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Abstract

Particulate organic carbon (POC) data collected by small-volume (~ 1-2 1) bottle filtration and large-volume ( ~ 100-600
1) methods are compared for samples from the central Arctic, Equatorial Pacific, Equatorial and South Atlantic, Gulf of
Maine, and Narragansett Bay. Small-volume samples were collected using Niskin® and Go-Flo® bottles and large-volume
samples were collected using in situ pumps and large-volume bottle filtration. Results indicate that small-volume bottle POC
data are often greater than large-volume results, by as much as 2—4 times, in regions with low POC concentration (< ~ 5
wM). The implication is that POC concentrations determined by small-volume bottle filtration in regions characterized by
low POC concentrations, i.e., in the majority of surface open ocean and deep waters, may be erroneously high. We suggest
the most likely explanation is adsorption of DOC to the filter, which is rarely quantified yet can significantly increase the
filter blank. The magnitude of DOC adsorption was assessed using coastal seawater by determining the y-intercept of a plot
of the organic carbon retained by a glass-fiber filter against the volume filtered. The intercept was approximately two-fold
greater than the precombusted filter blank, which we attribute to DOC adsorbed to the filter. Thus, when seawater POC
concentrations are similar to, or less than, the precombusted filter blank, not correcting for the true in situ blank can result in
erroneously high POC concentrations. To avoid this artifact, we recommend using large-volume sampling methods, which
result in a greater quantity of POC per unit area of the filter relative to the filter blank. When large-volume filtration is not
possible, we recommend a simple method to evaluate the true in situ filter blank. © 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction the determination of particulate organic carbon (POC)
concentration. The most widely used method in-
There are two primary methods used to collect volves deploying a water bottle on a hydrowire or

suspended particulate matter in oceanic waters for CTD rosette at a fixed depth to collect a discrete
water sample for subsequent filtration. With this
method, small sample volumes of ~ 1-2 | are typi-
~* Corresponding author. Tel.: +1-401-874-6530; Fax: +1-401- cally filtered under mild vacuum through a 25-mm
874-6811; E-mail: moran@gsosunl.gso.uri.edu diameter, 0.7-p.m pore-size, precombusted glass-fiber
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filter. The second method involves the use of in situ are quantified by high-temperature combustion. Pro-
pumps, which typically filter several 100-1000 | of vided that the same pore-size filter is used, the
seawater from a fixed depth through a 142- or principa difference between the two sampling tech-
292-mm diameter precombusted glass-fiber filter of niques is the volume of water filtered and hence the
similar pore size. In both cases, POC concentrations amount of POC collected per unit area of the filter.
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Fig. 1. POC depth profiles. (a) JGOFS EQPAC bottle data (Ducklow, 1994); (b) JGOFS EQPAC large-volume in situ pump data (Bacon et
al., 1996); (c) AOS94 bottle data (Wheeler et al., 1997); (d) AOS94 large-volume in situ pump data (Moran et al., 1997). The JGOFS
time-series data were collected at the equator at 140°W. The AOS94 small-volume samples were collected aboard the USCGC Polar Sea
and the large-volume samples were collected aboard the CCGS Louis S . Laurent; samples were collected while both ships were in close
proximity to each other. The AOS94 large-volume station locations are: St. 8 (75°27'N, 170.35 W), St. 11 (76°38'N, 173°19' W), St. 18
(80°09'N, 173°15' W), St. 26 (84°04'N, 175°04' W), St. 35 (90°00' N).
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Samples collected from the same water mass using
these methods should, ideally, yield the same result.

Results from several recent studies indicate that
POC concentrations in samples collected by small-
volume bottle filtration are often greater than those
collected using large-volume methods. For example,
the JGOFS Equatorial Pacific (EQPAC) program and
the 1994 Arctic Ocean Section (AOS94) expedition
reported bottle POC concentrations that are greater
than determined using large-volume in situ pumps
(Fig. 1). The large difference between small- and
large-volume POC data evident from these recent
studies warrants further investigation, particularly
given the importance of accurate POC data to global
ocean carbon flux studies.

In this paper, we investigate the importance of
sampling technique, specifically small- (bottles) and
large-volume (in situ pumps and large-volume bot-
tles) methods, on the accuracy of POC data. We
report: (1) a comparison of POC data collected by
bottles and in situ pumps during several recent
oceanographic expeditions; (2) experimental data
comparing the two sampling methods in a mesocosm
environment; (3) an assessment of the effect of DOC
adsorption on the true in situ filter blank; and (4) a
recommendation to avoid filter blank artifacts due to
DOC adsorption.

