The corer was equipped with eight polycarbonate liners with inner
diameter of 62 mm, which normally collected virtually undisturbed cores of 25-35cm length with
clear overlying water. Cores that were turbid or disturbed otherwise were discarded. Immediately
after retrieval on deck, the cores were transported to the cooled van (4-6°C), where they were
sectioned into slices of 2.5 mm in the upper 1 cm of the sediment, 5 mm from 1 to 3 cm, 10 mm from
3 to 7cm, and 20 mm from 7 to 15 cm depth. The sediment slices of corresponding depth intervals
from 3 to 4 cores were pooled and frozen ( — 80°C for pigments, — 20°C otherwise) until further
analysis. Water content was determined from the loss of weight after drying at 60°C for 48 h and
correcting for the salt content of the interstitial water. Dry bulk density and porosity were
calculated from the water content and the bulk weight of the samples, applying a density of
2.6gcm* for the dry solids. Grain size distributions (0-2.5 mm slices) were measured by sieving
over 1 mm mesh and laser diffraction of the particles < 1 mm (Coulter LS 230) after removal of
organic matter with 30% H,O, at 40°C and carbonates with 0.5N HCI at 80°C. The grain size
distribution measured with the Coulter LS 230 was corrected for the weight retained on the 1 mm
sieve. Carbon and nitrogen contents of the (not fractionated) dried and homogenized slices were
determined on a Carlo-Erba NA-11500 elemental analyzer, according to Verardo et al. (1990).
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Total carbon (TC) and total nitrogen (TN) were determined by the combustion of untreated
samples in tin cups, total organic carbon (TOC) after the removal of inorganic carbon by the
addition of small aliquots (10-50 pl) of sulfurous acid to the cups. Inorganic carbon (IC) represent-
ing carbonates was calculated as TC minus TOC. Carbon isotopes of TOC were measured
similarly to those of POC outlined previously. The accuracy, expressed as coefficient of variation,
was about 0.01 for TC and TOC, and better than 0.02 for TN. The sediments were analyzed for
chl-a and phaeophorbide-a (ph-a), which we regard as tracers for phytodetritus (Stephens et al.,
1997), by means of reverse-phase HPLC equipped with a photodiode array plus fluorescence
detector as described by Tahey et al. (1994) and Duineveld et al. (1997). For analysis of 2!°Pb
activity, sediment samples were spiked with 2°®Po and leached with HNO3 and HF in a micro-
wave oven for 3 h, followed by spontaneous electrochemical deposition of Po-isotopes onto silver
in 0.5N HCI at 80°C for 4h. 2!°Pb activity was measured by alpha-spectrometry of *!°Po on
a Canberra A-600-23-AM instrument with passivated implanted planar silicon detectors. Counting
time was 48 h, counting error 3-7%.

4. Results
4.1. Hydrography and currents

Vertical profiles of salinity and potential temperature above the slope confirm the hydrographic
settings as described by Turrell et al. (1999). Salinity gradually decreased in the upper 400 m,
sharply decreased to a minimum between 400 and 500 m and increased again in the deepest layers
(Fig. 2). Potential temperature showed largely similar profiles, with the main thermocline between
400 and 600m depth (Fig. 2). Near the bottom of stations 9 and 10, the water was colder than at
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Fig. 2. Vertical profiles of (a) salinity and (b) potential temperature from stations 8 (solid line, 495 m), 9 (dashed line,
617m), 10 (dotted line, 750m) and 12 (dashed-dotted line, 1213 m). All stations lie on section # 1; the profiles were
measured on day 120.
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Fig. 3. Along- and cross-slope near-bottom currents at (a,b) St. 26 at 502 m, (c,d) St. 25 at 595 m, and (e,f) St. 27 at 708 m.
Shaded background refers to measurements at 8 mab, solid lines to 34 mab (a,b,e,f) or 50 mab (c,d).

similar depths at deeper nearby stations, indicating that the pycnoclines were crawling up-slope
around 600-800 m.

