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Sedimentary Carbon Oxidation and Denitrification on the Shelf Break of
the Alaskan Beaufort and Chukchi Seas

John P. Christensen™

Bigelow Laboratory for Ocean Sciences, 180 McKown Point, W. Boothbay Harbor, Maine 04575, USA

Abstract: Sediment-water fluxes were measured on transects across the northern Alaskan continental margin. Dissolved
oxygen fluxes approximated total carbon dioxide fluxes when fluxes were low, but oxygen underestimated the higher total
carbon dioxide fluxes. This follows a diagenetic model in which aerobic sediments occur below 86 pwmol total carbon di-
oxide m? h™ and anaerobic conditions intensify with increased organic matter loading. The relationship between the
fluxes of nitrogen gas and total carbon dioxide agreed with the Redfield ratio, indicating that regenerated nitrogen pre-
dominantly returned to the overlying waters as nitrogen gas. On each transect, highest fluxes were found in a 20 km wide
band located seaward of the 100 m continental shelf break. The magnitude of fluxes in these richer sediments exceeded
that expected from the low productivity found on the outer continental shelf, suggesting upwelling-induced higher produc-

tivity at the shelf break.

INTRODUCTION

Ecosystems on continental shelves generally are highly
productive relative to most open ocean regions, perhaps ac-
counting for 20-38% of the global marine primary productiv-
ity and a large fraction of the global new production [1-4].
Within these ecosystems, benthic communities play an im-
portant role by receiving and oxidizing substantial fractions
of the productivity [5,6]. The most common measure of this
benthic role is the oxygen flux into the sediments [7,8]. Yet,
oxygen fluxes from several dramatically different continental
shelves were well fit by a single power curve regression
solely against water-column depth [9], suggesting that oxy-
gen fluxes are limited by factors other than just organic mat-
ter supply to the benthos. Oxygen fluxes do not account for
anaerobic processes, such as sulfate reduction and denitrifi-
cation, which occur deeper in the sediment column, and
these respiration types show dramatic variation with water
column depth and between different continental shelves
[5,9]. The impact of anaerobic processes is that the overall
stoichiometries of oxygen, carbon, and nitrogen, as measured
at the top of the sediment column in flux incubation experi-
ments, should vary dramatically from the Redfield ratios for
aerobic water-column remineralization [10]. One particularly
important process, denitrification, removes regenerated inor-
ganic nitrogen by conversion to nitrogen gas (Ny) [11,12].
Denitrification may match or exceed the fluxes of ammo-
nium or nitrate leaving the sediments [13,14]. As a conse-
quence, denitrification acts to reduce the role of nitrogen
recycling within an ecosystem and thereby lessen its overall
productivity.

The Chukchi Sea is a wide (800 km) shallow continental
shelf with high productivity at its southern end near the
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Bering Strait [15-17] and with a rich benthic community
[18,19]. The long transit time of waters from the Bering
Strait to the deep Arctic basins [20-21] implies significant
nutrient recycling as the waters move northward. High deni-
trification rates found in Chukchi sediments [14] suggest a
continual and significant loss of nitrogen from the overlying
waters in this northward drift and a much lower productivity
on the northern shelf break, where productivities of 50 g-C
m? y? have been found [16,17,22]. Since the Canada Basin
north of the Chukchi Sea drops quickly to depths greater
than 3000 m, significant differences in sediment respiration
rates and their relationships should occur across the shelf-
slope region.

In this study, carbon oxidation and denitrification in shelf
and slope sediments of the Chukchi and Beaufort Seas north
of Alaska were investigated by collecting sediment cores and
incubating them for measurement of sediment-water fluxes
of total carbon dioxide (TCO,), oxygen, nitrogen gas, and
inorganic nutrients. This report describes the stoichiometries,
magnitudes, and distribution of these fluxes in summer,
2004.

MATERIALS AND METHODS

Sediment cores were collected using a General Oceanics
multiple corer from the shelf and slope region north of
Alaska in July-August, 2004 (Fig. 1, Table 1). A vertical
subcore was taken from each multiple corer core. The sub-
core, an acrylic tube with an inner area of 53.52 cm? contain-
ing 3-10 cm of clear overlying water and 20 cm of sediment,
was stoppered at both ends, and the top stopper had an at-
tached teflon stirring bar and two sampling ports of 3.2 mm
nylon tubing with on-off values for input of fresh bottom
waters and output of overlying water samples. Subcores
were maintained in a darkened walk-in refrigerator at 0.4°C.

For each subcore, a reservoir of freshly-collected bottom
water was maintained in the refrigerator open to the air and
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Fig. (1). Map of the sampling locations on the continental shelf and slope of the Chukchi and Beaufort Seas. The names of the four transect
lines are shown. Numbers beside the symbols are the core number for each location.

connected to the inlet port of the flux core. The initial over-
lying water in each core was flushed without introduction of
bubbles by opening both the inlet and outlet values and al-
lowing reservoir water to flow via gravity through the en-
closed core until at least twice the total volume of overlying
water within the core had been replaced. Flux measurements
began by closing both values and starting the stirrer. Over
the next several days, samples were collected for inorganic
salts (total carbon dioxide and nutrients) and for gases (total
gas content, '°0,, *N,, and argon). At each core sampling,
stirring was stopped and the inlet and outlet ports of the core
were opened, allowing reservoir water to accumulate at the
top of the overlying water and pushing mid level water
through the outlet port for collection. A sample of the reser-
voir was also drawn. Total carbon dioxide samples were
stored in the refrigerator until measured using a gas chro-
matograph (see below). Nutrient subsamples were filtered
through 0.4 um 25 mm Nucleopore polycarbonate filters.
Silicate subsamples of the nutrient samples were refrigerated
until measurement via the method in [23]. The other nutri-
ents were stored frozen and are not reported here. Gas sam-
ples, taken with a 6-port gas-tight Valco valve with a 4.40 ml
sample loop, were immediately run via a coupled gas chro-
matograph and mass spectrometer.

