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Abstract

The responses of the continental slope benthos to organic detritus deposition were studied

with a multiple tracer approach. Study sites were offshore of Cape Fear (I) and Cape Hatteras

(III), NC (both 850 m water depth) and were characterized by different organic C deposition

rates, macrofaunal densities (111>1 in both cases) and taxa. Natural abundances of 13Cand 12Cin

particulate organic carbon (POC), dissolved inorganic carbon (DIC) and macrofma indicate that

the reactive organic detritus is marine in origin. Natural abundance levels of 14Cand uptake of

13C-labeleddiatoms by benthic animals indicate that they incorporate a relatively young

component of carbon into their biomass. ‘3C-labeled diatoms (Dalmsiosirapseudom~) tagged

with 219b, slope sediment tagged with 113Snand 228Th-labeledglass beads were emplaced in plots

on the seatloor at both locations and the plots were sampled after 30 min., 1-1.5 d and 14 mo. At

Site I, tracer diatom was intercepted at the surface primarily by protozoans and surface-feeding

annelids. Little of the diatom C penetrated below 2 cm even after 14 months. Oxidation of organic

carbon appeared to be largely aerobic. At Site III, annelids were primarily responsible for the

initial uptake of tracer. On the time scale of days, diatom C was transported to a depth of 12 cm

and was found in animals collected between 5-10 cm. The hoeing of tracer fkom the surface by the

maldanid Praxi/le2a sp. may have been responsible for some of the rapid nonlocrd transport.

Oxidation of the diatom organic carbon was evident to at least 10 cm depth. Anaerobic

breakdown of organic matter is more important at Site HI. Horizontal transport, which was

probably biologically mediated, was an order of magnitude more rapid than vertical displacement

over a year time scale. If the horizontal transport was associated with biochemical transformations

of the organic matter it may represent an important but nearly invisible diagenetic process.
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Introduction

The deposition of organic carbon on the continental slope is an important component of

the global and marine biogeochemical carbon cycles. Nearly 90% of the sednentzny inventory of

organic carbon deposited during the Holocene resides on the slope and rise (Premuzic et al.

1982; Romankevich 1984; Walsh et al. 1985). Deposition is focused on the upper slope between

500-900 meters water depth (Martens 1987; Thomas 1998; Thomas et al. submitted).

Approximately 26?40of the anaerobic carbon oxidation in marine sediments occurs between 200-

2000 meters as a result of the significant carbon flux to the slope even though the region

represents only 9°/0 of the seafloor surface (EIenrichs and Reeburgh 1987). The detailed sources

and fates of organic matter on the slope are poorly understood, but are of importance to

understanding the roles of continental margins in historical and fiture changes in the global

carbon cycle.

Considerable spatial heterogeneity exists in terms of sediment deposition and carbon

cycling in this transitional environment between shallow and deep waters. Bathymetry ranges from

gently sloping, nearly featureless bottoms to steep slopes that are cut with canyons, sometimes

over small areas, such as on the North Carolina margin (Blair et al. 1994; DeMaster et al. 1994).

Non-steady state deposition and mass wasting characterize the steep or incised environments

(Thomas 1998; Thomas et al. submitted). Organic carbon depositional fluxes and benthic

oxidation rates vary 1-2 orders of magnitude and 2-3x respectively over 100-km scales (Anderson

et al. 1994; Blair et al. 1994; DeMaster et al. 1994; Thomas 1998; Thomas et al, submitted).

Benthic organism abundances and species compositions reflect those variations (SchatTet al.

1992). Accordingly, the pathways through which the carbon is processed are expected to vary as
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well.

The objective of this study was to elucidate the nature of and benthic responses to organic

matter on the continental slope off North Carolina. We examine the sources and age of naturally

occurring organic carbon in sediments and faun~ and with tracer experiments, examine particle

mixing mechanisms and selectivity, carbon residence time, and the roles of benthic organisms in

these processes. Comparisons are drawn between two continental slope locations with contrasting

carbon depositional regimes and faunal assemblages. This paper represents a synthesis of work

previously published by the authors and new data.

The study sites, I and III, are offshore of North Carolina in approximately 850 meters

water (Fig. 1). Site I (32° 52’N, 76° 27W) is 170 km southeast of Cape Fear, NC and has a

of

gently sloping seafloor. Site 111(35 0 24’N, 74° 50’W)is61 km northeast of Cape Hatteras, NC.