Average near-bottom along-slope currents () were directed northeast at mean velocities (34-50
mab) of 0.22ms ™' at 502m, 0.20ms™~ ' at 595m, and 0.08ms~ ' at 708 m (Fig. 3a, c, €). Mean
values of u were 5-15% lower at 8§ mab than at 34 mab. Variability around the mean was high as
indicated by SDs of 0.12, 0.15 and 0.14ms™ !, respectively, at 34-50 mab. Standard deviations of
u were 5-20% lower at 8 mab than at 34 mab. Low-frequency along-slope currents alternated
direction at the deepest stations, most notably at 708 m between days 126 and 130. Cross-slope
mean currents (v) were up-slope at 34-50mab at all three stations: — 0.07ms™ ' at 502m,

—0.05ms”!'at595mand — 0.0l ms~ ' at 708 m (Fig. 3b, d, f). At 8 mab, mean v was down-slope
at 708 m (0.03m s~ ') and up-slope at 502m (-0.04 ms~ '), which is 40% less than at 34 mab. The
SD of v was 0.07-0.09ms ™! in all series, which is considerably lower than along slope, but large
when compared to the mean v. At 708 m, periods with down-slope currents that lasted several
hours appeared at both 8 and 34 mab about every second day after day 126. Associated with these
periods, currents could change from + 0.2 to -0.2ms ™! within about 1h (e.g. on day 130).
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Fig. 4. Power spectra (Hanning window, equivalent with 19 degrees of freedom) of the along-slope (a,b,c) and cross-slope
currents (d,e.,f) observed at 34, 50 mab (thin lines) and 8 mab (thick lines) on the southeastern slope at 502 m (a,d), 595 m
(b,e) and 708 m (c,f) total water depth. Thin lines with slope 2: 1 indicate the predicted Garrtett—-Munk spectra for internal
waves. The inertial frequency f'is at 1.75¢cpd, M, at 1.93cpd.
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Variance in the u, v current components was predominantly semi-diurnal lunar tidal and was
approximately in phase at the three stations. The spectra of the currents followed the Gar-
rett—-Munk prediction for internal waves (Fig. 4). Along slope, the M, -peaks were uniformly high at
all depths, although it was lower for 595m, 8 mab. These results are in contrast to those of the
cross-slope currents for which the M, peak was relatively small at 595 m, intermediate at 708 m
and sharpest at 502 m. Notably, cross-slope M, was enhanced relative to along-slope M, in the
8-mab record of the 502-m station. This indicates that the kinetic energy in the M, band was
predominantly in the along-slope current at 595 m, but that it was aligned towards the cross-slope
current at 502 m, particularly near the bottom.

To further elaborate the u, v variability around the M, band we applied a Butterworth high-pass
filter to the data with a cut-off frequency of 0.5d™!. From the filtered data we calculated the
principal axes of current velocity using the formula outlined in Emery and Thomson (1998). We
added series from the nine deepest bins of the ADCP at 595 m, thus covering the 50-82 mab range,
to better identify changes with depth. Results show that the tidal variability was aligned almost
along slope higher up in the water column, bending slightly and clockwise when approaching the
bottom (Fig. 5). The main axis deviated ~ 12° from along slope at 34-50 mab at the 595 and 708-m
stations, and ~ 16° at 8 mab. At 502 m, however, it deviated 40° at 34 mab and as much as 60° at
8 mab. The ratio of the axes of the ellipses decreased from 1.7 to 2.4 off the bottom to ~ 1.5 at
8 mab. These observations indicate that near-bottom currents in the semidiurnal band were aligned
cross slope rather than along slope at, particularly, the 502-m station.

4.2. Chl-a and TPM distribution

TPM varied from 0.2 to 1.3gm ™ * (average 0.57gm >, SD 0.28 gm~3) with nine out of 178
samples exceeding this range upto 2.4 gm~ 3. Based on high ¢-values of their studentized residuals,
referring TPM against beam attenuation co, these nine data points were considered as outliers and
omitted in further analysis. An example of the vertical distribution of TPM in the water column
(Fig. 6a) shows higher concentrations at mid-depth and close to the bottom. POC concentrations
were highest in the upper 200 m of the water column (50-250 mgm ™~ ?), corresponding to approxim-
ately 20% of TPM, and decreased towards the bottom (Fig. 6b). Near-bottom chl-a concentrations
were two orders of magnitude lower than near the surface (Fig. 6¢). The mid-depth peak of TPM
was reflected in chl-a and in the relatively low POC/TN and high chl-a/POC ratios (Fig. 6d, ¢). The
613C ratio of POC varied between — 23.5 and — 25.5%, without any trend with water depth or
station, matching the range of values reported for POC in the mixed surface layer at about 60°N
(e.g., Goericke and Fry, 1994).

