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William R. Martin
Department of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, Woods Hole,
Massachusetts 02543

Henrik Stahl3 and Anders Tengberg
Department of Chemistry, Marine Chemistry, Göteborg University, SE-412 96 Göteborg, Sweden

Abstract

We report measurements of pore-water dissolved organic carbon (DOC), dissolved organic nitrogen, total
dissolved carbohydrates, dissolved free monosaccharides, and ammonium in recovered deep-sea sediments from
the Porcupine Abyssal Plain (PAP), Northeast Atlantic. There were distinct maxima close to the sediment–water
interface of these constituents at all times of the year. The very high diffusive effluxes calculated from these pore-
water distributions were not compatible with simultaneous sediment trap measurements of particulate organic
carbon, nitrogen, and carbohydrate fluxes toward the seafloor. Effluxes calculated from pore-water DOC
distributions in recovered cores from another Atlantic deep-sea site, showing almost identical maxima as those at
PAP, were more than an order of magnitude greater than simultaneous in situ chamber DOC flux measurements.
We suggest that the dissolved organic matter maxima are predominantly artifacts induced by lysis of, or leakage
from, mainly bacterial biomass resulting from decompression and/or warming during recovery of the sediment
cores from the abyssal seafloor. Temperature elevation during core recovery from the abyss gives a N2 saturation
of about 150%, and the combined effect of warming and decompression results in a CO2 saturation of about
135%, which together plausibly are associated with bubble formation creating cell bursting. Previous estimates of
microbial biomass in abyssal sediments may be underestimates because of the difficulty of counting lysed bacterial
cells. Since exoenzymes are inducible, previous measurements of their activities in recovered abyssal sediments
may be overestimates.

The deep-sea floor (water depth greater than 2,000 m)
covers almost 60% of the surface of the planet Earth.
Sediments of the deep-sea floor contain a reservoir of
reactive organic matter and they contain a tremendous
number of microorganisms and invertebrates capable of
turnover and degradation of this reactive material (e.g.,
Deming and Yager 1992; Smith 1992; Jahnke 1996).
Studies have been undertaken to constrain the role of
deep-sea sediments in the recycling of particulate biogenic
material in the ocean and to quantify the deposition of such
material from overlying waters. One important tool in such
studies is the determination of solute distributions in
sediment pore waters.

Discrepancies have been observed in deep-sea sediments
between pore-water solute distributions obtained in situ
and onboard ship. Among the earliest observations are
those of total carbonate (or dissolved inorganic carbon,
DIC) and alkalinity in pore waters of the Pacific (e.g.,
Murray et al. 1980) and of the Atlantic (Sayles 1981).
Alkalinity and DIC concentrations near the sediment–
water interface were found to be clearly lower in cores
onboard ship than corresponding in situ values, and it was
suggested that CaCO3 precipitated in the box core samples
when they were brought from the ocean depths to
atmospheric pressure.

Oxygen penetration depths have been found to be shal-
lower and pore-water gradients steeper in surface-retrieved
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cores than in situ (Glud et al. 1994, 1999; Epping et al.
2002). Clear near-surface peaks of ammonium in surface
processed cores were not found in situ (Berelson et al. 1990;
Glud et al. 1994; Aller et al. 1998). Differences between in
situ and ex situ distributions have also been observed for
nitrate (Hammond et al. 1996; Martin and Sayles 1996;
Aller et al. 1998), silicate (Fanning and Pilson 1971; Jahnke
et al. 1989; Aller et al. 1998), and urea (Epping et al. 2002).
In most cases, ex situ nitrate and silicate distributions
exhibited steeper near-surface gradients and shallower
nitrate penetration depths than in situ distributions. Urea
concentrations were found to be significantly enhanced ex
situ when compared to in situ levels. Also, deep-sea benthic
oxygen fluxes measured in situ with chambers have been
found to be lower than corresponding onboard incubations
(Smith and Hinga 1983; Reimers et al. 1986; Glud et al.
1994), a result that is consistent with the observed
differences between in situ and ex situ oxygen pore-water
distributions.

Apart from the decompression effect on CaCO3 solubil-
ity, as described above, explanations for the observed
differences include stimulation of biological activity due to
temperature elevation; lysis of barophilic and psycrophilic
microbial biomass as a result of decompression and/or
warming leading to enhanced availability of fresh sub-
strates stimulating microbial oxygen consumption and
subsequently denitrification; and expulsion of pore water
as a result of decreased hydrostatic pressure (Glud et al.
1994; Aller et al. 1998). Epping et al. (2002) suggested that
the discrepancies presumably were a result of lysis or
exudation of oxidizable substrates by infauna upon
sediment retrieval on deck. However, it is not clear why
infauna, and not other organisms, were proposed to be the
source of the discrepancies. While explanations given to
date are reasonable, they are speculative, and no firm
experimental evidence supporting these explanations has so
far been presented.

While we are not aware of any previous measurements of
dissolved organic nitrogen (DON), total dissolved carbo-
hydrates, or dissolved free monosaccharides in pore waters
of deep-sea sediments, measurements of dissolved organic
carbon (DOC) in such pore waters have been made in the
Pacific (e.g., Suess et al. 1980; Burdige et al. 1999), in the
Atlantic (e.g., Heggie et al. 1987; Martin and McCorkle
1993; Papadimitriou et al. 2002), and in the Southern
Ocean (Hulth et al. 1997). Most of these studies reported
very high DOC fluxes (calculated from pore-water gradi-
ents in recovered cores or from core incubations onboard
ship), which often were 1.5–4 times higher than organic
carbon oxidation rates. These previous investigations did
not conclude any recovery artifacts with their DOC pore-
water distributions.