The region in the vicinity of Site III is extensively carved by small canyons and gulleys (Mellor

and Paull 1994). The convergence of the Gulf Steam and Virginia Current offshore of Cape

Hatteras focuses particulate into the Site III region producing an organic depositional flux that is

20-200 times greater than at Site I (DeMaster et al. 1994; Thomas 1998; Thomas et al.

submitted). Macrofauna (2300 pm) are 2-6x more abundant at Site 111as a result of the elevated

food supply (Schaffet al. 1992; Levin et al. in press).

A multi-tracer approach was used in this study, Natural abundance levels of 12C,13Cand

14Cprovided information about the sources and fates of the organic debris in the two

environments. In addition, diatoms artificially enriched in 13C(95VO)along with radiotracer-tagged

sediment and glass beads were used in situ to identi~ particulate and solute transport processes in

the seabed, determine organic carbon oxidation rates and to identfi the organisms responsible for
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the uptake and mixing of the diatomaceous material. The time scales of the in situ experiments

ranged horn 1 day to 14 months. The combined multi-tracer approach provided a novel view of

the benthic carbon cycle on the continental slope.
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Methods

A particle mixture containing 13C-and 210Pb-labeleddiatoms (freeze-dried onto kaolin),

113Sri-labeled local slope sediment ( 10-60 pm in size), and 228Th-labeledglass beads ( 105-149 ~m

in size) was spread on the seafloor in August 1994 and October 1995 via submersible. Details

concerning the multi-tracer methods are provided in Blair et al. (1996), Levin et al. (1997), and

Fornes et al. (in press), Tracer particles were selected to represent a variety of natural particle

types and sizes. The pelagic diatom, Thalassiosira t)seudonaria, was used because diatoms in this

genus are found in surface sediments on the NC slope and beneath other upwelling regions

(Cahoon et al. 1994). Subsutiace sediment (>100 years in burial age) collected near Site III was

used to represent local sediment low in labile organic matter. Sand-sized p~icles (glass beads)

also were chosen because they comprise approximately 32V0of the naturally occurring sediment

at the study site (Kelchner 1992).

Algae, slope sediment, and glass beads were tagged with y-emitting tracers to permit

rapid detection following core recovery fi-omthe seabed. In the case of the tagged diatom, the

2%Pbalso served as a conservative tracer to detect particle removal from the plots for the longer

14-month experiments. Experimental design avoided excessive organic carbon enrichment of

sediments; labeled diatom carbon accounted for K 1.1% of existing POC levels (1.2-1. 7*AC) in

the upper 1 cm of sediment.

The tagged particles were spread in 40X40 cm plots on the seafloor and then were sampled

using Ekman boxcores within 30 minutes of tracer spreading (T=O plots), after -1-1,5 days or

tier 14 months. The Ekman boxcores (15x15x15cm) each contained 4 subcores (a-d).

Sediments within the subcores were analyzed for (a) &3C of dissolved inorganic carbon (DIC)
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and particulate organic carbon (POC), (b) 513Cof infauna sorted on board ship then fi-ozen, (c)

radiotracers and glass beads, and (d) infaunal abundance and composition. Cores of background

sediment were collected within 10 m of the plots for comparative purposes. Ail cores were stored

on board ship at in situ temperature (4-6”C) until they could be subsampled.

Sedment porewater was separated from the solid phase via centrifigation and the two

ilactions were stored frozen until analysis. One ml porewater samples were acidified, and the

resulting COZwas stripped with helium, dried via passage through magnesium perchlorate and

Nafion~ tubing (Perma-Pure), and then trapped cryogenically for isotopic analysis. Subsamples

of the centrifuged sediment were used for the POC analysis. COZfor isotopic analysis was

produced from the POC as described in Blair and Carter (1992). The 13C/12Ccontent of the COZ

from both the DIC and POC was measured via isotope ratio mass spectrometry (Blair et al.

1996). Anaiyses of background cores were used to correct for the natural occurrence of 13C(Blair

et al. 1996). Concentrations are reported in terms of total C (13C+ 12C)derived from the 95°/0

13C-labeleddiatom.

Faunal samples for *3Canalysis were sorted from sediments retained on a 0.3 mm mesh

screen, and then frozen at -20 “C. Subcore sedments targeted for infaunal counts were sieved

through a 0.3 mm screen and the animals retained were preserved in 8’%bufl’eredforrnalin and

seawater (Levin et al., 1997).

In the laboratory, frozen animals were acidified with 1 N HCI in silver boats and dried in

vacuo. The samples were then treated in an identical fmhion as the POC for 13C/12Canalyses.