Total carbon dioxide was determined by high precision
gas chromatography using a Shimadzu GC8A chromato-
graph. A sample was isolated in a gas-tight Teflon Rheodyne

valve with a 1.113 ml sample loop. The sample valve was
mounted in the helium flow-path to the water stripper. After
rinsing the flow-path with 30% phosphoric acid and flushing
the flow-path with helium for one minute, the sample was
injected into the flow-path. The helium (200 cc/min.) pushed
the sample into the 4 ml stripper containing 1.0 ml of 30%
phosphoric acid. Immediately after the sample was injected,
0.5 ml of 30% phosphoric acid was injected by a second gas-
tight Teflon sample valve. This valve preceded the seawater
sample valve so this acid rinsed the seawater sample loop
and acidified any residual seawater in the seawater valve.
Under acid conditions within the stripper, the carbon dioxide
of the seawater sample was stripped from the liquid phase,
passed through a Permapure water trap to remove water va-
por and then was quantitatively trapped on Poropak N main-
tained at -80°C. Four minutes after sample injection, the
Poropak N trap was switched to the analytical flow-path with
helium carrier gas at 20 cc/min. flow, and the trap was
heated to 150°C. The carbon dioxide passed through a sepa-
ration column (183 cm length x 3.2 mm diameter) of
Poropak N and Q (50% each) at 150°C. The quantity of car-
bon dioxide was measured in a hot wire detector against a
reference helium flow of 20 cc/min. Standards were prepared
from analytical sodium carbonate in deionized water. Preci-
sion of the standards (standard error of the mean) averaged
0.2% of the mean value. This procedure was found to give a
linear response with identical precision over the range of 0-
10 mmole TCO,/L.
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Table1. Locations and Sampling Dates for Flux Cores

John P. Christensen

. Latitude Longitude .
Date Time Sonic
Core Transect North West
Mo./ hr:/ Depth
# Name Da min Deg. Deg. m
Y Min. Min.
4111 East 71 5: 71 152 52
Barrow 29 28 18.4876 35.9088
4131 4132 East 71 23: 71 152 200
Barrow 30 25 35.6256 23.3357
4141, East 8/ 15: 71 152 528
4142 Barrow 06 25 38.7620 16.5538
East 8/ 16: 71 152
4151 Barrow 05 41 38.2952 13.1246 854
4251, Barrow 71 11: 72 154 1023
4252 Canyon 27 14 00.3107 42.0751
4311 Hannah 8/ 1: 72 159 50
Shoal 10 56 10.0649 02.1617
4341, Hannah 8/ 14: 72 158 96
4342 Shoal 11 00 37.6940 45.1428
Hannah 8/ 6: 72 158
4351 Shoal 12 40 42.2418 21.4542 241
4361 Hannah 8/ 15: 72 158 506
Shoal 13 50 50.2643 17.1803
Hannah 8/ 16: 72 158
4371 Shoal 14 45 51.6478 18.7814 1110
Hannah 8/ 20: 73 156
4391 Shoal 17 00 49.0264 49.6022 3894
4451 West 8/ 15: 73 160 1189
Hannah 21 40 16.8646 05.9365
4261 West 8/ 8: 73 159 2116
Hannah 20 42 31.5298 46.2009
West 8/ 17: 73 157
448l Hannah 18 02 55.0228 45.3143 3851

The gas samples were measured using a Perkin Elmer gas
chromatograph (Sigma 2b) linked to a Balzers QMA 410,
QMG 422 quadrapole mass spectrometer. In this system,
gases were stripped from the seawater sample in a helium
flow, passed through drying columns, through the gas chro-
matograph's hot wire detector (without the use of a separa-
tion column), and then passing the inlet port of the scanning
mass-spectrometer. The total quantity of gas within a sample
was evaluated based on the gas chromatographic output;
while the mass spectrometric data were used to look in detail
at the ratios of oxygen and nitrogen relative to argon. In de-
tail, the procedure involved collecting a seawater sample
from the cores or reservoirs in a gas-tight Valco 6 port valve
with 4.40 ml sample loop. This sample valve was then con-
nected into the helium stripping stream and the connecting
tubing purged of residual contaminating air. The analytical
run began by injecting the seawater into the helium stream

(60 cc/min.), which forced the seawater into a 6 ml stripper.
Gases were expelled through a freezing moisture trap (-80°
C) and then into the hot wire detector of the Perkin Elmer
Sigma 2B chromatograph at +80°C. The reference helium
flow in this detector was 20 cc/min. The hot wire detector
yielded a measure of total gas in the sample. Standards con-
sisted of two types. Air standards were injected into the he-
lium stream using a 8-port gas-tight valve located before the
sample valve and having sample loop with volumes of either
10.11 or 100.0 ul. The air, from the exterior of the ship, was
warmed to room temperature and dried using desiccant prior
to loading into the valve's sample loops. The quantity of each
ideal gas (N,, O, and Ar) in these air standards was calcu-
lated from the loop volume, the valve temperature, and labo-
ratory pressure. The second type of standard was deionized
water which was equilibrated with the ship's air within the
refrigerator containing the incubating cores. This water was
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sampled using the gas-tight Valco valve with 4.40 ml sample
loop. The quantities of N,, O, and Ar within these deionized
water standards were calculated based on the sample loop
volume and the water's temperature using the solubility
equations in [24]. The quantity of total gas represented the
sum of these three gases. Drift of the hot wire detector re-
sponse was evaluated based on air standards done at the be-
ginning and end of the daily run. Core and reservoir samples
were also corrected for the percentage recovery of the deion-
ized water standards.