2. Methods

2.1. Oceanic POC data

Table 1 lists POC data obtained from recent field
studies in which samples were collected by small-

volume bottle and large-volume filtration methods at
the same location and time. In this study, ‘‘large-
volume'’ refers to the collection of large-volume
(> 100 1) samples using either in situ pumps or
bottles. This is an important point because, as dis-
cussed below, we suggest that differences in POC
concentration are not due to differences between
pumps vs. bottles but rather to the concentration of
POC per unit area of the filter relative to the filter
blank. All samples were collected using precom-
busted 0.7-pum glassfiber filters, either Whatman
GF/F or 0.7 um Poretics® GF-75 filters (25-mm
diameter for small-volume filtration; 142-mm diame-
ter for large-volume filtration), and stored frozen
until CHN analysis. Pike and Moran (1997) reported
that GF-75 and GF/F filters yield comparable POC
blanks and concentrations.

Small-volume samples were collected by bottle
filtration using conventional sampling bottles
(Niskin®, Go-Flo®) deployed either on a hydrowire
or a CTD rosette. For the small-volume samples not
processed in this study (AOS94, EQPAC), com-
monly used sample collection and CHN analysis
methods were employed (Ducklow, 1994; Wheeler et
al., 1997). Note that Wheeler et a. (1997) did not
acidify their AOS94 small-volume bottle samples to
remove inorganic carbon. This would result in
dlightly higher particulate carbon concentrations, al-
though inorganic carbon is typically only 10% of the
total particulate carbon (e.g., Wangersky, 1994 and
references therein). Also, Wheeler et a. (1997) did
not dry their filters, and hence there may be an
additional source of (dissolved) carbon in their data.
All other small-volume samples were processed in
this lab by draining unfiltered seawater into acid-

Table 1

Small- and large-volume POC data used in this study

Cruise Location? Filter Method of |arge-volume sampling®

EQPAC Equatorial Pacific Whatman® GF/F In situ pump

AOS94 Arctic Ocean Whatman® GF/F In situ pump

GOM1-95 Gulf of Maine Whatman® GF /F Surface pump (< 25 m), all other depthsin situ pump
GOM2-95 Gulf of Maine Poretics® GF-75 Surface pump (< 25 m), al other depths in situ pump
GOM3-95 Gulf of Maine Poretics® GF-75 Surface pump (< 25 m), all other depthsin situ pump
WA95 Western Arctic Poretics® GF-75 Surface pump (< 25 m), al other depthsin situ pump
10C96 South Atlantic Poretics® GF-75 Surface pump (< 20 m), al other depths by CTD-rosette

4Sources of data are: Equatorial Pacific (Ducklow, 1994); Arctic Ocean (Moran et al., 1997; Wheeler et a., 1997); Gulf of Maine (Charette
et al., 1996); Western Arctic (Moran and Smith, 1999); South Atlantic (Charette and Moran, 1999).
PSmall-volume POC data was collected by bottle filtration as discussed in the text.



36 SB. Moran et al. / Marine Chemistry 67 (1999) 33-42

leached Nalgene bottles (3 1) and filtering ~ 0.5-2 |
through a precombusted, 25 mm, 0.7-um glass-fiber
filters held in a clean polysulfone filter chimney
under mild vacuum, typically within 1 h of sample
collection (Pike and Moran, 1997). Filters were stored
frozen in petri dishes for subsequent CHN analysis.

Large-volume samples (~ 100-600 |) were col-
lected using either in situ pumps (in al cases Chal-
lenger Oceanic Systems and Services, UK, except
Dr. M.P. Bacon's pumps were used during EQPAC)
or by filtering ~ 200-400 | directly from Niskin®
bottles on a CTD-rosette (I0C-96; Charette and
Moran, 1999). Large-volume samples were collected
by filtering seawater at a flow-rate of ~2-5 |
min~! sequentially through a 53-wm (142 mm) Ni-
tex screen and a precombusted 0.7-pm (142 mm)
glass-fiber filter held in a PVC filter holder. The
Nitex screen and glass-fiber filters do not come into
contact in the 142 mm filter holder. Two 25-mm
subsamples were cut from the 142-mm glass-fiber
filters using a stainless steel punch (Moran et al.,
1997). Samples were stored frozen in polycarbonate
petri dishes for POC analysis. Nitex screens were
immersed in 0.7-um glass-fiber filtered seawater in
an ultrasonicator for ~ 1 min to resuspend particu-
late matter. The large particle-seawater suspensions
were immediately filtered through precombusted 25-
mm glass-fiber filters and stored frozen in petri
dishes for subsequent analysis (Moran et al., 1997).

