














LIST OF TABLES

Table Page

1. Comparison of National Bureau of Standards, Standard
Reference Material (SRM-1571; orchard leaves) certified
concentrations and those found in this analysis ....cevvvennsn 19

2. Dry weight of ambient suspended matter collected off Point
Sur, California (1 June) and within Monterey Bay, California
(B JUNMEB) 4 itivtiitnteraeeeenaanasssansansovrossnsenseasanannns 24

3. Abundance of diver-collected aggregates off Point Sur,
California (1, 2 June) and within Monterey Bay, California
- N 27

4. Estimated volumes of aggregates off Point Sur, California
(1, 2 June) and within Monterey Bay, California (4 June) ..... 29

5a. Dry weight of diver-collected aggregates off Point Sur,
08 I ) o £ I il

5b. Dry weight of diver-collected aggregates within Monterey
Bay, California .....civiitiiiaiinanisiossentnancecsnnannnsan 33

6. Carbon-nitrogen concentrations of diver-collected
aggregates off Point Sur, California (2 June) and within
Monterey Bay, California (4 June) ....iceiieiierennnenennrnnss 36

7. Fractionated trace metal concentrations of diver-collected
aggregates off Point Sur, California (1 June)} and within
Monterey Bay, California (4 June) ..veiveniiieivoiriinnnenrnannn 45

8. Measured elemental concentrations of water bottle (Niskin}

and diver-collected samples off Point Sur, California (1, 2
June) and within Monterey Bay, California (4 June) ........... 53

viii




I
INTRODUCTION

Trace metal cycling in the marine environment is an area of active
research in marine chemistry. However, early baseline analyses of the
dissolved and suspended particulate phases were plagued by contamination
problems, and it was not until adoption of specially designed clean
techniques (Patterson and Settle, 1976; Bruland et al., 1979) that
oceanographically consistent elemental concentrations, up to an order of
magnitude less than previously reported, were measured for various dis-
solved trace metals (Sclater et al., 1976; Bender and Gagner, 1976;
Boyle et al., 1976; Martin et al., 1976; Schaule and Patterson, 1978;
Landing and Bruland, 1980; Martin and Knauer, 1980; Klinkhammer and
Bender, 1980; Bruland, 1980; Bruland et al., 1978a, 1978b).

One aspect of trace metal cycling, of interest to biogeochemists,
is the elemental partitioning between dissolved and particulate phases
{particulate = suspended + fast sinking). The particulate phase is con-
sidered to be especially important in the transport of many chemical
species (Turekian, 1977) from the surface to oceanic depths (Knauer et
al., 1979}).

In the past, particulate analysis had been largely confined to
water bottle collected samples, which were thought to represent the
total particulate field at selected depths, thus providing information
on the gross chemical composition of this phase. However, recent work
(McCave, 1975; Lal, 1977) has demonstrated that the large (>100 pm) par-
ticle class plays an important role in the distribution and transport of
many elemental moieties, and that these particles may be missed (Bishop
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and Edmond, 1976) and/or disrupted (Shanks and Trent, 1978) by water
bottle collections. McCave (1975) has also pointed out that water bot-
tles capture primarily the smaller, slow-sinking, suspended particulate
material (SPM) as opposed to the larger, rapid-sinking particulate mate-
rial (RSPM). The sum of both fractions equals the total particulate
matter (TPM).

Consequently, Fellows et al. (1981), using sediment traps, have
shown that the living component of these large particles greatly exceeds
the background or suspended particulate component captured primarily by
water bottles. Similar results have also been suggested for large par-
ticle-associated trace metals (Martin and Knauer, 1979).