For the measurement of gas ratios, the results from the
mass spectrometer were used. The gases passed the high
vacuum entry port (Balzers UDV 040 inlet valve) of the
quadrapole mass spectrometer after exiting the hot wire de-
tector of the gas chromatograph. A portion of the gas stream
was sucked into the high-vacuum mass spectrometer cham-
ber and bled directly onto the ionizing coils. The mass spec-
trometer scanned the atomic mass unit (amu) range and re-
corded the electrical current output from the secondary elec-
tron multiplier detector at 4 mass settings, 28 (**N,), 29
(*¥N,), 32 (**0,), and 40 (Ar), spending 100 msec at each
amu and taking about 0.6 second per scan. Over the 2 minute
time of a typical water sample peak, the instrument would
obtain approximately 200 scans. The time course data for
each amu was stored during the run. After the run, the ratios
of current output were computed for the amu ratios of 28/40
(**N, /Ar) and 32/40 (**0, /Ar), and these ratios were plotted
versus run time. The plateau region of each sample peak was
identified, and the average and standard deviation of the pla-
teau region (typically about 10-20 scans) were used in sub-
sequent calculations. Instrument drift was determined based
on the air standards run at the beginning and the end of the
day. Deionized water standards yielded ratios that averaged
101.5 percent of that expected for this water at the refrigera-
tion temperature. Precision of replicate deionized water sam-
ples averaged 0.24% (standard error of the mean as a per-
centage of each mean). This precision was the same as that
found in determining the average raw gas ratio from the pla-
teau region of each sample peak, indicating that uncertainty
was primarily determined in measuring an average ratio of a
single sample.

Fluxes of silicate, total carbon dioxide, and total gas were
calculated first by correction of the concentrations in the
overlying water for dilution with previously introduced res-
ervoir water. These concentrations were then regressed ver-
sus incubation time. The time rate of change was then multi-
plied by the ratio of volume of overlying water covering
each core to the area of sediment in the subcores (53.52
cm?). The decrease in total gas concentration, assessed by
gas chromatography, were primarily the result of the loss of
oxygen content within the overlying waters, and hence a
measure of oxygen flux by the core. For mass spectrometer
determined ratios of gases (28/40 being **N,/Ar and 32/40
being '°0,/Ar), fluxes were calculated by the same proce-
dure. However, for these mass spectrometric data, the time
rate of change of the ratios were multiplied by the argon
concentration in the waters of each core, and then by the
ratio of overlying water volume to sediment area. For N,, the
calculated N, concentration was divided by the isotopic
proportion of “N/(**N+*°N) in air (0.9963) to obtain the total
N, flux. Fluxes from each core were listed in Table 2.

The Open Oceanography Journal, 2008, Volume 2 9

Table2. Sediment-Water Fluxes of Total Carbon Dioxide,
Silicate, Oxygen, and Nitrogen Gas Measured in
Cores from Alaska's Northern Continental Break

Core TCO, SI O, N

# Flux Flux Flux Flux
4111 111 36.9 -106 42.6
4131 552 236 -285 105.6
4132 449 280 -355 56.7
4141 261 159 -190 37.1
4142 368 171 -194 28.9
4151 310 153 -200 34.3
4251 129 94.0 -144 27.4
4252 141 80.8 -133 31.9
4311 97.0 95.0 -160 20.2
4341 109 47.8 -127 154
4351 59.9 77.1 -60.4 12.2
4361 42.9 61.2 -71.8 148
4371 nd 46.9 -104 33.6
4391 - 19 -9.0 -
4451 - 413 - -
4461 238
4481 35

Fluxes are in umole (of C, Si, Oy, or N) m? h™. Not detectable is nd. Dashes indicate
that the specific compound was not measured on this core.

RESULTS
Fluxes of Total Carbon Dioxide

This method of total carbon dioxide analysis was devel-
oped to measure small volumes of flux waters (1 ml of sam-
ple or less) with moderately high precision. The routine re-
sults indicate a precision averaging about 0.2% (standard
error of the mean expressed as percentage of the mean
value). This technique allowed measurement of fluxes from
sediments as deep as 1000 m off the Alaskan shelf. The re-
sults indicate that highest fluxes of total carbon dioxide
(about 500 umol m™? h™ out of the sediments) occurred in the
eastern most transect (East Barrow transect) offshore of the
shelf break (Fig. 2A). The one set of cores from the Barrow
Canyon transect had slightly lower fluxes than found on the
East Barrow line; while the lowest fluxes were found all
along the Hannah Shoal transect.