4.3. Fluorescence and beam attenuation versus bottle samples

Fluorescence (fic) was highly correlated with extracted chl-a for chl-a > 7x 10 °gm™* and
flc > 0.02 (chl-a = 3.36 x flc'*%, R = 0.95, n = 54). Light attenuation ¢, was not correlated to TPM
when the entire data set was used (R = 0.005, n = 169, Fig. 7a), which may be due to the dominance
of phytoplankton cells in samples from the surface layers. Plotting ¢ against fluorescence showed
a strong correlation (Fig. 7b). We subtracted the contribution of chl-a from the attenuation signal
to obtain the corrected attenuation: ¢c—p. = ¢o — 0.61 x flc, which appeared to be slightly better
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Fig. 5. Ellipses of the high-pass filtered current velocities (cut-off 0.5cpd) at St. 26 (502 m), St. 25 (595m) and St. 27
(708 m). The depth indicated with the ellipses is relative to the bottom. Lengths of the axes (for scale see legend in upper
right corner) are computed to define the 95% confidence region for the velocity fluctuations.

correlated with TPM (Fig. 7c). The slope of TPM versus ¢ - is flat but within the range given by,
e.g., Baker and Lavelle (1984) and Bishop (1986). Our TPM values span a range of about 1g
m > only, and scatter of this order of magnitude appears in most other field studies (e.g. Puig and
Palanques, 1998). This is most likely due to bottle-to-bottle variability influencing filtered TPM
values. In subsequent sections we will interpret the corrected attenuation c¢—g. as a proxy for
particulate matter concentrations.

4.4. Nepheloid structure

The stratification of the water column (Fig. 2) is reflected by high values of the buoyancy
frequency (&), which we calculated for 10-m depth intervals and normalized over the inertial
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in bottle samples collected at St. 10 (750 m).
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Fig. 7. Correlation diagrams between (a) TPM and beam attenuation ¢y, (b) beam attenuation ¢, and fluorescence, and

(c) TPM and the corrected (see text) beam attenuation c_g,.

frequency £, 1.27 x 10”*s ™! at 61° north. Profiles show strong stratification with N/f = 30-50 in
the surface 100m, N/f'< 30 between about 100 and 350 depth and a sharp increase at about
350-400 m to peak values of 50-90 at 500-600 m depth (Fig. 8a). Additional peaks of N/fas high as
40-50 were observed at 600-700m in some, but not all, profiles. Deeper in the water column N/f
rapidly decreased to values less than 10. Sub-surface peaks in fluorescence were situated directly

above the depth where N/f strongly increased (Fig. 8c).

Increased turbidity associated with nepheloid layers generated on the slope was expected at
critical frequencies for internal wave reflection. For geometric focusing of internal waves distinct
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Fig. 8. Vertical profiles of (a) the buoyancy frequency N, (b) the critical internal wave frequency o, both normalized over
the inertial frequency f; (c) fluorescence and (d) corrected (see text) beam attenuation c_g,.. Profiles are from all seven
stations between 700 and 800 m depth on the southeastern slope of the channel (sections # 1, 2,4, 5, # M). Vertical line in
(b) indicates the M, frequency normalized over f.

zones on the slope which allow for sub-critical and super-critical reflections should be present. The
critical frequency (o.) is related to the gradient of the sea bed (x) by (Thorpe, 1987):

cl/f* = N?/f*sin?a + cos?a. (1)

We calculated « as a function of depth at 10-m intervals by averaging the gradients of all five
sections on the southeastern slope of the channel and smoothing with a 50 m moving average to
remove effects of local irregularities. The slope angle varied between 0.01 and 0.045 rad (0.6-2.6°),
with maxima at about 400, 650 and 900 m, which causes the slight differences between the profiles
of N?/f* and ¢2/f* (Fig. 8b). On average, .. /f peaked at shallower depth than N/f, but both ¢ /fand
N/f showed considerable variability around the mean pattern between 350 and 650 m with several
maxima and minima in the individual profiles. The dominant tidal frequency M,, (M, /f = 1.10)
may be critical (M, = a.) or sub-critical (M, < o) at depths generally between about 350and
550m (Fig. 8b). Turbidity as indicated by beam attenuation ¢ _g, gradually increased to maximum
values at about 500-550 m, dropped to relatively low values around 600 m and increased again
toward the bottom (Fig. 8d), thus suggesting the presence of benthic nepheloid layers (BNLs)
extending ~ 100 mab.