POC was quantified in the small- and large-
volume samples by first drying the 25-mm filter
samples in a 60°C oven for a minimum of 12 h,
followed by acid-fuming of the samples and CHN
analysis using a Carlo-Erba CHN EA1108 Elemental
Analyzer (Pike and Moran, 1997). After POC analy-
sis, the > 53-um POC fraction was added to the
0.7-p.m size-fraction. Filter blanks for all samples
collected from these cruises were in the range 0.6—2
pmole C for a 25-mm filter.

2.2. Marine Ecosystems Research Laboratory experi-
ment

Seawater with a relatively high POC concentra-
tion (~ 30 wM) was sampled by small-volume bottle
filtration and using a large-volume in situ pump
under controlled conditions at the Marine Ecosys
tems Research Laboratory (MERL), Graduate School

of Oceanography (Wicklund, 1996). During filtra-
tion, work areas were covered with auminum foil
and rinsed with acetone. Acetone-rinsed stainless
steel tweezers and scissors were used to handle the
filters. None of the MERL filter samples were stored
frozen.

Small-volume samples were collected in triplicate
from three separate bottle casts using a 5-1 Niskin®
bottle deployed at a depth of 1.5 m. Approximately
500 ml of seawater from each cast were transferred
into separate acid-cleaned Nalgene bottles. Samples
were filtered through 53-p..m Nitex screen to remove
large aggregates. Particulate matter was filtered onto
precombusted 25-mm Whatman® GF/F filters un-
der mild vacuum (5-10 psi). Filters were transferred
to plastic petri dishes and dried in a 60°C oven for
approximately 12 h.

Large-volume samples were collected from the
same depth using an in situ pump with a 142-mm
PV C filter holder. Three separate pump casts were
conducted in triplicate to filter 5, 10- and 15
samples each. Due to the high particulate concentra-
tions of Narragansett Bay (~ 10 mg |°1), larger
volumes were not pumped to avoid filter breakage
due to high particle loading (Sheldon and Sutcliffe,
1969; Sharp, 1974). Seawater was pumped sequen-
tially through a 53-p.m Nitex screen (to remove large
aggregates) and a 0.7-um glass-fiber filter held in a
142-mm PVC filter holder. Two 25-mm diameter
subsamples were cut from each filter using a stain-
less steel punch, placed in plastic petri dishes, and
then dried in a 60°C oven for approximately 12 h.

Samples from the MERL tanks were used to
attempt to quantify the effect of DOC adsorption on
the filter blank. Seawater samples were collected
using Niskin® bottles and increasing volumes (ap-
proximately 100, 250, 500 ml) of seawater were
filtered separately and in triplicate through 25-mm
precombusted GF /F filters held in polysulfone filter
holders under mild vacuum. Filters were transferred
to plastic petri dishes and dried in a 60°C oven.

After drying the filter samples from the MERL
experiment, subsamples (~ 15-20% by weight of
the total filter) were cut using acetone-cleaned scis-
sors and tweezers. Subsamples from unused precom-
busted GF/F filters were processed in the same
manner and used as procedural blanks. The filter
samples were acid-fumed followed by CHN analysis
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using a Carlo-Erba CHN EA1108 Elementa Ana
lyzer (Pike and Moran, 1997). Filter blanks from the
MERL experiment averaged 2 + 0.3 pmole C per
25-mm filter.

3. Results

Results from field studies conducted with parallel
small-volume bottle filtration and large-volume sam-
pling clearly indicate that the concentration of POC
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Fig. 2. Comparison of POC concentrations in samples collected
using small-volume bottle filtration and large-volume methods.
Small-volume bottle data: AOS94 (Wheeler et al., 1997); GOM1-
3,95 (Charette et a., 1996); WA95 (Beaufort Sea; Moran and
Smith, 1999); 10C9% (Charette and Moran, 1999); EQPAC
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three separate samples each collected in triplicate (this study). (2
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Fig. 3. Ratio of POC concentrations in samples collected using
small-volume bottle filtration and large-volume methods plotted
against POC concentration determined by large-volume sampling.
Dashed line represents the ideal 1:1 ratio for the two sampling
methods. Error bars are the standard deviation of replicate sam-
ples.

determined in the small-volume bottle samples is
often greater than the large-volume samples, by as
much as 2—4 times (Fig. 2). This discrepancy is most
evident in samples having < ~ 5 wM POC that were
collected by large-volume sampling. Also, whereas
there are many large-volume POC data in the range
~0.2-2 pM, there are amost no small-volume
bottle POC data with <2 M. By comparison,
results from the MERL experiment, in which POC
concentrations were ~ 30 wM, indicate good agree-
ment between the small-volume bottle and large-
volume data (Fig. 2). Note that ~ 40 | filtered
through a 142-mm diameter filter is equivalent to
filtering ~ 1 | through a 25-mm filter in terms of C
per unit filter area. For large-diameter filtration
methods to be effective, it is important to filter at
least > 100 I.