Samples that were used for the determination of 14C-agewere prepared similarly except that the

C02 produced by combustion was analyzed by accelerator mass spectrometer at the Lawrence
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Livermore Laboratory. Preserved specimens were sorted from sediments at 12 times

magnification and identified to species, when necessary using a compound microscope with higher

magnification.

y-activities from the tracers were measured on wet sediment with an intrinsic germanium y-

detector (DeMaster et d. 1994; Fornes et al. in press). The 21Wband ‘8Th activities in the

experimental plots were corrected for naturally-occurring 21!Pband 228Th,based on profiles from

background sediment cores.
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Results and Discussion

Sources of Organic Matter

The organic carbon concentrations of the surface sediments (O-15 cm depth) average 1.2%

and 1.7?40on a dry weight basis for Sites I and III respectively (DeMaster et al. 1994). The bulk of

the organic matter at both locations is marine in origin as indicated by the respective 613Cvalues

of-18.7+0, 1%0and -21.2+0. 1%0(Blair et al.

along the shelf and slope of the Eastern U. S.

1994). These values are characteristic of those found

(Hunt 1966; Tanaka et al. 1991). The different

, *

13C/12Ccompositions maybe attributed to the mixing of marine and terrestrial sources with

approximate end member &13Cvalues of -- 19+1%0and -26+2%0(Hedges and Parker 1976; Fry

and Sherr 1984).

The proximity of Site 111to potentially major sources of terrigenous material, such as the

Chesapeake Bay and the North Carolina sounds, is consistent with the dfierence in sedimentary

13C/12Ccompositions, as well as, reported elemental C/N ratios (Site I -7.5, Site III - 10; Blair et

al. 1994). Lipid indicators of terrigenous organic matter have been identified in sediments horn

the Cape Hatteras slope near the Site III location (Harvey 1994). However, even though the

evidence points towards a gradient in marine-terrestrial sources from Site I to III, we should not

rule out the possibility that the isotopic difference originates, at least in part, from multiple marine

sources with either varying species composition or diagenetic history (Gearing et al. 1984; Fry

and Sherr 1984).

The sedentary marine organic matter is a complex mixture, resulting from multiple

sources. Microscopic analyses reveal phinktonic and benthic diatoms and foraminifera, and

seagrass fragments (Kelchner 1992; Cahoon et al. 1994; Levin et al. unpublished data). Lipid
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distributions of Cape Hatteras slope sediments suggest inputs from dinoflagellates and marine

heterotrophs (Harvey 1994). The abundances of microbial and zooplankter lipids indicate

extensive heterotropic recycling of the organic pool.

At Site III, particulate transport plays a role in determiningg the composition of the organic

mix. The seaward deflection and convergence of the Gulf Stream and Virginia Current offshore of

Cape Hatteras focus shelf-derived debris onto the slope (Csanady and Hamilton 1988; Walsh

1994; Blair et al. 1994; Thomas 1998; Thomas et al. in prep.). This material likely originates from

a combination of terrestrial, estuarine and marine production and has been heterotrophically

reworked during storage and/or transport on the shelf and upper slope. Deliveiy to the Site III

seafloor appears to occur primarily via the slow settling of a dense suspension of flocculent snow

punctuated by episodic lateral transport events (Hecker 1990; Blair et al. 1996). The complexity

of the physics and geology in the Cape Hatteras area virtually guarantees that the organics are a

mixture of partially reworked young and old materials.

The mechanisms of organic matter delivery to Site I are less well characterized.

Downslope mass wasting should not be an important factor due to the gentle slope (2-3 0; SchaH

et al. 1992). In addition to local productivity, an additional source of material maybe transport

from the south via the Gulf Stream. Also, Gulf Stream meanders may entrain nearshore

production from the west and transport it seaward to the site.

Particle Transport within the Seabed

Biological particle mixing rates are dramatically different at the two sites, The biodifision

coefficients, D~, estimated using naturally occurring excess’% profiles in the seabed, were
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0.3+0. 1 and 13+7 cm2yr-] for Sites I and III respectively (Fornes 1996; Fornes et al. in press).

Infaunal abundances and activities are potential controls on the D~values. Metazoan macrofual

densities were nearly 3 times greater at Site III during the study period, which is consistent with

past observations (SchaiT et al. 1992; Blake and Grassle 1994; Fornes et al. in press; Levin et al.,

in press; Table 1). Macrofauna appeared to be distributed deeper at Site III. Of the approximately

25,000 individuals m-2counted in 1994-95 at Site III, about 15% were found below 5 cm (Fomes

et al. in press; Levin et al, in press). In contrast, 8°/0of 9,000 individuals m-2were collected from

below 5 cm at Site I. Polychaetes were the dominant metazoan macrofaunal taxon at both sites

though the major polychaete taxa differed between Sites I and III (Table 1; Schaffet al 1992;

Levin et al., in press). Agglutinated protozoa (foraminifera and xenophyophores) were common at

both sites yet were slightly more abundant and much more diverse at Site I (Hughes 1996;

Gooday, pers. comm.). Larger infauna (megafauna) were not quantified by our Ekman cores, but

also may be important bioturbators.