Contour plots of N/f, a./f and c¢_g, were constructed for section # 1 (Fig. 9). Stratification was
generally strongest between 400 and 650 m depth over the entire southwestern slope, but it peaked
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close to the slope at 500-600 m (Fig. 9a). This pattern was reflected in the distribution of the critical
frequency ¢, /f, which was larger than M, /f close to the bottom in three layers between 450 and
650m (Fig. 9b). Beam attenuation was moderately enhanced in a thick BNL extending from the
shelf break to the major density gradient at 400-600, where it formed a weak INL along the
pycnoclines (Fig. 9c). Erosion and BNL-INL formation was indicated between 450 and 650 m
depth, corresponding to the zones where reflection of the semi-diurnal tidal waves is critical.

4.5. Sediment data

Sediment samples could be taken at stations deeper than about 600 m only. Sediments between
300 and 450 m consisted of hard sands, which our corer could not penetrate, and between 450 and
600m the sea floor was densely covered with gravels and cobbles deposited during the last glacial
ice retreat. Median grain size decreased from 274 um at 649 m to 158 pm at 801 m, and the clay/silt
fraction ( < 60 um) varied between 7 and 18% (Table 1). Sediments were low in carbonates
(inorganic carbon = 1%, Table 1) over the entire transect. Total organic carbon (TOC) contents of
the sediments at stations deeper than 600 m were low, between 0.15 and 0.6%, without consistent
trends, either with depth in the sediment or with water depth (Table 2). The average atomic
TOC/TN ratio of the samples was 8.3 with slightly lower ratios at the sediment-water interface
than deeper in the sediment (Table 2). A relatively low TOC/TN ratio of 6.6 was measured in the
upper 5mm at 672 m water depth. The 6'2C value of the organic matter was — 21.9%, at 672 and

Table 2

Total organic carbon (TOC), TOC to total nitrogen ratio (TOC/TN), chlorophyll-a (chl-a), phaeophorbide-a (ph-a) and
613C of the TOC in the top-layer (0-5mm) and the 5-80 mm layer of sediments at the slope of the Faeroe-Shetland
Channel. Numbers in parentheses are 1 SD and indicate variability with depth within the layers (0-5mm, n = 2
sub-layers; 5-80mm, » = 10 sub-layers). Data for chl-a and ph-a refer to 0-5 and 5-30 mm depth

Station-depth Layer TOC TOC/TN o3¢ Chl-a Ph-a
(m) (mm) (%) (molmol™ ") (%) (ngg™ ") (ngg™")
38-649 0-5 025(0.02) 7.9 (0.1) —234(12)  38(5 713 (55)
5-80 026 (0.04) 83 (0.4) 11 3) 321 (202)
78-672 0-5 030 (0.04) 66 (0.6) —219(1.0) 18(8) 601 (3)
5-80 0.25(0.05  7.5(0.9) 17 2) 481 (110)
23-711 0-5 022 (005  7.7(L6) ~21902) — —
5-80 024 (0.04)  83(0.3) —
28-766 0-5 023(0.02)  84(1.9) —242(10)  38(20) 863 (350)
5-80 0.24 (0.04) 8.2 (0.9) — 12.(7) 458 (100)
56-801 0-5 023 (0.01)  7.7(0.3) —232(06) 29 (22) 779 (118)
5-80 027 (0.04) 8.6 (0.5) — 7(1) 479 (21)
34-900 0-5 0.23 (0.01) 8.1 (0.1) —25.1(0.4) 69 (21) 984 (48)
5-80 028 (005  7.8(0.9) — 14 (5) 653 (46)
66-978 0-5 027 (0.01)  7.9(0.9) —231(00) 72(23) 1149 (107)
5-80 025 (005 7.8 (0.6) — 14 (10) 687 (250)
54-1228 0-5 030 (0.01)  87(0.2) —244(06) 28 (13) 420 (100)
5-80 — — — 7 (13) 304 (45)
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Fig. 10. Vertical profiles of 2!°Pb activity along section # M. Activities were measured as Bqkg ™! dry sediment and
converted to mBqcm ~3 wet sediment volume using data on dry bulk density of the sediment samples. Symbols are
measured data; lines are best fits of the models described by Soetaert et al. (1996) neglecting sediment accumulation.

711m depth and — 23.1to — 25.1%, at the other stations (Table 2), close to the values measured in
POC in the water column. Concentrations of chl-a, indicative of labile phytodetritus, were highest
in the upper 5 mm of the sediments, especially at the deeper stations on the slope (Table 2). Lowest
concentration in the 5mm surface layer was measured at 672m, 18ngg !, compared to
29-72ngg~! at the other stations. Below 5mm variability between stations was much less with
concentrations between 7 and 17ng g~ !. The data for phaeophorbide-a (ph-a), which is a degrada-
tion product of chl-a, showed a similar pattern with higher concentrations in the top layers
compared to the layers below, and a relatively low concentration in the upper Smm at 672m
(Table 2). In all sediments, ph-a was more than an order of magnitude higher than chl-a, which
indicates that degradation products dominate the phytopigment pool in these sediments.