We here report measurements from six cruises of pore-
water DOC, DON, total dissolved carbohydrates, dissolved
free monosaccharides, and ammonium in recovered sedi-
ments from the Porcupine Abyssal Plain (PAP), Northeast
Atlantic. During all cruises and regardless of season, we
observed distinct maxima close to the sediment–water
interface of these pore-water constituents. Comparison of
fluxes calculated from pore-water DOC distributions in

recovered cores, exhibiting almost identical maxima, with
simultaneous in situ chamber DOC flux measurements at
another Atlantic deep-sea site, is also reported. Evidence is
presented that strongly indicates that these dissolved
organic matter maxima predominantly are artifacts and
are produced by lysis of, or leakage from, mainly bacterial
biomass as a result of decompression and/or warming
during recovery of the sediment cores from the abyssal
seafloor. Our findings also constitute direct experimental
evidence confirming some of the previous speculative
explanations for the observed discrepancies between ex
situ and in situ oxygen and nutrient pore-water distribu-
tions.

Materials and methods

Study site—Studies were carried out on the PAP in the
Northeast Atlantic within the EU-MAST III project
BENGAL (high-resolution temporal and spatial study of
the BENthic biology and Geochemistry of a north-eastern
Atlantic abyssal Locality). This site has a flat topography
and was chosen partly because it experiences relatively little
influence from the continental slope. Previous studies
conducted at this site (e.g., Billett et al. 1983) have shown
a strong seasonality in the deposition of organic matter on
the seafloor. Primary production in the overlying water has
been estimated to measure approximately 195 g carbon (C)
m22 yr21, and the winter mixed layer lies at approximately
500 m depth. The water depth is ,4,850 m at the central
PAP station (48u509N, 16u309W), and the sediment is
composed of calcareous ooze with a median grain size of
8 to 8.6 mm. Sedimentary organic carbon and nitrogen
contents in the mixed layer measure 0.2–0.6% (Ståhl et al.
2004b) and 0.05–0.07% (Brunnegård et al. 2004) of dry
weight, respectively. Altogether six cruises to the PAP site
were accomplished between August 1996 and May 1999
(Table 1).

Studies were also carried out at the base of the Ceara
Rise in the western tropical Atlantic Ocean, at a water
depth of 4,675 m (Table 1). Surface sediments at this site
contain 0.6% organic matter and 36% CaCO3 (Martin et al.
2000). The sedimentary oxygen consumption rate is
0.44 mmol m22 d21 (Jahnke and Jahnke 2004). Pore-
water, microelectrode profiling, and in situ benthic flux
chamber results from this location are discussed in Martin
and Sayles (1996) and Jahnke and Jahnke (2004).

Sediment sampling and pore-water extraction—Sediment
cores to determine pore-water distributions of DOC, DON,
ammonium, total dissolved carbohydrates, and dissolved
free monosaccharides at PAP were mainly collected using
a multiple corer and were sometimes collected by taking
subcores from the sediment brought to the surface by the
chambers of the Göteborg benthic lander (Ståhl et al.
2004b; Tengberg et al. 2004). The multiple corer (MUC)
cores were collected within the central coring position at
PAP. Ascent rate of the multiple corer was approximately
30 m min21 and ascent rate of the lander was 70 m min21.
Plexiglas core tubes (10-cm inner diameter) were used.
Cores having a seemingly undisturbed surface were rapidly
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brought to a constant temperature room at +2–4uC (i.e.,
close to the in situ bottom-water temperature of +2.6uC)
onboard ship. All procedures to obtain pore water were
performed at this temperature. The temperature of water
overlying the sediment in the core tubes was occasionally
measured; the available measurements indicated a temper-
ature of approximately 10–12uC in summer (lower in
winter) after handling on deck and just before the cores
were brought into the constant temperature room. The
overlying bottom water in each core was sampled
approximately 10 cm above the sediment surface and then
carefully siphoned off. Ambient bottom water was also
sampled from CTD/Rosette casts approximately 5 m above
bottom as well as from syringes (outside chambers) on the
Göteborg lander approximately 2 m above bottom. Cores
were sectioned in 0.5-cm slices down to 2 cm in depth,
followed by 1-cm slices down to 6 cm in depth, and finally
2-cm slices down to 20 cm in depth. Each slice was visually
inspected, and large animals, which were only occasionally
found, were carefully removed with a clean pair of
tweezers. The sediment was placed into clean 50-mL
polypropylene centrifuge tubes and gently centrifuged at
2,000 rpm (,670 3 g) for 30 min at in situ temperature in
a cooled centrifuge. Blank tests have shown that these tubes
do not add DOC nor scavenge it from seawater (Martin
and McCorkle 1993). After centrifugation supernatants
were drawn into a cleaned plastic polypropylene syringe
followed by filtration through a disposable cellulose acetate
filter (0.45-mm pore size). These filters were rinsed prior to
use with at least 60 mL of ultrapure MQ water or bottom
water; this procedure has been shown to be necessary to
avoid DOC contamination from the filters (Hulth et al.
1997) as well as dissolved carbohydrate contamination (this
study). DOC samples were stored at in situ temperature for

up to 24 h in clean glass vials before analysis onboard ship,
and DON samples were stored frozen in clean plastic vials
until analysis after each cruise. During three of the six
expeditions (see below), ammonium samples were stored at
in situ temperature in clean plastic vials until analysis after
each cruise. Ammonium samples from the remaining three
cruises were analyzed during each cruise. Samples for total
dissolved carbohydrates and dissolved free monosacchar-
ides were stored in clean glass tubes at in situ temperature
for at most 12 h before analysis onboard ship.

At the Ceara Rise sediments were collected using
a multiple corer operated by R. Jahnke (SkIO). Cores
were sectioned at 4u under N2. Pore waters were extracted
by centrifugation and subsequently drawn into glass
syringes and filtered through pre-rinsed Millipore Millex-
HV filters (Martin and McCorkle 1993; Martin and Sayles
1996). Benthic in situ chamber flux measurements at the
Ceara Rise site were carried out by R. Jahnke. Methods
and results are discussed in Jahnke and Jahnke (2004).