The artificial multi-tracer mixture containing 13C-labeledThalassiosira pseudo un , tagged

sediment and glass beads was emplaced in plots at both sites to determine how the particle mixing

processes might vary. At Site I, little 13C-tracerwas detected below 1 cm depth in the seabed in

the T* controls (4*5Y0,n=5 for 1994-95) and the T=l, 1.5 d plots (4+5%, n=6; Fig. 2). The

tagged sediment and glass beads exhibited parallel behaviors (Fomes 1996; Fomes et al. in press).

The similarities between the T=O and T=l, 1.5 d plots indicate that passive settling of tracer down

burrows and tubes and arttiacts associated with the experimental procedure cannot be discounted

as an important mode of delivery of the tracers below 1 cm in those experiments. Evidence for

biologically mediatedtransport was observed in a portion of a 1.5 d plot that was subsampled for
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the y-emitter measurements. In that subcore, subsurface peaks of 2*Wb(tagged diatom) and 113Sn

(sediment) were observed at 3-5 cm that accounted for 2% and 0.4% of the total respective

inventories (Fig. 3), The transport appears to have been selective for the diatom as indicated by

the 21~b/113Snratios for the peak (24*8) and the total core (5+0.2).

After 14 months, 4. 1*3,6Y0(n=3; Fig. 4) of the 13C-tracerremained in the plots. Loss

from the plot occurred by both in situ oxidation or horizontal transport. The relative importance

of those two processes was resolved using the inventory of diatom-tagged 21!Pb.The portion of

tracer 21~b remaining tier 14 mo, l@E8.6’XO,indicates that approximately 90V0of the diatom may

have been lost via horizontal transport if it is assumed that the 13Cand 210Pbtracked each other

reasonably well. The mode of horizontal removal could have been either biological or physical.

We currently do not have a means to distinguish between the two at this site.

The bulk of the tracer that remained in the plots at Site I after 14 mo was sequestered in

the upper 2 cm of the seabed. Transport below that depth was minimal with the exception of the

creation of a subsurface peak centered at 6 cm in one subcore. In summary, bioturbation over

time scales of days to one year at this site is best characterized by slow difisive mixing of

particles coupled with an occasional nonlocal advective transfer of material to depths of 3-6 cm

(Fornes et al. in press).

Mixing occurred more rapidly and deeper at Site III. In the T=O control plots, s2% of the

13C-labeleddiatom was found below 2 cm (Fig, 2). In contrast, 7- 17% of the diatom tracer was

found below 2 cm in the two T=l.5 d plots. Multiple subsurface peaks were observed with the

most prominent occurring at 10-12 cm. The tagged glass beads and sediment exhibited similar

distributions (Levin et al. 1997; Fomes et al. in press).
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The whitish tracer mixture was observed at the base of a maldanid tube (Praxillella st).) at

13 cm depth in one T=l. 5 d subcore. The individual in the tube had not ingested the tracer (as

indicated by its &3C value) which suggests that the tracer was hoed to depth by this head-down

deposit feeder (Levin et al. 1997). Shallow-water members of the same subftily (Euc&rninae)

appear to drag fi-eshsurface material down their tube into the feeding cavity as well (Mangum

1964; Kudenov 1978; Weinberg 1978; Dobbs and Whitlach 1982). The ratios of tagged diatom,

sediment and glass beads indicates that the transport process was nonselective for the tracer

particle types (Fornes 1996; Fornes et al. in press; Levin et al. in press).

Shallower subsurface peaks in tracer concentration were observed in these (Fig. 2) and

previous in situ experiments using 13C-Chlorellaat this site (Blair et al. 1996). The transport

processes that created the peaks were not significantly selective for any of the particle types in the

tracer mixture (Fornes et al. in press). The animals responsible for the movement of tracer to

depths of 2-6 cm have not been positively identified. Based on 13C-incorporation (see below),

faumd vertical distributions within the sediment, and the construction of distinct tube and burrow

systems that might serve as repositories of tracer, candidates for the nonlocal transport include the

polychaete Scab“bre~mainflatum, Aricidea auadn“lobata, several species of maldanids, and the

nereid Ceratoce~hal QH (Bl~ et ~. 1996).