Fluxes of Dissolved Oxygen

Dissolved oxygen fluxes into the sediments were as-
sessed by two methods, the decrease in the total gas concen-
tration in the overlying waters with time as estimated from
the gas chromatographic method and the decrease in the %0,
/Ar ratio with time based on the mass spectrometric tech-



10 The Open Oceanography Journal, 2008, Volume 2

TCO, FLUX - pmol-Cim’/h

0 250 500 750
0 PR ST ST T [T ST ST ST SN N SN S S
N o o
10 o o
(7] ] L
— ] (@] [
& 10004 A -
) ] C
£ ] :
' ] :
I ] r
= 2000 A L
o ] :
L ] r
(m)
5 ] :
3000 3 -
= ] [
s
4000 +————————r——7—
. 2
Si FLUX - pmol-Si/m“~/h
0 100 200 300
0
")
1 49
@ 1000
)
)
£
1
T
2000
o D
1]
o
(14
E 3000 CIRCLE = EAST BARROW
< TRIANGLE = BARROW CANYON
; DIAMOND = HANNAH SHOAL
SQUARE = WEST HANNAH
4000 Frrrrrrrrr e o L

John P. Christensen

0, FLUX - pmol-0, /m%/h
0 -100 -200 -300

......... [FERTRPCRTE FRRRRREET] FRARRRRET

OO
— 0—0

(\)/

N, FLUX - pmol-N/m?/h

0 50 100 150
U T TR WO Y SR SR ST SN NN SR TR S 1

] O

:<<>§) /0\70

4 1

1 © 00

\

IR

—T T T T T T T

Fig. (2). (A) Sediment-water fluxes of total carbon dioxide versus water depth from the northern Alaskan continental margin. (B) Oxygen
fluxes versus water depth. (C) Nitrogen gas fluxes versus water depth. (D) Dissolved silicate fluxes versus water depth.

nigue. The two data sets permitted a quantitative check be-
tween the two approaches, and both yielded approximately
the same results. Because the mass spectrometric results were
more precise than the total gas content measured by the gas
chromatograph, the time-regression of mass spectrometric
oxygen content had better precision and oxygen fluxes were
measurable at deeper locations than possible with the gas
chromatographic method. In all subsequent discussions, the
oxygen fluxes were those from the mass spectrometric ratios.
Oxygen fluxes were greatest in stations deeper than the shelf
break on the East Barrow transect (Fig. 2B). The pair of
measurements on the Barrow Canyon transect were interme-
diate in value; while those on the Hannah Shoal were gener-
ally the lowest found (Fig. 2B). A linear regression of the
oxygen fluxes onto the total carbon dioxide fluxes indicated
a close relationship between the two (r* = 0.82, Fig. 3).

However, the intercept of the regression predicted a large
oxygen flux (-67.7 umol-O, m? h) at the zero TCO, flux.
This intercept was statistically different from zero (P<=0.01)
but is theoretically difficult to explain.

Looking at the data in more detail, at low fluxes of TCO,
(< 150 umol TCO, m? h™), the measured O, fluxes ap-
proximated the Redfield ratio [25,26] using either the rela-
tionship of 106 moles of molecular oxygen to 106 moles of
TCO; (the Redfield ratio for aerobic respiration with release
of unoxidized ammonium) or the relationship of 138 O, /
106 TCO; (including the oxidation of released ammonium to
nitrate). At TCO, fluxes greater than 150 umol m? h™, oxy-
gen fluxes were significantly less than either relationship
would predict. This suggests that anaerobic oxidation of or-
ganic matter is more significant in the oxidation of sedimen-
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Fig. (3). Relationship between oxygen and total carbon dioxide fluxes from sediments. The linear regression (solid line) of the flux of oxy-
gen (Foy) onto the flux of TCO; (Frcoz) IS Fop = -0.461388 * Frco, -67.7367, n=12, r?> = 0.8218. The two dashed lines represent the Redfield
ratio for organic matter respiration either with release of dissolved ammonium (106 O, /106 CO,), or with the oxidation of ammonium to

nitrate (138 O, /106 CO,). Symbols follow those in Fig. (2).

tary organic matter at the more biologically-active stations.
In the discussion section, these data will be shown to fit a
published non-linear model of sedimentary oxygen and car-
bon fluxes. Here, fluxes of total carbon dioxide are taken as
the more accurate measure of organic matter decay in these
sediments, and in the subsequent discussion, the fluxes of
nitrogen and silicate are compared solely with those of total
carbon dioxide. The high-flux stations were solely those off-
shore of the shelf break on the East Barrow transect.

Fluxes of Nitrogen Gas

Nitrogen gas fluxes versus water depth of the cores are
shown (Fig. 2C). These fluxes correlated well with TCO,

125 saasssaaalasessnssalosssnsssalossonssnaloonssnssslonssnsgss

fluxes (Fig. 4). A linear regression of all the data yielded a
slope of 0.127 umol-N/umol-C, with a standard error of the
slope being +/- 0.027 umol-N/umol-C. Although this slope
was 84% of the stoichiometric predicted N regeneration flux
using the Redfield ratio (16 atoms of nitrogen released per
106 atom of organic carbon oxidized), the slope was not sig-
nificantly different from this ratio. Thus, the regression indi-
cated that virtually all the regenerated nitrogen was exiting
these cores as nitrogen gas.

Fluxes of Dissolved Silicate

Dissolved silicate fluxes were highest (ca 250 umol Si m™
h™) on the East Barrow transect, offshore of the shelf break

100
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Fig. (4). Relationship of nitrogen gas fluxes and total carbon dioxide fluxes from sediments. The linear regression (solid line) of the flux of
nitrogen (Fy) onto the flux of TCO, (Frcoz) is Fy = 0.127352 « Frcop + 7.6825, n=12, r? = 0.6923. Symbols follow those in Fig. (2).
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(Fig. 2D). In the pair of cores from the Barrow Canyon tran-
sect, the fluxes were of intermediate value (ca 90 pmol m?
h™); while on the Hannah Shoal line and deeper portions of
the West Hannah transect, fluxes decreased approximately
exponentiaIIP/ with water depth from high values of about 90
umol m? h™ to values as low as 1.9 umol m? h™* at 3894 m
water depth (Fig. 2D). The silicate fluxes were strongly cor-
related with the core's TCO, fluxes (Fig. 5).
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Fig. (5). Relationship of silicate fluxes and total carbon dioxide
fluxes from sediments. The linear regression (solid line) of the flux
of dissolved silica (Fs;) onto the flux of TCO, (Frcop) is Fsi =
0.426634 * Frcop + 30.8199, n=12, r* = 0.8640. Symbols follow
those in Fig. (2).