This large particle class is usually described as being composed of
fecal pellets, crustacean carcasses and exuviae, large phytoplankton,
tests of various organisms, and more recently marine snow (Urrére and
Knauer, 1981). Marine snow is a term used to describe aggregated par-
ticulate matter which has reached a size large enough to be visually
detected underwater (approximately 0.5 mm or greater). The term is used
synonymously with macroscopic organic aggregates, although the size
range of the latter is usually in the micron rather than the millimeter
range. Both macroscopic organic aggregates and marine snow are composed
of organic and inorganic constituents. These particles usually consist
of diverse assemblages of microorganisms which include diatoms, dino-
flagellates, silicoflagellates, ciliates, bacteria, fungi, and crusta-
cean nauplii (Trent et al., 1978; Hamner, 1975), in association with a
large detrital component consisting of numerous fecal pellets, miscella-

neous exoskeletons, and unidentifiable amorphous material. Silver et
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al. (1978) have shown that at times these aggregates are numerically and
taxonomically distinct from the surrounding water-suspended particu-
lates.

Although the existence of aggregates has been well documented at
the surface (Alldredge, 1976, 1979; Trent et al., 1978; Hamner et al.,
1975; Johannes, 1967; Nishizawa et al., 1954; Suzuki and Kato, 1953) and
at depth in various oceanic locals (Silver and Alldredge, 1981; Barham,
1979; Costin, 1970; Piccard and Diett, 1961; Suzuki and Kato, 1953;
Burke, 1934), the distribution, magnitude, and transport potential of
the process is poorly known. Also, the mode of formation is still in
doubt, although it probably reflects multiple inputs from phytoplankton/
zooplankton sources {(Silver et al., 1978; Alldredge, 1972; Gilmer, 1972;
Hamner et al., 1975) as well as physicochemical flocculation from the
dissolved (Johnson, 1976; Wheeler, 1975; Riley, 1963} and particulate
pools (Kranck, 1973).

Recent research has demonstrated the importance of these particles
as enrichment sites for chlorophyll (Trent et al., 1978), photosynthesis
(Knauer et al., 1982; Alldredge and Cox, 1982), various organic com-
pounds such as proteins, carbohydrates, and 1lipids (Alldredge, 1979),
microscale nutrient patches (Shanks and Trent, 1979), microhabitats for
various micro- and macroorganisms (Silver et al., 1978), potential food
sources (Poulet, 1976; Coles and Strathmann, 1973; Baylor and Sutcliffe,
1963), and sites of spatial heterogeneity (Hamner et al., 1975). Also,
investigations of the role of aggregates as a vehicle for the acceler-
ated transport of particulate organic carbon and nitrogen out of the

euphotic zone suggest that a substantial portion of the net productivity



may be removed by sinking marine snow particles (Shanks and Trent,
1980).

Although the role of aggregates in the biogeochemical cycling of
trace metals has received little attention, the aggregating properties
(Kranck and Milligan, 1980) and relatively rapid sinking rates
(Alldredge, 1979; Shanks and Trent, 1979; Kajihara, 1971) suggest that
these particles may play a significant role in the distribution and flux
of specific trace metals in the sea. For example, Cd {Bruland et al.,
1978; Boyle et al., 1976), Ni (Sclater et al., 1976), Zn (Bruland et
al., 1978b), and Cu (Bruland et al., 1979) have been correlated with
some biogenic components and their removal and regeneration are thought
to be a function of the chemical behavior and settling characteristics
of a solid-phase carrier. Furthermore, the adsorption of trace metals
onto finely divided solids is well known, as is the concentrating of
various trace metals by organisms and mucopolysaccharides (Goldberg,
1957) which may comprise the mucoid matrix of some aggregates. Also, it
is generally accepted that some trace metals are rapidly removed from
solution by physicochemical and biochemical processes onto organic and
inorganic particulate material (Burrell, 1975; Turekian, 1977), thereby
producing the very low concentrations of trace metals observed in sea-
water,

Realizing these associations, coupled with in situ observations

which demonstrated the ubiquity of these large particles in the study
area, suggests that these particles may be important in the partitioning
and transport of particulate and consequently elemental moieties. It is

the purpose of this paper to present findings on the partitioning and



flux of trace metals, carbon-nitrogen (C-N}, and particulate material
between large aggregated particles and the smaller particulate material
between aggregates. Furthermore, the ability of water bottles to cap-
ture these particles is discussed, In the preéent study, these large
aggregated particles are termed rapidly sinking particulate matter
(RSPM}. The smaller, slower-sinking background material contained in
the surrounding water between aggregates is termed suspended particulate
matter {(SPM) or ambient suspended particulates, the latter term being
used to emphasize the spatial relationship of these small particles rel-

ative to the larger aggregated forms.