Analytical methods—DOC was determined using a SHI-
MADZU TOC-5000 total carbon analyzer based on the
high-temperature catalytic oxidation (HTCO) technique or
a home-built HTCO instrument (Martin and McCorkle
1993). Inorganic carbon species were removed by adding
50 mL of 2 mol L21 HCl (pro analysi (PA) quality) and
purging the sample for 10 min with ultrapure synthetic air,
prior to the HTC oxidation. The catalyst (3% Pt on Al2O3

spheres) was preconditioned (300 3 50 mL injections of
MQ-water) to get a stable and low system blank (typically
,2 mmol L21 C) before analyzing the samples. All
samples were analyzed in triplicate with an analytical
precision of better than 3% (pore-water samples) and 8%
(benthic chamber samples) relative standard deviation

Table 1. Cruises, stations, dates, positions and water depths for collection of sediment with a multiple corer (MUC) or from the
chambers of the Goteborg lander (Lander) at PAP and Ceara Rise. The pore-water (pw) measurements made at each station are
indicated. At the Ceara Rise, benthic DOC flux was also measured in situ using the chamber lander described by Jahnke and Christiansen
(1989).*

Cruise ID Station ID Date Lat (N) Long (W) Depth (m) Gear pw measurements

D222 12926#2 20 Aug 1996 48u50.059 16u16.199 4,802 MUC NH4

D226 13077#25 18 Mar 1997 48u55.969 16u33.689 4,825 MUC DOC, NH4, Carb
D226 13077#90 27 Mar 1997 48u49.569 16u29.739 4,846 MUC DOC, NH4, Carb
D226 13077#96 28 Mar 1997 48u48.569 16u20.409 4,846 MUC DOC, NH4, Carb
D226 13078#10 31 Mar 1997 48u58.029 16u25.039 4,847 MUC DOC, NH4, Carb
D231 13368#4 3 Mar 1998 48u49.959 16u2.949 4,814 MUC DOC, NH4

D231 13368#45 16 Mar 1998 48u48.189 16u26.629 4,810 MUC DON, NH4

D231 13368#57 21 Mar 1998 48u55.209 16u33.209 4,841 MUC DON, NH4

M42/2 381#1 3 Aug 1998 48u56.059 16u35.059 4,813 Lander DOC, NH4

M42/2 397#1 4 Aug 1998 48u56.019 16u35.019 4,811 MUC DOC
M42/2 425#1 15 Aug 1998 48u59.549 16u25.499 4,812 MUC DOC
M42/2 432#1 17 Aug 1998 48u58.019 16u28.029 4,810 MUC DOC, DON
M42/2 433#1 17 Aug 1998 48u48.049 16u27.959 4,807 MUC DOC, NH4

D236 98#11 30 Aug 1998 48u51.419 16u29.859 4,800 MUC NH4

D236 98#16 1 Sep 1998 48u51.489 16u29.929 4,800 MUC DON
Ch142 54901#13 1 May 1999 48u49.409 16u25.109 4,839 MUC DOC
Ch142 54904#1 3 May 1999 48u49.109 16u31.509 4,840 MUC DON, NH4

Ceara Rise Mar 1994 6u10.009 42u53.009 4,675 MUC DOC
Ceara Rise Mar 1994 6u10.009 42u53.009 4,675 Lander In situ DOC flux

* Lat, latitude; Long, longitude; Carb, total dissolved carbohydrates and free dissolved monosaccharides.
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(RSD; n 5 10). The instrument was calibrated and
corrected for drift with Certified Reference Material
(CRM, Prof. D. Hansell, RSMAS, University of Miami).

Determination of ammonium was performed onboard
ship during the D222, M42/2, and D236 cruises (Table 1)
by applying the standard photometric method either
manually or by using an autoanalyzer. Replicate measure-
ments (n 5 15) of the standard solutions resulted in a RSD
of 5–10% in the concentration range of 2–17 mmol L21. All
standard solutions were diluted with artificial seawater
(ASW). For the D226, D231, and Ch142 cruises the
ammonium samples were analyzed after each cruise using
a Bran and Luebbe TRAACS 2000 autoanalyzer.

DON concentrations were calculated as the difference
between total dissolved nitrogen (TDN) and the sum of
nitrate (Brunnegård et al. 2004) plus ammonium concen-
trations. TDN samples were oxidized with the persulfate
oxidation method, as described in Bronk et al. (2000). The
formed nitrate was analyzed on a TRAACS autoanalyzer
(the same as for the ammonium samples). To check the
oxidation yield, CRM (Deep Sargasso Sea water, reference
lot No. 12-00, Prof. D. Hansell) and two different
concentrations of urea and glycine were treated and run
as normal samples. All other samples were compensated for
the recovery obtained on these samples. The CRM
concentration reported by the distributor was 21.1 mmol
L21, and we obtained on average 23.0 mmol L21 in our
determinations. The samples were diluted with ASW
before the oxidation step and, when necessary, just prior
to analysis as well. ASW was run as a blank, and its
contribution to the TDN concentration (although very low)
was subtracted from the diluted samples.

Total dissolved carbohydrates were determined with the
MBTH method according to Pakulski and Benner (1992).
Total dissolved carbohydrates detected by the MBTH
method include all molecules with sugar units, which
undergo hydrolysis with 12 mol L21 H2SO4, such as oligo-
and polysaccharides as well as smaller molecules like
pyruvate. Ten milliliters of the filtered pore-water or
bottom-water sample was evaporated in a vacuum centri-
fuge (Heto). Calibration was done against glucose standard
curves. Standards were stored in the dark and prepared in
filtered seawater to have the same matrix in samples and
standards. Blanks (as specified by Pakulski and Benner
[1992]) were subtracted from each sample and standard
(,7% of the absorbance). Background sugars in the
standard matrix were measured and subtracted from all
standard absorbances.