219pp profiles were measured at seven stations between 649 and 978 m depth (Fig. 10). All
profiles show excess 21°Pb concentrations in about the upper 6 cm relative to the background
226Ra supported concentrations (about 20mBqcm ~* at 649 m increasing to about 50mBgcm ™3
at 978 m). We applied the models of Soetaert et al. (1996) to determine the *!°Pb fluxes to the
sediments. These models require estimates of the sediment accumulation rates as input. We
assumed a range of this input parameter. Neglecting the accumulation rate relative to the rate of
mixing assessed the lower limit, while the upper limit (varying from 0.lmmyr~! at 672m to
0.3mmyr~! at 766-801 m) was estimated from the exponential decrease of the excess *'°Pb
activity below the subsurface peaks. Because the fluxes should equal the ?'°Pb inventories
multiplied by the decay rate of *!°Pb (4 = 0.0311 yr '), the results were not very sensitive to the
assumed range of sediment accumulation rates as long as the model outcomes matched the data.

Best fits through the measured data (Fig. 10) were obtained with models including non-local
mixing (models 3 and 4a in Soetaert et al., 1996). This suggests that part of the 2!°Pb bearing
particles is injected, presumably by benthic fauna at 1-2 cm below the sediment-water interface, in
addition to sedimentation on the sediment surface. Calculated *'°Pb total input fluxes vary from
60 to 250 Bqm ™~ 2yr~ ! with a distinct minimum at 672m depth and highest fluxes at 766-801 m
(Fig. 11). The contribution of the non-locally injected flux to the total input flux decreased with
increasing water depth from about 90% at 649 m to about 55% at 978 m with a clear minimum of
less than 30% at 672-711 m depth (Fig. 11). In fact, adding non-local mixing to the model did not
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Fig. 11. (a) >!°Pb input flux, (b) mixing coefficient Dy, and (c) the contribution of the non-locally injected flux to the total
input flux as derived from evaluating the data in Fig. 10 with the models of Soetaert et al. (1996). Error bars indicate
2 x SD. The theoretical 21°Pb flux expected from atmospheric deposition and production from 22°Ra decay in the water
column is indicated in (a). In (b) and (c) the general decrease with depth of both Dy, and the contribution of the non-locally
injected flux as computed by Soetaert et al. (1996) for Goban Spur (NW European margin, 47-50°N) is indicated for
comparison.

improve the fit for the 672-m station. Model-derived mixing coefficients D, were low (about
0.03cm?yr~') at the two shallowest stations, increased sharply to 0.13cm? yr~! at 711 m depth
and subsequently decreased to 0.03cm? yr~! at stations deeper than 900m (Fig. 11).

5. Discussion

In this study we aimed at identifying zonation of erosion—-deposition processes on the slope of the
FSC. Large along-slope transports through the FSC of different water masses in opposite direc-
tions (Van Aken, 1988; Turrell et al., 1999) and partly forming eddies and meanders (Van Aken,
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1988; Oey, 1998; Burrows et al., 1999) ensure that observations made at different stations on our
parallel cross-slope sections are not always directly coupled. Thus, increased turbidity at some
depth is likely entrained somewhere upstream (e.g., Dickson and McCave, 1986; Puig and
Palanques, 1998; Durrieu de Madron et al., 1999a). However, isobaths run parallel over long
distances in the FSC, and canyons are absent. CTD surveys on sections up to 30 nautical miles
towards the southwest showed basically similar profiles as on sections # 1 and # M (Fig. 8). Also,
the large-scale density distribution given by Turrell et al. (1999), which is based on sections further
to the southwest and to the northeast, is almost identical to what we observed. Therefore, we are
confident that our observations are representative for a wider area and that for the present purpose
2-D interpretation of the data is allowed.