DISCUSSION
Fluxes of Oxygen and Total Carbon Dioxide

In this experiment, the fluxes of total carbon oxide, oxy-
gen, nitrogen gas, and silicate were measured in summer
along several transects from the shelf to the lower slope off
the Chukchi and Beaufort Seas. Total carbon dioxide fluxes
represent the carbon release from sediments due to organic
matter oxidation in the sediments and the co-occurring car-
bonate dissolution [27]. The most common measure of ben-
thic metabolism is oxygen consumption, but this measure
may underestimate total sediment metabolism because of the
potentially significant role of anaerobic respiration, primarily
sulfate reduction [9,27,28]. The measured oxygen fluxes
closely agreed with the fluxes of total carbon dioxide when
TCO, fluxes were less than 150 umol m? h™%. In contrast, at
TCO, fluxes greater than 150 pumol m? h™, oxygen fluxes
significantly underestimated the TCO, fluxes.

This type of non-linear relationship between oxygen and
total carbon dioxide fluxes had been modeled [29]. The
model considered typical aerobic sediments found in the
deep sea and assumed that sediment burial of organic carbon
represents only a small percentage of the total organic matter
input to the sediments. The approach posited that if the respi-
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ratory demand by the organic matter influx (equivalent to the
outward TCO, flux measured off Alaska) was less than the
potential supply of oxygen by diffusion and mixing into the
sediment column, then the sediment column would remain
primarily aerobic. The critical flux was defined as the magni-
tude of the organic matter influx that exactly balanced the
maximum supply of dissolved oxygen. If organic matter
fluxes exceeded this critical flux, oxygen would not support
the reoxidation of all the incoming organic matter, so that at
some depth, oxygen would be depleted and anaerobic condi-
tions would be established as bulk sediment properties.

The mathematics of this model [29] showed that two
properties of the organic matter influx ultimately influenced
the development of anaerobic conditions. As described, the
magnitude of the organic influx is important, but the reactiv-
ity of the organic matter also is significant. The reactivity of
the organic matter oxidation rates was defined by the decay
coefficient (b in units of cm™) of the exponentially decreas-
ing oxidation rate profile. If the organic matter was highly
reactive, it could be decomposed in the sediment column
relatively near the sediment surface where the supply of
oxygen was potentially large. A sediment column receiving
highly reactive material could remain aerobic with a signifi-
cantly larger organic matter influx because the oxidation
would occur near the sediment-water interface. In contrast,
organic matter with smaller decay coefficient would not be
oxidized as quickly and would survive longer and be buried
deeper in the sediments. Increased depth of oxidation corre-
lates with lesser fluxes of oxygen at depth. So with less reac-
tive material, the critical flux would be much less than for a
reactive organic material. These relationships are shown in
Fig. (6). When the influx is below the critical flux, a 1:1 rela-
tionship occurs between the total carbon oxidation rate and
the oxygen flux adjusted to the Redfield ratio. For a given
exponential decay coefficient, the critical flux is the intersec-
tion of the 1:1 relationship and a non-linear curve defined by
the decay coefficient (values of 0.1 cm™, 0.5 cm™, and 2.5
cm™ are drawn in Fig. (6)). Above the critical flux (which is
fixed for each value of b), carbon oxidation by O is less than
total sediment carbon oxidation.

The results from northern Alaska (Fig. 3) closely match
these model results (Fig. 6). The cores with lower TCO,
fluxes approximate the 1:1 relationship, but the cores with
larger TCO, fluxes overlay the curvilinear relationship of the
exponential decay coefficient of 2.5 cm™. Note that past data
from the southern and central Chukchi Sea fall along the
same line [14]. With this decay coefficient, Fig. (6) would
indicate that the critical organic matter influx for these cores
was 86 umol-C m? h™ (9.0 g-C m? y™%). Many of the cores
had TCO, fluxes exceeding this critical flux, so anaerobic
conditions would likely be a common occurrence in these
richer sediments. Many of the cores had a light brown near-
surface layer and black-gray muds below. At the five sites
with the greatest TCO, fluxes on the non-linear portion of
the model, the average oxygen consumption accounted for
only 49% of the total carbon dioxide release from the sedi-
ments.

Fluxes of Nitrogen Gas and Total Carbon Dioxide

The presence of anaerobic conditions would support the
occurrence of sedimentary denitrification. Originally viewed
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as a process where nitrate and nitrite is reduced to molecular
nitrogen under suboxic conditions [13,30,31], denitrification
is now thought to be supplemented by anaerobic nitrate con-
sumption by sulfide oxidizers [32,33], iron and manganese
coupled nitrogen reactions [34,35], direct oxidation of am-
monium with nitrite (anammox [36,37]), as well as other
possible metabolisms [38-40]. All but the most anaerobic of
these processes could be supported in the mixed aero-
bic/anaerobic conditions found in most of the cores. Even the
cores with low TCO, fluxes were relatively near the critical
organic matter flux and could support micro environments of
anaerobic or suboxic conditions with denitrification. The
Ny/Ar ratios showed significant nitrogen gas fluxes (Fig. 4).
Regression of the N, fluxes onto TCO, fluxes indicated that
essentially all of the regenerated nitrogen exits the sediments
as nitrogen gas.
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Fig. (6). Modeled relationship between sedimentary oxygen flux
(converted to units of CO, with the Redfield ratio of 138 O, / 106
CO,) and the organic matter flux to the sediments. Model results
[29] are described in the text. The listed values represent the decay
coefficient (b in cm™) of the exponentially decreasing organic mat-
ter oxidation rate with depth in the sediments. Large dark symbols
are the new Alaskan results which fit the model for b = 2.5 cm™.
Crosses are additional Chukchi Sea sediment data [14].