Dissolved free monosaccharides were determined by
high-pressure anion exchange liquid chromatography–
pulsed amperometric detection. This methodology shows
outstanding detection limits and the ability to handle large
sets of samples (e.g., Cheng and Kaplan 2001). Without
further treatment, the filtered pore-water and bottom-water
samples were directly placed in a Jasco 851-AS auto-
sampler, which kept the samples cold and injected 50 mL
into the chromatographic system. Two Jasco PU980 pumps
were used. One delivered the isocratic separation mobile
phase, while the other was aimed for the column
reconditioning solution used between the separations. The

analytical column used was a Carbopac PA10 (4 3
250 mm) protected by a PA10 (4 3 50 mm) precolumn
from Dionex Corporation. Mobile phase comprised
18 mmol L21 NaOH in water, and the flow rate was
1 mL min21. Between every chromatogram the column
was reconditioned for 10 min with 200 mmol L21 NaOH,
followed by 20 min of mobile phase before injection. The
detector used was an ED40 from Dionex Corporation.
Bottom water/pore water was injected directly and un-
diluted on the column in the alkaline mobile phase. This
resulted in a buildup of Mg(OH)2 on the column top, which
after approximately 50 injections gave rise to an increased
back-pressure. To rinse the column, 0.5 mol L21 HCl was
pumped through the system for 20 min after every 50
injections. Milli-Q water was pumped through the column
before and after the acid-washing treatments.

The decomposition of dissolved carbohydrates in this
concentration range is very rapid, and the concentration
easily decreases to half during a period of 2 d, even if
samples are kept cold. Thus, we ran the samples as soon as
possible and made new standard solutions every day from
stock standards kept in a freezer.

Calculation of effluxes from pore-water gradients—Fluxes
out of the sediment of ammonium and all dissolved organic
constituents were calculated using Fick’s first law of
diffusion (Jsed 5 2w 3 Dsed 3 dC/dz; where w is the
porosity, Dsed is the whole-sediment molecular diffusion
coefficient, and dC/dz is the concentration gradient).
Porosity was obtained from Witbaard et al. (2000), who
measured resistivity and calculated porosity in 41 multiple
cores from PAP sediments between 1996 and 1997. The
averaged profile (n 5 41) starts at a porosity of ,0.90 at the
surface and decreases down-core to #0.77 at 5 cm in depth,
where it levels out. The diffusion coefficient in seawater
(Dsw) for ammonium was obtained from Schulz (2000, and
references therein) and was adjusted to the in situ
temperature (+2.6uC) using the Stokes–Einstein relation,
giving a Dsw of 1.0 3 1025 cm2 s21. To calculate the Dsed

(Eq. 1), we divided Dsw by the tortuosity (h) raised to the
second power, obtained by Boudreau’s law, h2 5 1 2
ln(w2):

Dsed ~
Dsw

1 { ln (w2)
ð1Þ

A Dsed of 7.2–8.3 3 1026 cm2 s21 was obtained for

ammonium.
For ammonium and all dissolved organic constituents

the concentration difference between the near-surface pore-
water maximum and the bottom water (z 5 0) was used as
the gradient across the sediment–water interface (dC/dz) in
the flux calculations. The pore-water maximum was always
situated within the top 0–20 mm of the sediment, most
often within the uppermost 0–10 mm. This means that with
a 5-mm vertical resolution, the gradient was calculated
from two to five concentration measurements.

Burdige and Gardner (1998) concluded, from ultrafil-
tration of different molecular size classes of DOC, that 60–
70% of the pore-water DOC in many continental margin
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sediments has molecular weights (MW) of less than 3 kDa,
and the remaining 30–40% is equally divided between the
3–100-kDa and the .100-kDa fractions. The MW of pore-
water DON in estuarine sediments (Chesapeake Bay) has
been reported to be mainly between 1 and 10 kDa (Burdige
and Zheng 1998), and the fraction of pore-water DON with
MW of less than 3 kDa has been found to decrease from 84
6 11% in Chesapeake Bay to 62 6 18% at the Mid-Atlantic
shelf/slope break (D. Burdige unpubl. data). These results
indicate that the average MW of pore-water DOC and
DON in continental margin sediments are rather similar.
Benner (2002) stated that in deep ocean water (.1,000 m)
75–80% of the DOC is found as low-MW DOC (#1 kDa).
However, the MW of dissolved organic matter (DOM) in
abyssal sediment pore water is not known, but Benner’s
results indicate that it should be lower than in continental
margin sediments, and the results of Burdige and co-
workers indicate that the DOM fraction with a MW less
than 3 kDa decreases from shallow to deeper environ-
ments. Based on the above, we assumed that all our

dissolved organic pore-water constituents (other than the
dissolved free monosaccharides) had the same MW
composition, that the pore-water DOM was composed of
two fractions having fixed MW of 700 Da and 5 kDa, and
that a 50%/50% mixture of these was present in the pore
water. By using the empirical relationship between diffu-
sion coefficient and MW given by Burdige et al. (1992),

log D0 ~ 1:72 { 0:39 | log MW ð2Þ

a Dsw of 3.0 3 1026 cm2 s21 at 25uC was calculated. The
Dsw was then adjusted to the in situ temperature using the
Stokes–Einstein relation (1.5 3 1026 cm2 s21). A Dsed of
1.1–1.3 3 1026 cm2 s21 was obtained (Eq. 1) depending on
the position of the DOM pore-water maximum.

Results

All dissolved organic constituents and ammonium
displayed a distinct near-surface pore-water maximum
within the top 0–20 mm of the sediment, most often within
the uppermost 0–10 mm. This was observed in late winter,
spring, summer, and early fall (i.e., regardless of season)
and during all cruises. The variation of surface-water
temperature between the cruises ranged from ,11uC (late
winter) to ,18uC (late summer), whereas the bottom-water
temperature was constant at ,2.6uC.

Pore-water DOC concentrations at PAP (Figs. 1A, 2)
were elevated over bottom-water values (50–60 mmol L21)
up to an order of magnitude in the surficial sediment. DOC
profiles in 11 different cores all showed a sharp near-
surface maximum of on average about 500 mmol L21 in
the top 0–10 mm of the sediment, decreasing to 100–
200 mmol L21 at 6–7 cm in depth and finally asymptoti-
cally reaching a stable concentration of ,100 mmol L21

below this depth. The variability of DOC concentration
between the cores was larger in the near-surface maximum
than below it (Fig. 1A). The average diffusive DOC efflux
calculated from these near-surface gradients was 1.4 6
0.89 mmol C m22 d21 (n 5 11 during four cruises;
Table 2).