5.1. Internal waves impinging on the slope

On scales much longer than tidal, surface water flows northward along the West Shetland Shelf
and water masses below ~ 600m flow southward (see Turrell et al., 1999). On the basis of Ekman
dynamics, Van Aken and Eisma (1987) suggested that these along-slope currents would induce
up- and down-slope currents over the bottom and an intrusive flow to the interior of the channel
where they converge. Our current meter data (Fig. 3) did not confirm this pattern. Instead, mean
near-bottom along-slope currents were directed to the northeast between 502 and 708 m during the
2 weeks of observations, though the mean current at 708 m was ~ 60% smaller than at 595 and
502m. Mean cross-slope currents were weak and up-slope, except for 8 mab at 708 m, which is
opposite to what would be expected on the basis of Ekman dynamics. Apparently, other processes
dominate the near-bottom current structure, and the relatively large tidal variability of the
cross-slope currents (Figs. 3 and 4) suggests that internal tidal waves are important.

Temperature and density profiles at CTD stations that were repeatedly visited showed that the
pycnoclines moved up and down over ~ 100m. This may, however, be related to meanders of the
boundary current, which are generated downstream of the Wyville-Thomson Ridge and have
periods of 5-10 days (Oey, 1998). Meanders might be the cause of the rapid changes in the
cross-slope currents measured at 708 m, although the period of these changes (about 2 days) is
shorter than that given by Oey (1998). However, we would expect similar changes at the other
stations and in the along-slope current velocity also. Alternatively, the rapidly changing near
bottom cross-slope currents may indicate breaking waves or bores induced by the reflection of
internal waves higher up the slope (De Silva et al., 1997).

Sherwin (1991) gave evidence for deep internal tides in the FSC. He showed that internal waves
with M, frequency are generated at the Wyville-Thomson Ridge and propagate northward into
the channel, where they may cause a flux of baroclinic tidal energy onto the slope, e.g. due to
up-slope refraction. Internal tidal waves are generated throughout the basin when vertical
displacements occur across the slope associated with the cross-slope component of the barotropic
tide. Internal waves are generated most likely at topographic changes such as the shelf break.
Enhancement of internal tidal energy is favored when the angle of the bottom slope exceeds that of
the characteristic wave rays somewhere on the slope. As a result, internal waves would be
concentrated where the tide has critical frequency (Huthnance, 1995), which in the FSC is mostly
between 350 and 550m depth (Fig. 8b) but may extend to as deep as ~ 650m in discrete layers
(Figs. 8b and 9b).
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Application of a model based on linear internal wave theory (Gerkema, 1996) and considering
the FSC geometry and average stratification suggested that internal waves in the M, band
generated at the northwestern shelf break opposite to our sections follow a path that ultimately
leads to reflection at 400-500 m depth on the southeastern slope (T. Gerkema, NIOZ, pers. comm.).
This is exactly where the slope is critical for M,, thus leading to enhanced internal tidal energy at
that depth.

Detailed observations of internal wave reflections on sloping topography have indicated spectral
enhancement and cross-slope alignment of current ellipses in a band around the critical frequency
(Eriksen, 1998). Our data indicate cross-slope enhancement of M, at 502 m, particularly near
bottom, possible enhancement at 708 m, but not at 595m. This may be related to the discrete
layering of the zones where M, frequency is critical. At 502-m water depth, near-bottom M ,-
dominated current ellipses were aligned cross-slope rather than along-slope (Fig. 6), thus strongly
indicating critical reflection of the semidiurnal tide at this depth.

5.2. Generation and sources of nepheloid layers

Resuspension is a prerequisite for nepheloid layers to develop, and mid-slope maxima of TPM
are most likely related to localized erosion of the BNL and the seabed (Amin and Huthnance,
1999). Sources of TPM that fuel the upper slope may be the adjacent shelf and shelf break (Biscaye
and Anderson, 1994; Brunner and Biscaye, 1997, Van Weering et al., 1998; Antia et al., 1999),
settling from the productive surface layers (Biscaye and Anderson, 1994), and up-stream mud-
patches (Durrieu de Madron et al., 1999a). In the FSC, sediment types follow the depth contours in
the FSC (Stoker et al., 1993), and obvious source areas such as large mud-patches, either on the
adjacent shelf or upstream, are absent. However, land masses are nearby, and the strong contour
current with large-scale eddies and cross-slope meandering (Oey, 1998; Burrows et al., 1999) may
carry sufficient amounts of particles from the shelf, the Wyville-Thomson Ridge or even further
upstream. At the same time, this current may inhibit deposition near the shelf-break and on the
upper slope (Stoker et al, 1991) and thereby provide the appropriate condition for gradual
down-slope transport in a benthic nepheloid layer. A similar importance of the contour current for
the resuspension and transport of TPM was identified in other studies (Courp and Monaco, 1990;
Biscaye and Anderson, 1994; Puig and Palangues, 1998; Durrieu de Madron, 1999a,b; Van
Weering et al., 1998).