Distribution Silicate and Total Carbon Dioxide Fluxes

Examination of the distributions of the silicate fluxes
showed that the highest silicate fluxes were found just sea-
ward of the shelf break, here taken as the 100 m depth con-
tour. To better examine this offshore trend, the distance be-
tween each sediment station and nearest point on the shelf
break was calculated. After combining the data from the two
Barrow transects and then those from the two Hannah Shoal
transects and plotting the silicate fluxes versus distance off-
shore, both combined transects show low fluxes at the shelf
edge, highest fluxes within 20 km offshore of the 100 m
depth contour, and an approximately exponential decrease in
flux with increasing offshore distance (Fig. 7). A similar
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distribution was found in total carbon dioxide fluxes on the
combined Barrow transect (Fig. 7). Importantly, these three
distributions indicate the existence of a band of high remin-
eralization rates located seaward of the continental shelf
break.
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Fig. (7). Distributions of silicate and total carbon dioxide fluxes
from the sediments and from both the sediments and waters below
100 m versus distance from the edge of the continental shelf. TOP:
Silica data from the East Barrow (circles) and Barrow Canyon tran-
sects (triangles) considered together. MIDDLE: Silicate data from
the Hannah Shoal (diamonds) and East Hannah transects (squares)
were combined. BOTTOM: TCO, data from the East Barrow (cir-
cles) and Barrow Canyon transects (triangles) were combined. Solid
symbols and solid lines are the sediment data and their fits. Open
symbols and dashed lines are the sums of the sediment and water
column remineralization and their fits. Horizontal averages (0-30
km) were evaluated by integrating the solid and dashed lines.

The sedimentary silicate fluxes seemed comparable to
other productive continental margins and appeared high
given the low productivity of the northern Alaskan shelf (ca
50 g-C m? y™ [16,17,22]). For example, sediment dissolved
silicate fluxes from the rich Washington state upper conti-
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nental sIoPe (150-700 m) ranged between 79 and 227 umol
Si m? h™* and averaged 122 pmol Si m? h™ when one
anomalous station was excluded [5]. The Washington shelf
values fall between the ranges found on the East Barrow
transect and the Hannah Shoal transect. The primary produc-
t|V|ty off Washington state generally exceeded 700 g-C m™

y! [41], so the similarities in sedimentary silicate fluxes
suggests that relatively high productivities would have been
required to support the measured sediment fluxes off Alaska.

In order to explore this discrepancy, the average silicate
flux out of the sediments in the upper slope region was esti-
mated for the two combined transects. Then, the question
was asked, How much diatom productivity would be re-
quired in waters directly overlying these sediments in order
to match the sediment fluxes. For these calculations, the off-
shore distribution of the silicate flux was integrated by inter-
polating the average of the high inner-slope fluxes from the
shelf break to the distance of the maxima and then integrat-
ing the exponential decrease from this maxima to 30 km off-
shore (Fig. 7). On the two combined transects, the average of
these integrals were 202 and 64.1 umol-Si m2 h™* (Table 3).
Considering permanent burial of particulate silica to be
small, the sedimentary silica dissolution would balance the
corresponding input of sinking diatom material. Using the
atomic Redfield ratios of N/C = 16/106 and N/Si = 1/1 for
diatom growth [42,43], these flux averages would have re-
qwred an average diatom production of 141 and 44.6 g-C m™
y! on the two combined transects, respectively. To convert
the sedimentary fluxes to levels of annual productivity, these
calculations assumed no change in sedimentary fluxes over
the annual cycle. The values would be lowered if the annual
cycle of sediment remineralization varied seasonally. How-
ever, winter-summer differences were not seen in sedimen-

Table3. Silicate and Total Carbon Dioxide Fluxes from
Sediments, Vertical Fluxes Supporting Reminerali-
zation in Both Water Column Below 100 m and
Sediments, and Estimates of Annual Sinking Ex-
ports and Productivities in the Upper 100 m

Flux Tvpe East Barrow Hannah Shoal
yp Transect Transect

Si Flux (sediments)? 202 64.1
TCO; Flux (sediments)? 384 108
Si Flux below 100 m® 297 R
TCO, Flux below 100m® 941 R
Diatom Export’ 207 75.2
Carbon Export? 98.9 -
Primary Production® 205 -

Fluxes are in units of umol m™ h™. Sinking exports at 100 m and euphotic zone pro-
duction are in units of g C m? y™. (a) The integral average of measured sediment
fluxes versus distance from the shelf break (100 m depth) to 30 km off the shelf. (b)
The estimated remineralization by both the sediments and waters below 100 m aver-
aged over the 0-30 km slope region. (c) The diatom production required to match the
silica fluxes in both the sediments and waters. (d) The annual export flux out of the
surface waters. (e) Total primary productivity was calculated using equation 2, and
results for individual stations were averaged. (f) The exponential decrease with dis-
tance offshore could not be evaluated because too few TCO, flux data were measured.