The 13C-diatomorganic matter and other tracers were largely lost from the plots at Site

III tier 14 months. The portions of 13Cand 21!Pbremaining were 0.9+0 .5’XOand 1.7+0.9V0

respectively and were distributed to at least 8 cm depth (Fig. 4). Biological removal is suspected

because of the extensive tracks and trails on the sediment surface. Certain demersal fish species,

such as the eelpout Lvsenchelvs verrilli, have population densities nearly an order of magnitude
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higher on the middle slope of Cape Hatteras than adjacent slope regions possibly as a result of

abundant infaunal prey (Hecker 1994). These same predators maybe responsible for rapid

horizontal particulate transport. For example, eelpout were observed wallowing in plots shortly

after tracer emplacement. Flags and stakes marking some 14-mo plots were pushed out radially

from the center suggesting disturbance from within the plot as opposed to a unidirectional

movement across plots as might be expected by a physical process.

Initially vertical particle mixing at Site III was primarily nonlocal in nature but it took on

a difisive appearance over time scales of weeks to months (Blair et al. 1996; Fornes et al. in

press). At the same time, large, surface-dwelling deposit f~ers and predators competed for the

newly deposited material and moved it laterally. Rapid vertical transport provides a means for

subsurface organisms to deal with the competitive pressures on the sutiace for the same food

resources (Jumars et al. 1990) and maybe critical for the support of the subsurface ecosystem

(Levin et al. 1997).

Organic carbon uptake, assimilation and oxidation in the seabed

The natural abundances of 12C,13C,and 14Cprovide information concerning the source of

the organic carbon that is assimilated into benthic biomass. The ??3Cof annelids (-16.5+0.3!%,

n=16), non-annelid metazoans (-18.&O. 6%o,n=7) and agglutinating protozoans (-18 .7*O.2%O,

n=25) at Site I were the same as, or more positive than that of the sedimentary organic matter

(Levin et al. in press) in background (non -experimental) sediments. The isotopic composition of

the protozoans likely reflects in part the carbon associated with their tests of sediment particles.

The 13C-enrichmentexhibited by the metazoans relative to the bulk sediment may have been the
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result of either the selective incorporation of an organic &action from the sedimentary pool or a

metabolic isotope effect by the animal itself (Hentschel 1998; Levin et al. in press). All of the 613C

values indicated a diet dependent on marine organic sources (Fry and Sherr 1984).

Similar patterns existed at Site III. Annelid, non-annelid and agglutinated protozoan 513C

values were - 19.OEO.2%0(n=30), - 19.8+0.8%0(n=8) and -20.0+0. lob (n=5) respectively. These

values were comparable to that of the metaboliiable organic fraction, -- 18%o,estimated from

DIC production and fluxes (Thomas 1998; Thomas et al. submitted).

Natural 14Cabundances of animals from the Cape Hatteras slope indicated clearly that

young organic matter was preferentially incorporated into biomass (Table 2). All animals, ranging

flom the demersal eelpout to subsurface-dwelling annelids, had modem 14Cages despite a >900-

year age of the surface organic matter, Particle discrimination, possibly by feeding on young

surficial floe, and the selective incorporation of biochemically recognizable fractions may have

contributed to the young ages.

Some of the macrofauna that first accessed recently deposited organic matter have been

identified by their elevated 13C-contentfollowing the 1 to 2 day exposure to the tracer diatoms.

Approximately 60% of the agglutinated protozoan and annelid specimens collected in the 1-1.5 d

experiments had 13C-contents in large excess of that found in the T=Ocontrols (Fig. 5; Levin et al.

in press). Non-annelid metazoans (molluscs, crustaceans and other taxa) incorporated far less

tracer on average. Surface-deposit feeding annelids were important consumers of the tracer,

whereas subsurface-deposit feeders and carnivores were not (Levin et al.,in press). Both annelids

and protozoans retained significant levels of diatom carbon 14 months after tracer emplacement

with annelids apparently retaining more (Fig. 5). The tracerC was distributed through surface-
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and subsurface-deposit feeding as well as carnivorous annelids.

Annelids were the primary consumers of tracer in the 1.5 d treatments at Site III (Fig. 5;

Levin et al. in press). Over 60% of the individuals collected for isotope analysis from the 1.5 d

plots were 13C-enriched.Aricidea spp. and ma.ldanidsconsumed the most diatom tracer (Table 3).

The tracer 13Cwas retained in some species (e.g. Ceratocep hal? Ioveni, Levinsenia and Cossura

sp.) after 14 months, though levels were considerably lower than at Site I. The between-site

difference in retention reflects the greater 10SSof tracer from the Site III plots via horizontal

transport.