The enhanced chl-a concentrations at mid-depth together with the low POC/TN and high
chl-a/POC ratios in TPM, approaching those at the surface (Fig. 4), suggest that these particles
originate from near the surface and not from the bottom. Maclntyre et al. (1995) showed that
aggregated particles may accumulate from above at steep density gradients, and chl-a has been
demonstrated to be an important constituent of such marine aggregates (e.g. Holloway and Cowen,
1997). However, ‘fresh’ algal debris cannot explain the observed ~ 2.5% POC content of the
particles at mid-depth and thus suggests another origin. The large sand fraction in the sediment
matrix provides a high background of organically poor material that is not readily resuspended.
Normalizing TOC on the clay/silt fraction in the sediment that may be resuspended, here taken
as < 60 pm (Table 1), gives TOC contents of 1.5-3%, which is very close to the POC content of
TPM at mid-depth and in the bottom water. This, as well as the similar TOC/TN ratios and 6'3C
of the organic matter in the surface sediment and near-bottom TPM, indicates that most of the
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TPM in the bottom and intermediate nepheloid layers comes from the material on the slope and
not directly from the surface.

The broad zone with weakly enhanced attenuation centered around 500-550 m in the ¢ ¢, profiles
and the pronounced increases towards the bottom (Fig. 9¢c, d) are a further indication of nepheloid
layers fuelled by resuspension. Since transmissometers are most sensitive to small particles (Baker
and Lavelle, 1984; Bunt et al., 1999), these signals may be caused by variability of the particle-size
spectra with depth. However, observations with cameras in similar environments have indicated that
large aggregates ( > 100 um) dominate the particle-size spectrum near the bottom (Thomsen and Van
Weering, 1998), in which case the turbidity signal would indeed indicate strongly enhanced TPM
concentrations. The shear leading to resuspension and detachment of the slope, forming the observed
INL, may have disintegrated aggregates to smaller particles that could readily be sensed by
transmissometers, thus causing additional increase in the ¢_g, signal (Bunt et al., 1999).

The highest values of c_, were observed near the bottom, where the M, internal tide reaches
critical and sub-critical angles. Our observations strongly suggest erosion and detachment of
benthic nepheloid layers induced by critically reflecting waves. The main difference with the
situation at Porcupine Bank described by Thorpe and White (1988) is that in the FSC it was not
a change of slope angle that provided the conditions favorable for critical reflection, but the steep
increase in the density gradient at mid-depth. Dickson and McCave (1986) also associated critical
reflection with steep density gradients. However, in their situation northerly winds were necessary
to sustain the suitable near-bottom stratification, thus causing nepheloid layers to occur intermit-
tently. In the FSC strong stratification is persistent (Turrell et al, 1999) implying that the
generation of intermediate nepheloid layers is likely to be a continuous feature.

5.3. Enhanced deposition deeper than 600 m

On the basis of the strong currents (Fig. 3) we expect minor deposition at the upper slope and
erosion where the major pycnocline meets the bottom and internal tides are active. At the lower
part of the slope current strength is reduced and deposition may be possible. Sediment focusing
would cause most of the particles to be deposited in the deepest part of the channel, but rapid
deposition from the INLs may retain the particles relatively high up the slope. Some box-cores
were taken to collect macrofauna across the slope between 250 and 1250 m during the cruise. Hard
sands with low fauna abundance were sampled between 300 and 450 m and sediments densely
covered with large gravels between 450 and 600 m. The box-cores showed a 3-5 fold increase in the
abundance of living species of deposit feeding bivalves and polychaetes at 500-600m with
maximum abundances between 650 and 800 m (R. Daan, NIOZ, pers. comm.). All this points to
enhanced deposition deeper than about 600 m, though the FSC cannot be regarded as a major
depocentre sensu Walsh et al. (1988) and Biscaye et al. (1994) for large parts of the adjacent shelf.

Chl-a: TOC ratios in the surface sediment (Fig. 12) are at least one order of magnitude smaller
than in the bottom water, which implies that the phytoplankton material is either not deposited,
which is unlikely given the ph-a contents of the sediment, or that it is retained in the sediment
sufficiently long to have chl-a being decomposed, given a typical half-life time of days to weeks
(Stephens et al., 1997). Rapid decomposition leaving highly aged materials in the surface sediment
is confirmed by the low chl-a:ph-a ratios of 0.03-0.05gg~! shallower than 800m and
0.06-0.07g g~ ! deeper down the slope.
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Fig. 12. Ratios of the pigments chlorophyll-a to phaeophorbide-a (chl-a/ph-a) and chl-a to total organic carbon
(chl-a/TOC) in the 0-5mm sediment surface layer as function of water depth along section # M.