The ratio of small-volume to large-volume POC
concentration decreases with an increase in large-
volume POC (Fig. 3). We assume that the large-
volume data are more accurate, due to the larger
sample size and hence greater POC concentration on
the filter relative to the filter blank. For POC concen-
trations greater than ~5 wM, the small-volume:
large-volume POC ratio approaches a value equal to
1; al of the MERL data (~ 30 wM) have ratios
equal to 1. For POC concentrations below ~ 5 pM,
however, the small-volume:large-volume POC ratio
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Fig. 4. Plot of organic carbon retained on GF /F filters against the
volume filtered for samples collected from the MERL experiment.
The data point at zero volume filtered (W) is the precombusted
GF/F filter blank.

increases dramatically, due to the much lower POC
concentration in the small-volume samples. For POC
concentrations < ~5 wM, the majority of the data
are above the 1:1 small:large volume POC ratio.

There is a linear correlation between the organic
carbon retained on the filter and volume filtered in
the MERL experiment (Fig. 4). The intercept is
clearly non-zero and greater than the precombusted
filter blank.

4, Discussion

4.1. Differences in POC collected using small- and
large-volume techniques

Discrepancies in POC data collected by small-
and large-volume methods have been known to exist
over the past several decades and there have been a
number of discussions of this issue (Wangersky,
1974; Bishop, 1991; Feely and Trefry, 1991; Altabet
et al., 1992; King et a., 1998). Traditional explana-
tions for differences between POC collected by bot-
tles and in situ pumps include: (1) differences in
anaytical technique; (2) presence of large, rare, ag-
gregates not effectively sampled by bottles; (3) dif-
ferences in filter type; (4) alow signal:noise ratio for
POC andlysis; and (5) a filter blank that does not
consider adsorption of DOC to the filter. There has
not, however, been a consensus as to the primary

reasons for this apparent discrepancy and, while
recognized as important (Bishop, 1991; Feely and
Trefry, 1991), this issue has largely been disre-
garded. Results presented in this study provide a
clear demonstration of how serious this discrepancy
can be.

Before discussing possible reasons for the appar-
ent discrepancies, it is important to consider the
study of Altabet et al. (1992), which reported differ-
ences in particulate nitrogen (PN) and 6N in sam-
ples collected using bottles and large-volume pumps
in Gulf Stream warm core rings and the Sargasso
Sea. They observed large differences in PN and
8"N collected using bottles and pumps from warm
core rings and suggested the following additional
possible explanations: (1) different retention of parti-
cles by different particle filtration systems; (2) filter
loading; (3) rinsing samples with distilled water; and
(4) sample handling methodology. However, they
could account for only afraction of the discrepancies
in PN and 6™N. Altabet et al. (1992) suggested that
the most important factors appeared to be artifacts
associated with differences in sample collection and
handling and differences in the size-distribution of
sub-micron particles. Differences in sample handling
methodology may also be important in our compari-
son, however, as discussed further below we suggest
this is unlikely to account for the large differences
observed at low POC concentrations. With respect to
differences in the size-distribution of sub-micron par-
ticles, Altabet et al. (1992) used different filter me-
dia, which may indeed explain some of the differ-
ences in their data.

Retention of particles by different filtration sys-
tems will be dependent on the pressure drop across
the filter, nominal retention size, and mean loading
of the particles (Altabet et al., 1992). Differences in
pressure drop would be insignificant for the small-
and large-volume sampling techniques used in this
study, as they were for Altabet et al. (1992). Differ-
ences in filter loading does not provide an explana-
tion because the large-volume samples have higher
loading, yet lower POC concentrations, than the
small-volume samples; Altabet et al. (1992) reported
a similar result for PN and 6 N. Unlike the results
reported by Altabet et al. (1992), filtered samples
were never rinsed with distilled water in this study
and is therefore not a factor.
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It is unlikely that differences between small- and
large-volume POC data are due to analytical tech-
nigue. A recent intercomparison involving 10 labora-
tories reported a + 8% standard error of the mean for
the POC concentration of marine sediments and sedi-
ment trap material due solely to differences in analy-
sis (King et al., 1998). Differences due to anaysis
would aso be expected to be scattered about the 1:1
line for the small-volume bottle and large-volume
samples. We would not expect data to be skewed
towards high values for bottle samples with low
POC concentration, as is evident in Fig. 2.