II
MATERIALS AND METHODS

SAMPLE COLLECTIONS

Marine snow samples were collected from two neritic zones off the
central California coast by SCUBA. Sampling was conducted during the
COBALT I cruise aboard the R.V. CAYUSE in June, 1981. The sampling
sites were an inshore station (36°49.4'N, 121°47.4 W; water depth 26 m)
approximately 1.5 km off Moss Landing within the center of Monterey Bay
occupied on 4 June, and an offshore station (36°30.2°'N, 122°59.5'W;
water depth 3,000 m) approximately 100 km of f Point Sur occupied on 1
and 2 June {Figure 1). A1l diver samples were collected at 10 + 3 m.

The original intent was to collect water bottle and diver trace
metal samples concurrently and at the same depth. However, numerous
salps caught in the 1 June water bottle sample clogged effluent orifices
and prevented effective filtration. Therefore, offshore diver trace
metal samples were collected on 1 June, while the water bottle sample
was collected on 2 June at the same Tocation. Inshore, both diver and
water bottle samples were collected concurrently on 4 June.

Aggregate abundance and volumes were measured on 1, 2, and 4 June,
while sinking rates were measured on 1 and 4 June. Aggregate carbon-
nitrogen samples were collected on 2 and 4 June.

SAMPLING PROCEDURES

Open ocean sampling was conducted underwater from a single free-
floating buoy and down-line array (Figure 2). The buoy consisted of a
40.6 cm diameter rubber float with approximately 32& kg buoyancy. From
the buoy, 30.5 m of 1.6 cm nylon line was attached with a 4.5 kg
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Figure 1. Location of sampling stations.
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Figure 2. Diagram of free-floating buoy and down-line array.
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plastic-coated lead weight suspended from the lower end. Approximately
3 m from the surface, a 1.5 m section of elastic shock cord was incorpo-
rated into the down-line to dampen wave action. Divers connected to the
down-1ine, at depth, via 7.6 m of 0.5 cm nylon safety line along with
the necessary sampling gear. Further details (e.g., boat tender, safety
diver, and other precautions) can be found in Hamner (1975}.

Previcusly, researchers have used modified syringes and vials
(Trent et al., 1978; Alldredge, 1979; Silver et al., 1978) or jars
{Hamner et al., 1975) to collect individual aggregate particles. Each
of these techniques permits relatively discrete collection; however, a
Targe amount of surrounding or ambient water is included with each
aggregate. Also, the total amount collected (on a dry-weight basis} is
small due to the small size and weight of individual aggregates and the
relatively short collection time allotted to divers working at depth
and/or in cold water. To reduce analytical errors due to insufficient
sample, aggregate dry weights in the milligram range per sample were
preferred.

Therefore, a sampling technigue was needed whereby Targe numbers of
uncontaminated aggregates could be discretely collected (i.e., with as
1ittle ambient water as possible)} within the prescribed time limits.
Extensive field testing resulted in a relatively simple sampling system
composed of a sampling tube connected to a one-way pump (Figure 3).