A suitable indicator for particle transport and deposition is provided by !°Pb inventories in
the sediment with the theoretical input flux consisting of atmospheric deposition and 2'°Pb
production from 22°Ra decay in the water column (Cochran, 1982; Buesseler et al., 1985/1986;
Bacon et al., 1994). Atmospheric deposition was set at 120Bqm™~?yr !, using rates measured at
our institute by Beks et al. (1998) and assuming an annual precipitation of 1000 mm. This flux is
well in the range of values measured in the northern UK (110 4+ 40 Bgqm ?yr~ !, listed in
Thomson et al. (1993)). Water column production of '°Pb was calculated from the difference
between the concentrations of 22°Ra (1.63 Bqm 3, based on GEOSECS St. 19 in the Norwegian
Sea) and total 21°Pb (0.95 Bqm ~ 3, based on unpublished data of J.P. Beks, NIOZ, for two stations
south of the Shetland Islands). With these assumptions we calculated an in situ contribution to the
theoretical flux of 2.1 Bqm~2yr~! for every 100m of water column, which is close to the
210pp-deficit of 24Bqm~2yr~ ! per 100m measured by Thomson et al. (1993) in the northeast
Atlantic. At all stations, particularly those deeper than 750 m, the 2!°Pb input fluxes estimated
from the sediment profiles were larger than the sum of atmospheric deposition and decay of 22°Ra
in the water column, thus indicating additional deposition of 2!°Pb activity derived from lateral
inputs. At St. 78 at 672 m depth, however, the *!°Pb input flux was distinctly less than expected
theoretically, thus pointing to local erosion possibly associated with the maximum in turbidity at
about this depth (Fig. 9).

We cannot exclude any contribution to the enhanced 2!°Pb inventories from transports along
the contours of the slope. However, a source localized higher up the slope or on the shelf is
consistent with the beam attenuation profiles, and we expect that the INLs generated at mid-depth
are efficient scavengers of 2'°Pb. Furthermore, along-slope advected particles would most likely
have their origin also on the slope or on the shelf, albeit upstream. The inventory of *!°Pb at St. 78
at 672 m s about 50% of the amount indicated by the theoretical influx. If we assume a similar 50%
reduction of the inventory between 300 and 600 m and redistribute the excess rain of 21°Pb activity
to the slope area between 700 and 1000 m, we would find an average >!°Pb input flux of about
200Bgm~?yr~ ! This is very close to what we measured. Thus, the observed pattern of 2!1°Pb
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input fluxes deeper than 600m is consistent with the off-slope input of particles from areas
shallower than 600 m in addition to vertical settling fluxes.

We compared the estimated non-local injection and diffusive mixing rates of 2!°Pb with the
depth relationships as derived by Soctaert et al. (1996) for the Goban Spur continental slope
(dashed lines in Fig. 11b, c). Clearly, mixing rates are relatively low, also when compared to the data
compiled by Boudreau (1994), which for 21°Pb group around 0.1-0.5cm? yr~! at accumulation
rates between 10~ 3 and 10" 2cmyr ™~ '. In contrast, the contribution of the non-locally injected flux
to the total 2!°Pb input is relatively large at most of our stations. Only at the 672 m deep station is
faunal injection virtually absent. We suspect non-local mixing at 711 m to be underestimated,
because the model fit completely missed the subsurface peak in the 2!°Pb profile at this station.
Apparently, it is the benthic fauna that by non-local mixing facilitates particle trapping to the
sediments deeper than 600 m.

6. Conclusions

The major conclusions from our observations are: (1) Resuspension of bottom materials due to
strong boundary currents mediates the formation of a benthic nepheloid layer at the upper slope of
the FSC (shallower than ~ 500m). (2) Critical reflection of the semidiurnal internal tide at
mid-depth ( ~ 500 m) causes erosion and detachment of the BNL, thereby generating an intermedi-
ate nepheloid layer that intrudes into the Channel. (3) Inventories of 2!°Pb in sediments deeper
than 600 m exceed atmospheric input plus water column production, indicating that materials
transported within the nepheloid layers are being deposited at the lower slope of the Channel.
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