The pore-water DOC distributions at the other Atlantic
deep-sea site at the base of the Ceara Rise was very similar
to those at PAP, with clear near-surface maxima (Fig. 2).
At this site, direct in situ measurements of DOC fluxes were
simultaneously made with benthic chambers. The flux
calculated from the pore-water/bottom-water DOC gradi-
ent was markedly larger than that estimated at the same
locality and at the same time with chambers (Fig. 3).

DON displayed a pore-water distribution at PAP
(Fig. 1B) similar to that of DOC. The bottom-water
concentration of 5.2 6 4.6 mmol L21 was elevated to
typically 80–90 mmol L21 in the near-surface maximum,
below which it decreased and approached a concentration
of on average about 14 mmol L21 at depth. The average
diffusive DON efflux calculated from these near-surface
gradients was 0.22 6 0.31 mmol N m22 d21 (n 5 5 during
four cruises; Table 2). The C : N ratio of pore-water DOM
was about 5.7 in the near-surface maximum and about 7.2
below 12 cm in depth.

Fig. 1. Concentration of (A) DOC and (B) DON in the pore
water of sediment cores collected from PAP. The average
concentration in 11 (DOC) and 5 (DON) cores is given.
Bottom-water concentration is indicated at depth 5 0 (dashed
line). Error bars denote 61 standard deviation (SD).
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The type of near-surface pore-water ammonium maxima,
which previously have been observed in other deep-sea
sediments in recovered cores, were also found at PAP
(Fig. 4). Concentrations in the maxima were typically 12–
17 mmol L21, whereas the bottom-water concentration
normally was ,1 mmol L21. Below the maxima ammonium

Fig. 2. (A–D) Examples of DOC distributions in pore waters
of individual cores recovered from the Ceara Rise (depth,
4,675 m) and from PAP (depth, 4,800–4,847 m). Date of core
collection is indicated. Bottom-water concentration is indicated at
depth 5 0 (dashed line).

Table 2. Diffusive effluxes (mmol C or N m22 d21) calculated from near-surface pore water gradients in sediment cores recovered
from the PAP.*

Cruise ID Date DOC DON NH4 Tot diss carb Monosacc{

D222 Aug 1996 7
D226 Mar 1997 2,360 5 304 23
D226 Mar 1997 1,930 10 255 86
D226 Mar 1997 2,120 3 119 73
D226 Mar 1997 1,920 0.2 314 66
D231 Mar 1998 310 25; 150
D231 Mar 1998 23 28; 25
D231 Mar 1998 65 119; 183; 46
M42/2 Aug 1998 695 181
M42/2 Aug 1998 129
M42/2 Aug 1998 1,890
M42/2 Aug 1998 2,380 775
M42/2 Aug 1998 1,130 10
D236 Aug 1998 174
D236 Sep 1998 142
Ch142 May 1999 230
Ch142 May 1999 103 105
Average 6 SD 1,3706890 2216312 67672 248690 62627

* DOC, dissolved organic carbon; DON, dissolved organic nitrogen; Tot diss carb, total dissolved carbohydrates; SD, standard deviation.
{ Monosacc, dissolved free monosaccharides. Flux of the sum of the eight to nine quantified free dissolved monosaccharides in each core is given. A Dsw at

+2.6uC of 2.9 3 1026 cm2 s21 was used.

Fig. 3. Evolution of DOC concentration with time in a flux
chamber deployed in situ at the Ceara Rise (depth, 4,675 m) in
March 1994 (circles). Error bars denote 61 standard deviation
(SD) of replicate analyses. The solid line is a linear regression of
all chamber data points corresponding to a DOC flux of
0.18 mmol C m22 d21 (assuming a chamber overlying water
height of 10 cm). The dashed line is hypothetical and denotes
the DOC concentration that would have been measured in the
chamber with the DOC flux predicted from the surficial pore-
water gradient (2.3 mmol C m22 d21) in a core recovered from
the Ceara Rise at the same time (Fig. 2).
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decreased and approached a concentration of about
1 mmol L21 at depth in the cores. The average diffusive
ammonium efflux calculated from these near-surface
gradients was 67 6 72 mmol N m22 d21 (n 5 16 during
six cruises; Table 2).

The average pore-water concentration of total dissolved
carbohydrates at PAP (Fig. 5A) was about 60 mmol L21

(in terms of C) in the top 0–5 mm of the sediment, which is
more than an order of magnitude higher than in the bottom
water (4 mmol L21 in the water overlying the collected
MUC cores and below 1 mmol L21 C in the Rosette
samples). From the near-surface maximum the concentra-
tions decreased and approached a concentration of about
10 mmol L21 C at 15 cm in depth. The fraction of DOC
being made up of total dissolved carbohydrates was
enhanced from ,2% in the bottom water to on average
13–15% in the near-surface pore-water peak. The average
diffusive efflux of total dissolved carbohydrates calculated
from these near-surface gradients was 0.25 6
0.09 mmol C m22 d21 (n 5 4 during one cruise; Table 2),
which was 18% of the DOC flux.

The individual dissolved free monosaccharides quanti-
fied in PAP pore waters were inositol, mannitol, fucose,
arabinose, galactose, glucose, mannose, fructose, and
ribose. Sorbose and galactosamine were not detected. The
most abundant saccharides in the near-surface pore-water
maximum of most cores were mannitol and ribose,
followed by arabinose, mannose, glucose, and fructose.
As the column efficiency is more limited with liquid
chromatography compared to gas chromatography, co-
eluting saccharides cannot be avoided with this method.
The following saccharides gave the same retention time:
rhamnose/mannose, xylose/glucoseamine/arabinose, and
deoxyribose/fucose. These have been quantified as man-
nose, arabinose, and fucose, respectively, as these three
have been reported to be the most abundant monosacchar-
ides in seawater (e.g., Sakugawa and Handa 1983). Inositol
was detected in approximately 50% of all samples, but
because of its poor retention on the column it was probably
often obscured by the front peak.