Discrepancies in POC data collected by small-
and large-volume methods are unlikely to be related
to the presence of large aggregates included in the
large-volume samples by collection on 53-p.m Nitex
screen. Aggregates can be missed by bottles and they
can settle below the bottle spigot prior to filtration
(Bishop and Edmond, 1976; Gardner, 1977). How-
ever, large aggregates typically represent a small
fraction (< 10—20%) of the suspended POC concen-
tration (Bishop et a., 1977, 1986; Altabet, 1988;
Altabet et a., 1992; Moran et a., 1997). It would
seem quite unlikely that the presence of aggregates
could shift the small-volume:large-volume POC rétio
from the 1:1 value to the extent observed in Fig. 2.
Aggregates captured on the 53-pm Nitex screen
commonly used in large-volume pumping are typi-
caly arelatively small subset of the total aggregate
population. For example, aggregate concentrationsin
the surface waters during EQPAC were on the order
of 10's per liter based on the aggregate imaging data,
which was considerably greater than aggregate num-
bers from in situ pumping (Walsh et al., 1997).

Differences in filter type cannot be a contributing
factor in this study because in all cases the glass-fiber
filters had the same nominal pore-size (0.7 .m). The
comparison by Altabet et al. (1992) used filters with
different nominal pore-size and/or materials. They
compared PN and 6N values in samples collected
using 0.7-pm Whatman GF/F glass-fiber filters,
1-pm Gelman A /E filters, and 1-pm quartz fiber
Microquartz filters. We suggest that differences in
their bottle and large-volume pump data are due, in
part, to the different filter media and filter pore-size
used.

Obtaining a high signal:noise ratio is an important
consideration in collecting small-volume bottle sam-

ples in regions with low POC concentration. When
the concentration of carbon collected per unit filter
area approaches the filter blank, the blank can be-
come a significant fraction of the total carbon de-
tected and will increase the uncertainty in the POC
measurement. For example, the small-volume bottle
data from the central Arctic Ocean (AOS94) were
collected by filtering 1 | of seawater through pre-
combusted 25-mm GF/F filters (Whedler et al.,
1997). The concentration of particulate carbon in
samples from > 100 m are in the range ~ 2-3 uM
(Fig. 1). By comparison, the AOS94 large-volume in
situ pump POC data below 100 m are ~ 0.25-1 uM
(Fig- 1), approximately 4 times lower than the
small-volume bottle data (Fig. 2). The AOS94
small-volume blank was 0.6 + 0.1 wmole C per 25
mm filter (Wheeler et a., 1997), which is compara-
ble to the large-volume filter blank of 0.8+ 0.3
pwmole C normalized to a 25-mm filter (Moran et al.,
1997). If the large-volume pump data are considered
more accurate due to the greater sample size, then
clearly the small-volume data of Wheeler et al.
(1997) would be close to the detection limit, even
considering that their measurements included inor-
ganic and organic carbon. That is, there would barely
be sufficient carbon on the 25-mm filter after filter-
ing just 1 | of seawater for CHN analysis compared
to the blank; this may explain why Wheeler et al.
(1997) never reported a particulate carbon concentra-
tion lessthan ~ 2 wM (Figs. 1 and 2).

If the difference between the small-volume bottle
and large-volume POC concentrations was due only
to a detection limit problem, however, then we might
expect a large uncertainty with data scattered about a
1:1 line. As evident from Figs. 2 and 3, this is
clearly not the case. We suggest that there must be
other factor(s) that contribute to the systematicaly
higher POC data in samples collected using small-
volume techniques at low POC concentrations(< ~ 5
wM).

4.2. Blank artifacts due to DOC adsorption to glass-
fiber filters

An important consideration in attempting to ex-
plain the difference in POC data from samples col-
lected using small- and large-volume methods is that
the filter blank does not include adsorption of DOC
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to the filter. It is well-known that DOC adsorbs to
glassfiber filters (Menzel, 1966; Loder and Hood,
1971; Banoub and Williams, 1972; Gordon and Sut-
cliffe, 1974; Uno, 1976; Johnson and Wangersky,
1985) and silver filters (Sondergaard and Middleboe,
1993). Although subsequent studies have debated the
magnitude of DOC adsorption to filters (Gordon and
Sutcliffe, 1974; Johnson and Wangersky, 1985), DOC
clearly adsorbs to solid surfaces in seawater and
most likely to filtered POC (Johnson and Wanger-
sky, 1985; Sondergaard and Middlieboe, 1993). Of
particular relevance to this study is the implication
based on these previous findings that the true blank
for afilter exposed to seawater may be greater than
the precombusted glass-fiber filter blank.