Oxidation of the *3C-labeleddiatom led to the accumulation of dissolved inorganic 13C

(D113C)in the sediment pore water at both sites (Fig. 6), At Site I oxidation occurred principally

at the surface and the D113Cappeared to difise into the seabed. Application of a reaction-

transport model (see Appendix) verified that observation and indicated that solute transport is

dominated by molecular diffhsion. Bioirrigation was not a significant factor at Site I.

The oxidation of organic carbon is typically treated as a pseudo-fist order process

(13emer 1980). The rate coefficient, k, is dependent on molecular structure (de Leeuw and

Largeau 1993), sample matrix (e.g. diatom frustules, clay aggregates; Burd.ige and Martens 1988;

Hedges and Keil 1995; Cowie and Hedges 1996), age (Middelburg 1989) and environment

(Cowie and Hedges 1991; Sun et al. 1993; Canfield 1994). In the in situ experiments, time was

required for the colonization of the newly emplaced tracer, thus k should have increased with time

until a maximum value is reached. The fit of the model output to the data was improved by the

inclusion of a time-dependent k. Examples of potential trajectories of k as a fimction of time are

depicted in Figure 7. The apparent rate coefficients increased to realistic vaiues (- 10-20 yI-l;
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Westrich and Bemer 1984) in less than two days. Values >50 yr-l may have been attained for a

short period tier 1.5 d as the very labile tiactions were oxidized (Westrich and Bemer 1984;

Henrichs and Doyle 1986). After the most reactive or accessible components in the diatom matrix

were consumed, k would have decreased with time. Based on the apparent oxidative loss from the

long term plots, the 14-mo average value of k was -1

based algal degradation experiments (1-7 yr-l; Garber

yr-l, which is consistent with laborato~-

1984; Westrich and Berner 1984).

D113Cpenetration into the seabed was deeper at Site III (Fig. 6). Coincident subsurilace

peaks in PO]3C and D113Ccentered near 10 cm indicated that the D113Cfound deep was the result

of the oxidation of subducted diatom tracer. Much of the subsufiace oxidation of organic carbon

was anoxic as suggested by the natural abundances of 13C/12Cin the background DIC pool (Blair

et al. 1994). If the fate of the diatom tracer was characteristic of what happens to natural detrital

falls then the subduction activities of macrofauna at this site play a significant role in determining

the aerobic/anaerobic exposure history of reactive organic matter. This in turn will influence the

pathways and rates of organic diagenesis and the resulting geochemical record.

The reaction-transport model along with background DIC pore water profiles, indicated

irrigation is an important solute transport process at Site 111.The model output also suggested

that either irrigation rates were higher at the sutiace than in the subsurface, or k was larger for

subducted material. The former scenario is plausible because infaunal densities decrease with

depth (Levin et al. in press). Aller (1988) discussed the relationship between burrow density and

irrigation intensity. Subduction of newly deposited organic matter may have increased k by mixing

the material with sediment and thus providing an inoculum

importance of the two scenarios has not been determined.

for microbial degradation. The relative
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Summary and Conclusions

The physical oceanography of the North Carolina continental slope leads to the deposition

of organic detritus that is complex in composition. The detritus is predominantly marine in origin

and much of it has been recycled heterotrophically. Components of the organic mixture are

modem to greater than 900 years in age. The range in age is possibly due to differential storage

on the shelf and upper slope. The youngest material is preferentially incorporated into the benthic

biomass presumably because it alone is biochemically recognizable by organisms for anabolic

processes.

How the benthos react to the deposition of organic detritus appears to be linked to the

average rate of deposition. Organic matter deposited in an environment that normally receives a

slow particulate flux tends to be consumed aerobically on or near the sediment surface.

Agglutinating protozoans and sutiace-feeding annelids are the primary macrofaunal consumers of

phytodetritus shortly after deposition. Non-local transport of material to the subsurface occurs

sporadically. Microbial colonization of the deposited material occurs over the time scale of days.

Organic matter fding on a seabed that is characterized by rapid particle deposition is

rapidly mixed into the seabed and much of it is decomposed anaerobically. Offshore of Cape

Hatteras, nonlocal transport of material down to >10 cm by annelids is a frequent phenomenon

and may bean important source of food for subsurilace-feeding animals and the anaerobic

ecosystem.