The concentration of the sum of the nine quantified
dissolved free monosaccharides in the pore water (Fig. 5B)
was on average about 8 mmol L21 C in the near-surface
maximum at 0–5 mm in depth. The average diffusive efflux
of the sum of dissolved free monosaccharides calculated
from these near-surface gradients was 62 6 27 mmol C m22

d21 (n 5 4 during one cruise; Table 2). The variability of
the sum concentration of dissolved free monosaccharides
between the cores was larger in the near-surface maximum
than below it. Below the maximum the concentration
decreased exponentially with depth, with a factor of 2 for
every 3 cm, to a background concentration of about
1 mmol L21. The attenuation with depth of the free
monosaccharide concentration below the maximum
clearly was faster than that of total carbohydrates
(Fig. 5A,B). Within the maximum the sum of free
monosaccharides made up on average 13–16% of total
carbohydrates, whereas the contribution was 7–9% below
10 cm in depth. An example of the pore-water distribution
of individual dissolved free monosaccharides is given in
Fig. 5C.

Discussion

It is well known that the biomass of bacteria and small
size-class fauna is highest at and near the surface of deep-
sea sediments and that it declines rapidly with depth into
deposits. This distribution pattern has also been found at
PAP and other Northeast Atlantic localities (e.g., Pfann-
kuche and Soltwedel 1998; Eardly et al. 2001). Thus, it is to
be expected that dissolved organic substances and other
microbial metabolites are distributed accordingly. Howev-
er, it is also reasonable to expect that if cells become leaky
during sediment recovery, then the concentration of these
substances would be greatly enhanced at and near the
sediment–water interface. In addition, exoenzymatic hy-
drolytic activity would be expected to be stimulated above
natural levels by the enhanced availability of this fresh
material, and the depth distribution of this stimulated
activity should be in accordance with that of the fresh

Fig. 4. Examples of pore-water NH4 distributions in cores recovered from PAP. Date of
core collection is indicated. Two cores for NH4 were collected in March 1997. Bottom-water
concentration is indicated at depth 5 0 (dashed line).
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material and hence of biomass. Below we present several
pieces of evidence and arguments in favor of the theory that
near-surface maxima of pore-water organic solutes in
recovered abyssal sediment are predominantly induced by
an artifact and do not exist in situ.

Near-surface maxima—Real or artificial?—Organic car-
bon oxidation (Cox) rates in PAP sediments were measured
in situ with chamber landers on these cruises. The average
Cox rate (DIC effluxes corrected for CaCO3 dissolution)
during 1996–1999 was 0.46 6 0.37 mmol C m22 d21 (n 5
31, four cruises) (Ståhl et al. 2004b). The DOC efflux from
PAP sediments (on average 1.4 6 0.89 mmol C m22 d21

during the same time period) would thus be about 300% of
Cox rates if the near-surface pore-water DOC gradients
reflected in situ conditions. It would be unexpected if the
benthic community allowed such a large amount of labile
carbon to be lost to the overlying water.

An average POC input to the sediment could be
estimated as the sum of Cox rates, organic carbon burial
rates (on average 0.03 6 0.01 mmol C m22 d21) (Ståhl et
al. 2004b), and calculated DOC effluxes. This POC input
during 1996–1999 (1.86 6 0.83 mmol C m22 d21) was
almost eight times higher than the mean annually in-
tegrated POC rain rate of 0.24 6 0.06 mmol C m22 d21

measured during 1997–1999 at PAP with sediment traps at
3,000 m in depth (Lampitt et al. 2001). For the period
1989–1999, Lampitt et al. reported a mean annually
integrated POC rain rate of 0.27 6 0.13 mmol C m22 d21.
It is widely agreed that sediment traps often underestimate
vertical particle fluxes, but the traps at 3,000 m (1,800 m
above bottom) were calibrated, had trapping efficiencies of
up to 95%, and it was thought that the sediment trap data
from 3,000 m provided the best estimate of primary
downward flux in the region (Lampitt et al. 2001). Without
a DOC efflux, the benthic demand for POC and the POC
supply from overlying water were not significantly different
(Ståhl et al. 2004b).

DOC fluxes were measured in situ with benthic
chambers at the Ceara Rise (water depth, 4,675 m) in the
Atlantic in parallel with pore-water DOC measurements in
recovered cores. Although there was some uncertainty
about the magnitude of the flux in the chambers, there is no
doubt that the flux predicted from near-surface pore-water
gradients in surface processed cores (2.3 mmol C m22 d21)
was much larger (.12 times) than the flux that could be
estimated in the chamber (0.18 mmol C m22 d21) using
linear regression of all chamber data points (Fig. 3). This
comparison provides very strong evidence that the near-
surface pore-water DOC maximum did not exist in situ.

The pore-water DOC gradients at PAP indicated that
about 75% of the degraded POC left the sediments as
DOC. Since the mean age of deep-water DOC is

Fig. 5. (A) Total dissolved carbohydrate concentration; (B)
sum concentration of dissolved free monosaccharides; and (C)
example of distributions of individual dissolved free monosac-
charides in the pore water of PAP sediments. Concentrations are
given as mmol C L21. In panels A and B, the average concentra-
tion of four cores is given, and in each of these cores, the S free

r

monosaccharide concentration was calculated from the eight to
nine quantified individual monosaccharides. Bottom-water con-
centration (water overlying MUC cores) is indicated at depth 5
0 (dashed line). Error bars denote 61 standard deviation (SD).
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approximately 6,000 yr, the DOC leaving the sediments
must be relatively quickly oxidized within the deep-water
column. If there was significant buildup of this DOC, the
mean age would be younger. No significant DOC buildup
has been directly observed; on the contrary, a 29%
reduction in deep-water concentration from the northern
North Atlantic to the northern North Pacific has been
measured (Hansell and Carlson 1998). Thus, adding this
DOC flux to the sedimentary Cox rate would approximately
quadruple the required deep-ocean biological oxygen
demand. To be consistent with observed oxygen levels in
the deep ocean, these results would imply that reported Cox

rates in deep-sea sediments are too large by a factor of 4,
14C-AOU (apparent oxygen utilization) relationships un-
derestimate oxygen consumption by a factor of 4, or the
ventilation rate of the deep ocean must be four times that of
current estimates (see Jahnke 1996, and references therein).
Each of these implications seems highly unlikely, which
again indicates that the pore-water gradients in recovered
cores severely overestimated in situ DOC fluxes.