John P. Christensen

tary O, and TCO, fluxes in the northern Chukchi Sea [14].
Nevertheless, if the sediments had 50% lower silicate fluxes
over 6 months of winter, then the annual average would be
75% of the above estimates. Again, this set of calculations
asks simply how much diatom productivity would be re-
quired in the waters directly overhead of the upper slope
region just to provide the particulate silica that was reminer-
alized in the sediments.

The estimates of diatom primary production would be
increased if the resolubilization of silica within the water
column were included. Deep-sea sediment trap results have
indicated that silica dissolution occurs as biogenic material
sinks through the water column [44-46]. Over all, 75% of the
particulate silica exiting the mixed layer may redissolve in
the deep sea prior to reaching the sediments [47]. Further-
more, sediment traps at 4000 m collect about 75% of the
amount of biogenic silica which is caught in traps at 1000 m
[45]. Here, a common relationship in studies of sinking or-
ganic carbon [48],

3,=3,(Z1Z,)°, D

was used. The flux at depth, Z, is J,. The sinking flux out of
the surface layer is J,, and the bottom depth of the surface
layer from which export is calculated is Z, (typically 100 m).
A value of -0.3543 of the exponent, b, yields a J, at 5000 m
of 25% of J,, corresponding with the results of [47]. Also,
this exponent gives a value of the flux at 4000 m which is
61% of the value of the flux at 1000 m, close to the sediment
trap results of [45].

This equation was used to estimate the approximate
magnitude of the remineralization occurring in the water
column. First, the sinking flux of silica at 100 m was calcu-
lated for each core (equation 1) using the sediment flux and
the sediment depth. Then, the exponential relationship with
distance offshore was reevaluated and reintegrated over the
30 km from the shelf break. The resulting remineralization
of silica from both the sediments and the waters below 100
m would be 297 and 108 pumol-Si m? h™* on the two com-
bined transects (Table 3). The corresponding diatom produc-
tion in the surface layer would have needed to be 207 and
75.2 g-C m? y™, respectively. Of course, the total primary
production Would exceed this, both because of growth of
non-siliceous phytoplankton and because of regenerated pro-
duction [49]. Thus, the silicate fluxes measured on the north-
ern Alaskan upper slope indicate a more productive ecosys-
tem than earlier reports have indicated.

These calculations were repeated based on the TCO,
fluxes from the combined Barrow transect (Table 3, Fig. 7).
Integrated over the 30 km north of the shelf break the aver-
age sedimentary TCO, flux was 384 umol -C m? h* (Table
3). To correct for the respiration occurring during sinking to
the sediments, two different relationships were used. First,
based on equation 1 and the coefficient of 0.70 as deter-
mined in sediment trap experiments [48,50], remineralization
from both the sediment and Water column deeper than 100 m
would be 941 Hmol -C m? h™'. This export is equivalent to
98.9 g-C m? y™ (Table 3). Alternatively, a direct relationship
between overlying primary productivities (P) and deep-sea
benthic oxygen fluxes (R;) was

R.=m*Z"p" )
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where R. and P are in units of g-C m? y, Z is water depth
(m), and the coefficients were m = 19.654, n = -0.93641,
q=1.1395 [29]. Based on the measured TCO, fluxes and their
water depths, the average total primary productivity for the
30 km band of continental slope would have been 205 g-C
m?2 y* (Table 3). Thus, both of these algorithms based on
total carbon dioxide fluxes indicate that overlying productiv-
ity on the combined Barrow transect would have been
greater in the slope region than on the shelf. All three esti-
mates (diatom production, carbon flux, and primary produc-
tion) from the Barrow transect indicate that the slope reglon
would need to be have productlvmes of ca200 g-Cm?y™in
order to be the sole provider in maintaining the observed
sedimentary fluxes. On the comblned Hannah Shoal transect,
a diatom productivity of 75 g-C m?y™* would be required.

Shelf Export or Slope Productivity?

The sediment flux data indicate a rich band of sediments
on the upper slope off the north coast of Alaska. The above
calculations suggest that productivities required to support
these fluxes would need to be much greater than that found
on the outer shelf. The estimated values of productivity as-
sumed that the sinking flux came from surface waters on the
upper slope. But it is equally possible that this band of bio-
genically rich sediments on the upper continental slope may
be maintained by a combination of upper slope productivity
as well as offshelf export of some fraction of the productivity
of the shelf ecosystem.