The MERL experiment was designed to directly
address the hypothesis that DOC adsorption signifi-
cantly increases the in situ filter blank. The plot of
the organic carbon retained on the GF/F filters
plotted against the volume filtered shows a linear
correlation with an intercept that is clearly non-zero,
and most importantly, greater than the precombusted
filter blank (Fig. 4). After correcting for the precom-
busted filter blank (2 wmole C), the magnitude of
the intercept is ~2 pwmole C. Menzel (1966) con-
ducted similar experiments and reported an intercept
of 1.7-2.1 wmole C (after correcting for the filter
blank of ~2 pwmole C), which was attributed to
adsorption of DOC on the filter. The implication
from our data and Menzel (1966) is that DOC ad-
sorption can significantly increase the true in situ
filter blank.

During the 10C96 cruise, we filtered seawater
using two GF/F filters stacked in-line in a 142 mm
PVC filter holder and measured the POC content of
each filter using the procedures described above. In
this case, the second glass-fiber filter indicated an
organic carbon content of 4.6 wmole C (normalized
to a 25-mm filter), which was approximately two-fold
higher than the precombusted filter blank of 2 nwmole
carbon. It is intriguing that the second in-line filter
had a POC content similar to the in situ blank from
the MERL tank and reported by Menzel (1966).
These data lead us to speculate that this may be
indicative of an initial rapid uptake of DOC (includ-
ing macromolecular colloidal organic matter) onto
the filter, which saturates the available adsorption
sites, followed by slower DOC uptake.

Could a blank artifact due to DOC adsorption to
the filter account for the difference between small-
and large-volume POC data evident at low POC
concentrations? Assuming an upper ocean DOC con-
centration of 80 wM and filtration of 1| of seawater,
adsorption of only a few percent of seawater DOC to
a glassfiber filter would result in an apparent
““POC’" concentration of 2—3 wM. Presumably, one
would expect a similar DOC adsorption artifact in
the deep ocean. If we further assume a *‘true’” POC
concentration of 0.25-1 wM, such as the large-
volume POC data indicate below 100 m in the
central Arctic (Fig. 1), then the small-volume bottle
data (1 | in AOS94; Whedler et al., 1997) could be
significantly overestimated by adsorption of a few
percent of ambient seawater DOC. In this regard,
Wheeler et al. (1997) minimum signal:blank ratio
was approximately (2+ 0.6)/0.6, or ~ 4:1. It is
possible that they had sufficient carbon on the filter
to detect but that a significant fraction of this was
adsorbed DOC. We suggest that the EQPAC and
other small-volume bottle POC data may be simi-
larly biased. Such an artifact would of course be
greatly minimized by filtering large-volumes (> 100
1), and is a primary justification for our assumption
that the large-volume POC data are more accurate.
Thus, a significant amount of reported POC may in
fact be DOC adsorbed to the precombusted glass-fiber
filter.

There are additional factors that likely affect the
efficacy of DOC adsorption to filters and contribute
to the scatter in the plot of the small-volume vs.
large-volume POC data (Fig. 2). These include, for
example, depth variations in the concentration and
adsorption characteristics of DOC, the volume of
water processed, and the exposure time of the filter
in seawater. We contend that differences due to
sample handling would also contribute to the scatter
in these data (Altabet et al., 1992), though this is
unlikely to explain the large offset observed in Figs.
1 and 2 between the small- and large-volume POC
data at low POC concentration.

4.3. Recommendations

While the problem of determining the reason(s)
for the difference between the small- and large-
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volume POC data is a difficult one, there are some
straightforward solutions. First, we recommend fil-
tering more water. Large-volume POC data are more
accurate than small-volume results because they are
less affected by artifacts of low sample size and
hence a low signal:noise ratio. Although DOC will
adsorb to large-volume filters, the much greater con-
centration of POC in the large-volume samples re-
duces this artifact to a relatively insignificant percent
of the total POC concentration. The use of pumps
does not necessarily produce more accurate POC
data than bottles, just larger sample size. This is an
important point given that many investigators do not
have access to large-volume in situ pumping sys-
tems. Filtering large-volumes of seawater, either from
large-volume bottle samples or in situ pumps, re-
duces artifacts associated with filter blanks and re-
sults in more accurate POC data.