At least an order of magnitude more material was moved horizontally across the sediment

surface than vertically into the seabed over a year’s period. If the horizontal transport is largely

physical in nature or associated with faunal locomotion, the most obvious impact on the carbon
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biogeochemist~ will be the homogenization of the surface sediments. On the other hand, if

transport is the consequence of ingestion and egestion, it could represent a significant, yet

virtually invisible, dlagenetic process. The importance of horizontal transport on the organic

geochemical record merits fin-ther investigation.

The interrelationship between sedimentary organic carbon and the benthos is complex.

The character and depositional flux of organic carbon have a profound influence on faunal

composition and density. At the same time, the characteristics of the benthic organisms control

the fate of the organic matter after deposition. Thus, the resulting molecular organic record and

the organic carbon flux are linked. Characterization of that linkage awaits fhture studies of

organism-sediment interactions,
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Appendix

A reaction-transport model that employs nonlocal as well as diflhsive mixing was used to

simulate 13C-labeleddiatom movement and oxidation in the seabed. Portions of this model have

been used to reproduce subsurface profiles of 13C-labeledChlorella emplaced in situ on NC slope

sediments (Blair et al. 1996), and ~3C-labeleddiatoms in laboratory experiments using slope and

shelf sediments (Thomas 1998). The model describes the distribution of tracer in two pools: the

instantaneously deposited surface layer and the subsurface distribution. The concentration of

P013C in the deposited tracer layer, CO(0s x s e), is described by:

where:

C= concentration of P013C (pmoles ~3Ccm-3),

t= time (yr),

x = depth in sediment (cm),

Q = biological mixing coefficient (cm2yr-l),

k= first order decay constant for the diatom (yr-l),

~ = nonlocal transport removal term (yr-l), and

e = thickness of the tracer layer ( 1mm).

(1)

Removal of tracer from the surface layer is assumed to be first order with respect to surface
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concentration and to be unidirectional. It is also assumed that the 1mm thick tracer layer remains

well-mixed and that deposit feeding is depth independent within the layer. The concentration .

profile of P013C below the tracer layer (~s x s L) was simulated

where:

L = depth of sediment in the flux chamber (cm),

using:

SX= nonlocal transport supply term (yr-l).

Where there are multiple subsurface peaks, the nonlocal removal ten B, is given by:

(2)

(3)

(4)

where n is the number of peaks. For any given peak, the nonlocal supply term,s~ is related to rx

by:

(5)

— -———
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Equations 1 and 2 were solved numerically with an explicit finite diiTerencemethod. The

two equations were coupled by the nonlocal transport term, SXCO,and the boundary condition

described in 6b, which establishes conservation of tracer flux across the interface at x = ~.

Boundary conditions for the solutions were:

dCo/& = O ~=o (6a)

acoa ‘ackk x=~ (6b)

6YY& = o x=L. (6c)

The reaction portion of the model simulated D113Cproduction in the surface tracer layer

and subsurface porewater pools. The concentration of D113Coxidatively produced was simulated

using:

where:

D,= DOx @z (UUn-Ian and Aller 1982)

(7)

(8)

DO= temperature/viscosity corrected free solution d~sivity of HC03-

@= sediment porosity.

At time zero, the concentration of D113Cin both the sediment and overlying water was set

at zero. The overlying water was assumed to be well-mixed, and the only source of D113Cto the

—-—.———
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overlying water was the flux out

intervals to facilitate comparison

stability and deal with stifiess.
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of the sediment. All model profiles were integrated over 1 cm

with data. Time steps of 0.1 hours were adequate to maintain
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Table 1: Densities and taxonomic composition of North Carolina slope benthic macrofauna. Data
are from August 1994 background cores and experimental plots.

SkJ Si$Qm

#of boxcores 9 8

Individuals m-z 10,249 29,362

Standard error 1,145 3,734

Percentages of major taxa

Polychaetes

Oligochaetes

Crustaceans

Molluscs

Coelenterates

Other

36.1

14,6

14.2

16.1

9.3

9.7

32.0

3,9

23.3

21.1

11.6

8.1
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Table 2: Natural abundance 14Ccontents and ages of fauna and sediment fi-omthe Cape Hatteras

continental slope region. Positive A14Cvalues (or negative 14Cages) reflect the addition

of 14Cproduced by the atmospheric testing of nuclear weapons. Positive 14Cages are in

years before present (1950).