Past research employed the definition of export as the
difference between organic matter oxidation by all trophic
levels on the shelf and the net primary productivity of the
shelf area [9,51]. The northern Chukchi has been suggested
to be a site of significant export, but studies on other shelves
have demonstrated that initial perceptions are not always
supported by quantitative evaluations. The New York Bight
was originally thought to be a site of seaward export [3,52]
but after detailed examination, it was found to export less
than 10% of its annual productivity [51,53], with an ap-
proximate balance between the measured annual primary
productivity and consumption in the water column and sedi-
ments on the shelf [54]. A balance was also found between
the sinking carbon inputs to the sediments estimated from
annual productivity and sediment metabolism in the large,
semi-enclosed Gulf of Maine [9], indicating no measurable
large-scale export. The Gulf of Maine might be analogous in
size to the Chukchi Sea as a whole, suggesting proportion-
ally little export from the Chukchi Sea as a whole. Note that
the most productive hot spot of the Chukchi Sea is just north
of the Bering Strait [15,18], over 700 km south of the north-
ern continental margin. In contrast to large shelf seas, a
comparison of productivities and sediment metabolism rates
on the narrow and dynamic Washington state continental
shelf suggested 20-50% of the overall productivity was ex-
ported from that shelf [9]. In such a high export environ-
ment, shifting the suspended and settling organic material
seaward over the slope would be expected to augment depo-
sition of biogenic materials to the slope sediments. Even
though horizontal shelf export may be significant off Wash-
ington state, the distribution of silicate fluxes on the Wash-
ington continental slope shows no development of a shelf-
edge silicate-rich band [5,9].
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Would a similar horizontal shift of sinking material from
the shelf to the slope explain the band of high silicate and
inorganic carbon regeneration found seaward of the Chukchi
and Beaufort shelf edges? To explore this, the unexplained
productivity of the upper slope on the Barrow transects was
defined as the dlfference between the estimated requwement
of 200 g-C m™ y™* and the nominal productivity of 50 g-C m™
yL. Over the area of the 30 km wide upper slope band by a
kilometer length of shelf edge the unexplalned productlon
would equal 4.5 x 10° g Cy™* ((200-50) g-C m?y™* x 30 km
x 1 km x 10° m?km?). With a shelf exporting 25% of its
productivity of 50 g-C m? y™, 360 km of the shelf would be
needed to match the 4.5 x 109 g-Cyt Con5|der|ng a north-
south oriented slice of the shelf and slope that is 1 km across
in its east-west orientation, the width of the shelf needed for
this export (360 km) would be nearly half of the width of the
Chukchi Sea. Although organic matter export over such long
distances is possible, the exported fraction would undergo
remineralization during its horizontal transit as well as dur-
ing its sinking to the site of sedimentary deposition. Because
the horizontal and vertical scales are so radically different
(the mid-point of each 30 km upper slope band has a depth
of about 500 m), it could be envisioned that degradation dur-
ing horizontal transit would greatly exceed the degradation
estimated using equations 1 and 2 for sinking. Furthermore,
if this horizontal transport occurs via a sequence of deposi-
tion-resuspension events, degradation while in the sediments
might be even more significant than during water circulation
alone. The nitrogen gas fluxes measured here show that es-
sentially all the regenerated nitrogen exiting the sediments is
N, and is unavailable for regenerated productivity. If the
exported organic material spends time in the sediments, the
portion that decays within the sediments would not be regen-
erating usable nitrogen. Thus, by the time the material
reached the final sedimenting environment (the upper slope
biogenic band), the exported material would likely be con-
siderably more refractory than the original produced organic
material [55] and would contribute significantly less to the
remineralization of the upper slope sediments. Consequently,
if the northern shelf productivity is as low as previously
thought, the data presented here suggests that it would be
difficult to define a productivity hot-spot on the shelf which
would be rich enough and close enough to the shelf edge to
be the source for the upper slope biogenic band.

The simplest alternate hypothesis to the offshelf transport
hypothesis is that the slope environment itself is a zone of
active primary productivity. Barrow Canyon appears to be a
site of frequent upwelling [56,57,58,59], and significant pri-
mary production rates have previously been found there
[60,61]. Also, upwelling events have been found along the
Beaufort shelf edge [58,62]. Considering that few studies of
the summer-time hydrography of the Beaufort shelf-break
have occurred due to difficulty of scientific access through
the pack ice, the proportion of publications which mention
upwelling suggests a potentially frequent process at the
Beaufort shelf edge. The upwelling events are typically ob-
served by tracking the distinctive salinities and temperatures
of the subsurface Halocline and Atlantic Water layers nor-
mally located off the shelf at depths of about 100-200 m
[56,57,58,59]. These same waters are a year-round nutrient-
rich source [58,63]. Early studies of upwelling off northwest
Africa showed that upwelling favorable winds not only gen-
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erated inner shelf upwelling but also induced events at the
shelf break [64]. Similar summer-time events along the
Chukchi and Beaufort Sea shelf break would support en-
hanced productivity in the upper slope region and could ex-
plain the distributions of sedimentary silicate and total car-
bon dioxide fluxes.

CONCLUSIONS

The relationship between fluxes of dissolved oxygen and
TCO, follow a non-linear model of sediment carbon oxida-
tion in which aerobic sediments, having a linear relationship
between oxygen consumption and total carbon dioxide re-
lease, should be maintained below 86 umol TCO, m? h™.
Above this threshold, anaerobic conditions in the bulk sedi-
ments intensify with increased organic matter loading, and
oxygen fluxes increasingly underestimate TCO, fluxes. The
nitrogen gas fluxes directly correlated with the fluxes of total
carbon dioxide. The regression slope was not significantly
different than the Redfield N:C ratio, indicating that essen-
tially all nitrogen regenerated by these sediments returned to
the overlying waters as nitrogen gas. Also, silicate fluxes
were well correlated with the TCO, fluxes. Geographically,
highest fluxes were observed on the cross-slope transects at
152° and 155° west longitude. Lower fluxes were found on
transects at 159° and 161° west longitude. On each transect,
highest fluxes were generally found within 20 km seaward of
the 100 m continental shelf break. The upper slope silicate
fluxes were comparable in magnitude to productive conti-
nental margins off the west coast of the U.S. For a 30 km
band seaward of the shelf break, diatom productivity, verti-
cal carbon export at 100 m, and euphotic zone productivity
would need to greatly exceed currently accepted levels for
the northern Alaskan region. Off-shelf export of a fraction of
the shelf's productivity as sinking organic material could
supplement the vertical fluxes on the upper slope, but the
low productivity on the Alaskan shelves likely would be
insufficient to match the magnitude of the upper slope sedi-
ment fluxes. Previous literature has reported shelf-break up-
welling which could support enhanced productivity in the
upper slope region.
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