A drawback to filtering more water is that in
many cases water obtained from bottle casts is at a
premium and therefore filtering larger volumes of
seawater is simply not possible. For example, this
was the case for the bottle samples collected during
the AOS94 program, where only 1 | of seawater was
available from the CTD rosette for POC sampling.
Nevertheless, if POC determinations are conducted
with little modification or documentation to control
the DOC adsorption blank artifact, there will be the
potential for significant errors in the small-volume
POC data. It is important that POC determinations
take into account the blank artifact due to DOC
adsorption on the filter.

We recommend that POC sampling should in-
clude an evaluation of the true in situ filter blank
using the same experimental protocol used in the
MERL tank experiment. In cases where samples are
collected from discrete depths using bottles, samples
should be also collected to conduct the successive
volume filtration experiment, such as illustrated in
Fig. 4. By conducting such experiments in specific
oceanographic locations, one could subtract a true in
situ filter blank that would include the contribution
to the blank due to DOC adsorption. It is likely that
only a few experiments conducted using seawater
collected over the depth range sampled would be
sufficient for a given station. This would result in a
small increase in the number of samples analyzed
per station.

5. Summary

Almost 25 years ago, Gordon and Sutcliffe (1974)
provided the following recommendation for collect-
ing POC samples: **...1 | will suffice for coastal
water, 5| for surface ocean water, and 10 | for deep
ocean water.”” This recommendation is in the EQ-
PAC protocol, however, we suggest this should in-
clude an evaluation of the filter blank-including ad-
sorbed DOC. Although the volume of seawater that
should be filtered will vary for different oceano-
graphic regimes, results reported here indicate that
the most accurate data will be obtained by filtering
large-volumes of seawater. It is essentia to filter a
sufficient sample volume to ensure that DOC adsorp-
tion or other blank artifacts do not significantly
affect POC data. We recommend evaluating the in
situ filter blank, particularly for oceanographic
regimes characterized by < ~5 pM POC. This in
situ filter blank should be used to correct POC data
collected for each station occupied. This study indi-
cates that large-volume filtration, either by in situ
pumping or large-volume bottle sampling, provides
more accurate POC data than small-volume bottle
filtration.

Acknowledgements

This paper benefited from the comments made by
lan Walsh, Bob Callier and an anonymous reviewer.
Funding for this work was provided by the Gulf of
Maine Regiona Marine Research Program (UM-
S244), the NSF (OCE-9408945), and an ONR Y oung
Investigator Award (N0014-96-1-0685) to SBM.

References

Altabet, M.A., 1988. Variations in nitrogen isotopic composition
between sinking and suspended particles: implications for
nitrogen cycling and particle formation in the open ocean.
Deep-Sea Res. 35, 535-554.

Altabet, M.A., Bishop, JK.B., McCarthy, J.J., 1992. Differences
in particulate nitrogen concentration and isotopic composition
for samples collected by bottles and large-volume pumps in
Gulf Stream warm-core rings and the Sargasso Sea. Deep-Sea
Res. 39 (1), S405-417.



42 SB. Moran et al. / Marine Chemistry 67 (1999) 33-42

Bacon, M.P., Cochran, J.K., Hirschberg, D., Hammar, T.R., Fleer,
A.P., 1996. Export flux of carbon at the equator during the
EqgPac time-series cruises estimated from 24T measurements.
Deep-Sea Res. 11 43 (4/6), 1133-1153.

Banoub, M.W., Williams, P.J. LeB., 1972. Measurements of
microbial activity and organic material in the western Mediter-
ranean Sea. Deep-Sea Res. 19, 433-444.

Bishop, JK.B., 1991. Getting good weight. In: Hurd, D.C.,
Spencer, D.W. (Eds.), Marine Particles: Analysis and Charac-
terization. Geophysical Monograph 63, AGU, pp. 229-242.

Bishop, JK.B., Edmond, JM., 1976. A new large volume filtra-
tion system for the sampling of oceanic particulate matter. J.
Mar. Res. 34, 181-198.

Bishop, J.K.B., Edmond, J.M., Ketten, D.R., Bacon, M.P., Silker,
W.B., 1977. The chemistry, biology and vertica flux of
particulate matter from the upper 400 m of the equatoria
Atlantic Ocean. Deep-Sea Res. 24, 511-548.

Bishop, JK.B., Conte, M.H., Weibe, P., Roman, M., Langdon, C.,
1986. Particulate matter production and consumption in deep
mixed layers: observations of a warm core ring. Deep-Sea
Res. 33, 1813-1841.

Charette, M.A., Moran, SB., 1999. Rates of particle scavenging
and particulate organic export estimated using **Th as a
tracer in the subtropical and tropical Atlantic Ocean. Deep-Sea
Res. 46, 885—905.