Fauna/Sample Depth in A14C(s.d.) 14Cage

sediment (cm) (years)

Lumbrineridael 10-15 82.5 (8,4) -655

,

Onuphidael

hlaldanidae~

>15 66.1 (5.2) -529------------------------------ ------------

5-7 77.9 (6.8) -620

9-11 80.4 (5.8) -667________________---------- ----------------

? 47.9 (7.0) -388

10-11 53,5 (8.7) -431

10-15 58.1 (8.3) -467------ ---------- --------------------- -----

Trichobranchidael 1-2 40.3 (8.7) -348

10-15 47.0 (7.0) -380-------------------------- ----------------

Goniadidael 2-5 48.0(6.1) -388-------- ------- -_---- ---------------------

Cirratulidael 2-5 19.5 (6.8) -160------- ------ ------ --------- --------------

Lvsenchelys 73.8 (6.8) -589

verrilli 2 ----------- -----_ -------------------------

Surface sediments o-4 -100 to -220 +870 to

+2050

1polychaete

2demersal fish
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Table 3: Examples of heavily 13C-labeledmacrofauna from 1-1.5 d experiments, Background (nonlabeled) &3C values of annelids and

agglutinating protozoans at Site I were -16.5*0.3%0and -18.7*0.2%0, respectively. Background annelid, non-annelid and

agglutinated protozoan bt3C values were - 19.0+0.2%0,-19.8+0,8!?60and -20.0+0. 1%0at Site 111,

Site I

~

Annelids

W!!.hm&sp. +166

Cirratulid +47

~ SP +317

Protozoans

Mudball (form) +305

Astrorhiza-like

~ath~~phon rufjun
.

+380

+930

Site III

Annelids

J!k!imQ Sp.

N$aldanid

Aricid% sp.

Oligochaete

Mk@m?

(1991, 13c-

Chlorella)

Other

Bivalve

+1160

+ 1670

+7830

+67

+3000

+50



.,*

34 Blair

Figure Captions

Figure 1: Study site locations on the North Carolina continental slope.

Figure 2: The concentration of tracer carbon in the POC fraction as a fi.mctionof depth in the

seabed at Sites I and III. Open circles represent T=O controls. The closed triangles are

concentrations after 1.5 d on the seafloor. Graphical inserts have expanded concentration scales

so that subsurface peaks can be seen. The subsurface peaks near 10 cm at Site III are associated

with maldanid feeding chambers.

Figure 3: Depth distribution in the seabed of tracer 21!Pband 113Sn.The 219b and 113Snwere

sorbed to the labeled diatom and old slope sediment, respectively. At Site I in the 1.5 d

experiments the two tracers typically tracked each other indicating that transport was not particle

selective. However, in the situation shown diatoms were selectively transported to 4-5 cm relative

to the tagged sediment suggesting biological mediation. The plot on the right has an expanded

activity scale to show the subsurface peak.

Figure 4: The concentration of tracer cm-bonin the POC fraction after 14 months. Note the

difference in concentration scales between this and Fig. 2. Most of the loss from the plots was due

to horizontal transport rather than in situ oxidation as indicated by tracer 21!Pbinventories. The

symbols denote data from two separate experimental plots.

Figure 5: Incorporation of tracer carbon by infauna. Plots 5a and c illustrate the percent of

analyzed indNiduals that were labelled as a ii,mctionof major taxon (annelids, non-annelid

metazoans and protozoans) and time of exposure to tracer at Sites I and III. &3C values of- 12%o

and -15%owere used as thresholds to determine label uptake at Sites I and III respectively. The

numbers shown on the bars are the number of individuals analyzed. Plots b and d show the mean
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513Cvalues of the infauna. Values on the bars are the standard deviations for the means.

Figure 6: The concentration of tracer diatom carbon in the DIC fraction a.fler 1.5 days. Oxidation

of emplaced diatoms was largely localized at the surface at Site I. DIC transport into the seabed

was controlled by molecular difision. At Site III, oxidation occurred at depth. Note the

subsurface peaks near 10 cm which correspond with those in the POC fraction.

Figure 7: The potential evolution of the rate coefficient for the oxidation of the tracer carbon as a

finction of time at Site I. The time dependence was estimated by fitting reaction-transport model

output to the measured DIC profiles from 1-1.5 d experiments. The model is described in the

Appendm. Modei parameters were as follows. COwas adjusted to match the depth-integrated

inventory of diatom POC, D~= 0.5 cm2/yr except in some cases the fit was improved if D~was set

to 5-10 cm2/yr in the upper 1 mm. This higher value may reflect small scale mixing processes that

were either natural or the result of experiment manipulations. DO,the cMfusivityof bicarbonate in

seawater, equaled 0.58 cm2/d. T=O DIC profiles were used to correct T= 1, 1.5 d distributions for

the oxidation that occurred during core retrieval and storage. The different line types (solid, dash,

dot, etc.) correspond to individual experimental plots.
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