Vertical particulate carbohydrate fluxes were measured
with sediment traps at PAP in parallel to our studies
(Fabiano et al. 2001). The average diffusive efflux of total
dissolved carbohydrates from the sediment in March 1997
(0.25 6 0.09 mmol C m22 d21) was more than eight
times larger than the sediment trap fluxes at 3,000 m in
depth measured during the same month (about
30 mmol C m22 d21). For the period ranging from Sep-
tember 1996 to September 1998, the average sediment trap
carbohydrate flux was about 70 mmol C m22 d21, which is
almost four times lower than our diffusive flux estimates.
With calibrated sediment traps, such large discrepancies are
hard to explain by means other than artificial pore-water
distributions of total dissolved carbohydrates, unless the
sedimentary carbohydrate pool drastically declined with
time. However, Fabiano et al. (2001) found no such trend
of the carbohydrate content in the sediment between 1996
and 1998.

A PON input to PAP sediment was calculated based on
in situ measured effluxes of NH4 and NO3, estimated
denitrification, and burial rates (Brunnegård et al. 2004)
together with the diffusive effluxes of DON. The obtained
average PON input during 1996–1999 of 0.29 6
0.31 mmol N m22 d21 is about 12 times larger than the
mean annually integrated PON rain rate of 24 6
8.2 mmol N m22 d21 measured at PAP with calibrated
sediment traps at 3,000 m during 1997–1999 (Lampitt et al.
2001). The mean annual PON rain rate estimated for
1989–1999 from data of Lampitt et al. was 36 6
21 mmol m22 d21. With only a small DON efflux, the
benthic demand and the supply of PON are not signif-
icantly different (Brunnegård et al. 2004).

The fluxes of ammonium calculated from pore-water
gradients at PAP in this study (67 6 72 mmol N m22 d21)
were on average nine times higher than those measured
simultaneously in situ at the same locality using benthic
chambers (7.5 6 19 mmol m22 d21) (Brunnegård et al.
2004). Berelson et al. (1990) used the same approach to
argue that pore-water NH4 distributions obtained on-deck
in cores from the deep Pacific were affected by artifacts.

What causes these artifacts?—It may be argued that
squeezing of animals during centrifugation of sediment
might have caused the near-surface pore-water DOM and
ammonium maxima. In previous studies of continental
margin sediments of the Skagerrak, with much higher
abundance and biomass of macro- and meiofauna than
were observed at PAP (De Bovee et al. 1996; Rosenberg
et al. 1996), the same extraction technique with sectioning
and gentle centrifugation (2,000 rpm [670 3 g], 30 min)
was used without observing any near-surface pore-water
maxima of DOC (Ståhl et al. 2004c), DON, and
ammonium (Brunnegård et al. unpubl. data). The same
centrifugation method was used with shelf sediments of the
northern Aegean Sea, and no near-surface pore-water DOC
maxima were found (Ståhl et al. 2004a). Martin and
McCorkle (1993) showed that centrifugation might cause
artificially high DOC pore-water concentrations when
faunal biomass is high. However, faunal biomass is low
in PAP and Ceara Rise sediments. Another very thorough
continental margin study on this subject is that of
Holcombe et al. (2001). They convincingly showed that
DOC fluxes calculated from pore-water gradients obtained
from centrifugation as well as from in situ dialysis peepers
were of similar magnitude as DOC fluxes obtained from in
situ chamber measurements and from whole-core incuba-
tions. We conclude that it is highly unlikely that sectioning/
centrifugation produced the near-surface pore-water DOM
and ammonium maxima observed in this study.

The expansion of water as a result of decompression
when bringing sediment cores from the abyssal seafloor to
the surface has been given as a partial explanation for
shallower penetration and steeper gradients of oxygen in
surface processed cores than in situ (Glud et al. 1994). In
contrast to oxygen, DOM is produced (net) in sediments
with bottom-water concentrations lower than those in the
pore water. If the pore-water DOM maxima existed in situ,
pore-water expansion due to decompression would make
them disappear or would at least render them less
pronounced. However, expansion of water during de-
compression from 480 to 1 bar, which is about 2.4% (Kell
1975), can have negative effects on cell viability and
membrane function (see below). Expansion of water as
a result of warming is only 0.13% from 2.6uC to 18uC (Kell
1975) and can in this context be neglected in comparison
with decompression-induced expansion.

Hydrostatic pressure and temperature also influence gas
solubility. Is it likely that gas bubbles are created as a result of
decompression (480 to 1 bar) and temperature elevation
(2.6uC to 11uC [late winter] and 18uC [summer])? Oxygen can
be neglected in this context since its bottom-water concen-
tration at PAP (251 6 2.27 mmol L21 was obtained in this
study) and its solubility at the surface (240 mmol L21 at 18uC
and salinity 35) are similar. Since deep-sea water was
saturated with N2 when it left contact with the atmosphere,
and if we neglect the production of N2 through denitrifica-
tion in the water column and deep-sea sediments of the
Atlantic, decompression should be of minor importance.
However, since deep-water formation takes place in the
northern North Atlantic, where surface-water temperature is
low (around 0uC) and where the surface water is saturated
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with N2 at this low temperature before sinking, warming this
water up to 18uC (at constant salinity) leads to a N2

saturation of at least 144% (Weiss 1970). This most likely
implies creation of N2 bubbles since there are a great number
of condensation nuclei at the surface of a sediment core and
within organisms. Changing the prevailing conditions at the
seafloor of PAP to those at the surface in summer, and taking
into account precipitation of CaCO3 in surficial sediment
(total alkalinity ,2,200 mmol L21, DIC ,2,000 mmol L21),
will lead to a partial pressure of CO2 (pCO2) of around
500 matm. This is about 135% of atmospheric equilibrium
level, which makes gas bubble formation even more likely,
and bubbles are thus plausibly created as a result of
supersaturation of both N2 and CO2. Formation of gas
bubbles within cells could make them burst or could induce
leakage.