Charette, M.A., Moran, SB., Pilskan, C.H., 1996. Particulate
organic carbon export fluxes estimated from 2*Th/%8U dise-
quilibriaiin the central Gulf of Maine. Gulf of Maine Regional
Marine Research Program Meeting, St. Andrews, N.B.,
Canada, September 16—20.

Ducklow, H., 1994. Tota particulate Carbon, particulate organic
nitrogen, and dissolved organic Carbon. http://wwwl.
whoi.edu/jg/dir /jgofs/egpac,/ .

Feely, R.A., Trefry, JH., 1991. Particle sampling and preserva
tion: workshop report. In: Hurd, D.C., Spencer, D.W. (Eds.),
Marine Particles: Analysis and Characterization. Geophysical
Monograph 63, AGU, pp. 5-22.

Gardner, W.D., 1977. Incomplete extraction of rapidly settling
particles from water samples. Limnol. Oceanogr. 22, 764—768.

Gordon, D.D., Sutcliffe, W.H., 1974. Filtration of seawater using
silver filters for particulate nitrogen and carbon analysis. Lim-
nol. Oceanogr. 19, 989-993.

Johnson, B.D., Wangersky, P.J., 1985. Seawater filtration: particle
flow and impaction considerations. Limnol. Oceanogr. 30,
966-971.

King, P., Kennedy, H., Newton, P.P., Jickells, T.D., Brand, T.,

Calvert, S., Cauwet, G., Etcheber, H., Head, B., Khripounoff,
A., Manighetti, B., Miquel, J.C., 1998. Analysis of total and
organic carbon and total nitrogen in settling oceanic particles
and a marine sediment: an interlaboratory comparison. Mar.
Chem. 60, 203-216.

Loder, T.C., Hood, D.W., 1971. Distribution of organic carbon in
a glacia estuary in Alaska Limnol. Oceanogr. 17, 349-355.

Menzel, D.W., 1966. Bubbling of seawater and the production of
organic particles: a re-evaluation. Deep-Sea Res. 13, 963—966.

Moran, S.B., Smith, JN., 1999. *Th as a tracer of scavenging
and particle export in the Beaufort Sea. Cont. Shelf Res,
submitted.

Moran, SB., Ellis, K.M., Smith, JN., 1997. Z*Th/%8U disequi-
librium in the central Arctic Ocean: implications for particu-
late organic carbon export. Deep-Sea Res. 44 (8), 1593—1606.

Pike, SM., Moran, SB., 1997. Use of Poretics® 0.7 um glass
fiber filters for determination of particulate organic carbon and
nitrogen in aquatic systems. Mar. Chem. 57, 355—360.

Sharp, JH., 1974. Improved analysis for particulate organic car-
bon and nitrogen from seawater. Limnol. Oceanogr. 19, 984—
989.

Sheldon, R.W., Sutcliffe, W.H., 1969. Retention of marine parti-
cles by screens and filters. Limnol. Oceanogr. 14, 441-444.

Sondergaard, M., Middleboe, M., 1993. Measurements of particu-
late organic carbon: a note on the use of glass fiber (GF/F)
and Anodisc filters. Arch. Hydrobiol. 127 (1), 73-85.

Uno, B., 1976. A problem on the filter blank of particulate organic
carbon. Bull. Nansei Reg. Fish. Res. Lab. 9, 83-89.

Walsh, 1.D., Gardner, W.D., Richardson, M.J., Chung, S.P., Plat-
tner, C.A., Asper, V.L., 1997. Particle dynamics as controlled
by the flow field of the Eastern Equatorial Pecific. Deep-Sea
Res. || 44, 2025-2048.

Wangersky, P.J., 1974. Particulate organic carbon: sampling vari-
ability. Limnol. Oceanogr. 19, 980—984.

Wangersky, P.J., 1994. Sampling and analysis of particulate and
dissolved matter. In: Wotton, R.S. (Ed.), The Biology of
Particles in Aquatic Systems, 2nd edn. Lewis, pp. 7-43.

Whedler, P.A., Watkins, JM., Hansing, R.L., 1997. Nutrients,
organic carbon and organic nitrogen in the upper water col-
umn of the Arctic Ocean: implications for the sources of
dissolved organic carbon. Deep-Sea Res. 44 (8), 1571-1592.

Wicklund, C.A., 1996. Are POC concentrations reliably deter-
mined in seawater? Summer Undergraduate Research Program
in Oceanography (SURFO) Report, Graduate School of
Oceanography, University of Rhode Island.