We have presented evidence that the observed pore-
water maxima are induced by an artifact and are not
related to centrifugation of sediment. The combined effect
of decompression and warming has previously been shown
to inactivate and even kill piezophilic and psycrophilic
bacteria and meiofauna in deep-sea sediments (Smith and
Hinga 1983; Turley et al. 1988). Bacterial cells—including
those without gas vacuoles—from deep-sea sediments have
been found to be damaged, to rupture, and/or to undergo
lysis when decompressed to atmospheric pressure (Yayanos
and Dietz 1983; Chastain and Yayanos 1991; Yayanos
2001; Bartlett 2002; Park and Clark 2002). Disturbance,
rupture, or bursting of bacterial biomass, directly or
indirectly caused by decompression and/or warming, is
thus the most likely explanation for the formation of the
DOM pore-water maxima observed in this study, and
which have been reported to reflect in situ conditions in
previous studies.

The attenuation of the sum-concentration of dissolved
free monosaccharides with depth below the pore-water
maximum was faster than that of total dissolved carbohy-
drates (Fig. 5A,B), which indicates that the source near the
sediment–water interface was relatively more dominant for
free monosaccharides than for carbohydrates in general.
Since leakage from cells should enhance concentration
above background for monosaccharides to a larger extent
than for total carbohydrates, this observation is consistent
with bursting or leaky cells within the top 0–5 mm of the
sediment being the main source for dissolved free mono-
saccharides.

The average C : N ratio of pore-water DOM within the
near-surface maxima was about 5.7. Below 10 cm in
sediment depth, where DOC and DON concentrations
had leveled out, the average C : N ratio was about 7.2
(Fig. 1), indicating that the DOM within the maximum
was more nitrogen rich than it was below the maximum.
This provides additional evidence in support of the
idea that the maxima is caused by lysis of or leakage
from cells.

The monosaccharide composition of the pore water was
determined in this study, and we found that most often,
ribose and mannitol were the most abundant dissolved
free monosaccharides within the pore-water maxima.
Abundance and relative contribution of individual

monosaccharides have been used to identify material
sources in aquatic environments, and ribose and mannose
have been found to be common among those indicative of
bacteria (Moers et al. 1989, 1990). Mannitol is the reduced
form of mannose and probably a bacterial metabolite of
the latter. Our observation may thus indicate that lysis of
or leakage from predominantly bacterial cells created the
monosaccharide maxima.

Studies of abyssal sediments in the Northeast Atlantic
(Pfannkuche 1993; Thiel and Rice 1995; Heip et al. 2001)
have shown that faunal densities are low and that the living
sediment biomass is made up mainly of bacteria ($90%).
At the nearby BIOTRANS station, west of PAP, a bacterial
biomass of 7–20 mg C mL21 in surficial sediment was
found (Thiel et al. 1988/89). Using a conservative bacterial
biomass estimate of 10 mg C mL21, a porosity of 0.85, and
assuming that 50% of the bacterial cell C content is
released to the pore water in dissolved form upon core
recovery, the DOC concentration would be enhanced with
about 500 mmol L21 above background. With most of the
bacteria bursting and releasing organic carbon in dissolved
form to the pore water, this DOC injection would produce
a concentration, which is very close to what we measured in
the near-surface maxima. With the reasoning above, but by
using an estimated bacterial biomass in PAP sediment of
0.25 g C m22 (Witte et al. 2003) and with 75% of this
biomass existing in the uppermost 2 cm of the sediment,
a very similar DOC injection is obtained. We conclude that
the organic carbon content of bacterial biomass in
Northeast Atlantic abyssal sediments can produce the
observed near-surface maxima.

Implications and recommendations—Previous estimates
of microbial biomass in abyssal sediments may be under-
estimates as a result of the likely difficulty inherent in
counting bacterial cells that have lysed or the cell envelopes
of which have ruptured.

In order to avoid overestimates, measurements of DOC,
DON, total dissolved carbohydrates, dissolved free mono-
saccharides, and presumably other specific dissolved
organic compounds in pore water of abyssal sediments
should be made in situ or in undecompressed sediment
cores, which have not experienced temperature elevation.
Another alternative to avoid recovery artifacts is to
separate the pore water from the sediment in situ before
analyzing the pore water onboard ship. This can be
accomplished using equilibration probes, such as peepers
and diffusion equilibration in thin films.

Hydrolytic exoenzymatic activity in deep-sea sediments
has been found to be highest at the sediment–water
interface and to decline rapidly with depth into deposits
(e.g., Boetius et al. 2000). Since exoenzymes are
inducible, their activities in surficial sediments will be
stimulated above natural levels by the availability of
fresh organic matter released from lysed or leaky
microbial cells. Measurements of exoenzymatic activity in
abyssal sediments should thus be made in situ or in
undecompressed sediment cores, which have not been
warmed up, to avoid overestimates. This has rarely been
done previously.
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We cannot rule out the possibility that the core
recovery artifacts of the type we consistently observed
are restricted to sediments at water depths greater than
a certain threshold. If such as threshold exists, then the
depth of this threshold should be influenced by the
magnitude and, plausibly, the composition of the biomass
present, which in turn is a function of the rate of organic
matter deposition to the sediment. Since only the upper
few hundred meters of the water column are relatively
warm, the existence of a depth threshold should indicate
that decompression is the main factor creating the
artifacts. However, our calculations showed that temper-
ature elevation during core recovery from the abyss gives
a N2 saturation of about 150%, and the combined effect of
warming and decompression yields a CO2 saturation of
about 135%, which, plausibly, is associated with bubble
formation creating cell bursting. We have to await further
studies to confirm or rule out the existence of such
a pressure threshold and to better constrain the relative
importance of decompression versus temperature eleva-
tion in creating the core recovery artifacts. Future studies
may also show whether the influence of decompression
and temperature elevation on physical–chemical parame-
ters, such as gas solubility and water expansion, or directly
on biological parameters, such as cell viability and
membrane function, (or if the second effect is a result of
the first) provides a more complete mechanistic explana-
tion for the observed artifacts.
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