The components consisted of 3-6 mm lengths of coiled 0.64 or 0.95
cm diameter Bev-a-line tubing for trace metal samples and Tygon tubing
for C-N samples. One end of the sampling tube was connected to a 2 cc

Cornwell automatic pipetting syringe, creating an adjustable one-way
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Figure 3. Diagram of sampling apparatus.
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flow through the tube. Bev-a-line tubing was selected for trace metal
sampling due to its ability to withstand strong acid cleaning while
maintaining its flexibility and semi-transparent properties. Each tube
constituted a single sample and contained from 47 to 200 aggregates in a
volume of 110 to 225 ml depending on tube length and diameter. Ambient
water was held to a minimum by adjusting the syringe volume to the mini-
mum volume required to effect complete capture of individual aggregates
(usually 1 m1). Aggregates were consecutively sampled until the volume
of the tube was reached, then the tube was disconnected from the
syringe, connected to itself to form a closed coiled loop, and stored
until processed. This procedure was repeated until the desired number
of samples was obtained. A proficient diver could usually fill five
tubes in a 30 to 40-minute dive.

Collection tubes were divided into two sample categories: 1) aggre-
gate samples, containing aggregates and ambient water, and 2) ambient
sanples, containing only ambient water (i.e., no visible aggregates).
Ambient samples constituted procedural blanks and were used to correct
for the inclusion of ambient water (and its associated particulates) in
the aggregate tubes. These two sample categories corresponded to the
visible particulate field observed underwater: the larger, readily visi-
ble aggregated forms and the much smaller, usually invisible, ambient
suspended particulates contained in the ambient water between aggre-
gates. Chain diatoms were the most abundant visual component of ambient
suspended particulates.

The volume of aggregates, in conjunction with the abundance, per-

mitted calculation of total aggregate volume and, by difference, the
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volume of the ambient water. Aggregate volume was determined photo-
graphically using a 1:1 or 2:1 extension tube mounted on a 35 mm Nikonos
II underwater camera. An Oceanic 2001 was the 1ight source with the
image recorded on Kodachrome ASA 25 slide film. Aggregate volumes were
calculated either as a sphere or cylinder depending on their two-dimen-
sional shape (Trent et al., 1978). The length-width dimensions were
derived from a mm scale mounted on the bottom of the extension tube
framer and contained within the picture. To reduce measurement errors,
only those aggregates clearly within the narrow depth of field were used
in the analysis.

The abundance of aggregates was measured in situ with a hand-held

TSK flow meter following the procedures outlined by Trent et al. (1978),
except that no light was used. Aggregate sinking rates were also mea-
sured in situ using a calibrated settling chamber (Shanks and Trent,
1980).

Water bottle samples were collected in a modified 30-liter, Teflon-
coated, Go-Flo bottle manufactured by General Oceanics and mounted on
non-metallic Kevlar hydroline. At depth, the bottle was tripped with a
solid Teflon messenger. Aboard ship, the sampler was pressurized (5 to
10 psi) with high-purity air and 25 liters transferred to an acid-clean-
ed polyethylene carboy inside a positive-pressure trace metal clean
Portalab. The carboy was similarly pressurized and the contents filter-
ed through a Teflon filter sandwich containing a 142 mm acid-cleaned 0.4
Jm Nuclepore polycarbonate membrane filter.

CLEANING PROCEDURES

Prior to use, the exterior surfaces of trace metal sampling
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containers were scrubbed with a Micro-deionized water solution (Micro)
and the interior cleaned by sequentially filling (l-week soaks) with
Micro, 6N reagent grade HC1, 2N redistilled analytical grade HNOj3
(RHNO3; G. F. Smith redistilled or equivalent), and 0.25N redistilled,
quartz-distilled HNO3 (RQHNO3). Collection tubes and bottles were
thoroughly rinsed with Mil11i-Q water between treatments. Collection
tubes were refilled with Mi11i-Q water, coiled, connected together, and
stored in individual acid-cleaned Zip-Loc bags {the use of a standard
water trap and hand vacuum pump facilitated filling and emptying of col-
lection tubes during the cleaning process). All other containers, for-
ceps, tubing connectors, and digestion equipment coming into contact
with the sample were cleaned in a similar manner.

Nuclepore filters were also acid-cleaned as outlined above,
although deleting the Micro prewash. Also, following the 0.25N RQHNOj
wash, filters were soaked for at least 24 hours in Milli-Q water, gently
shaken, and transferred to acid-cleaned Millipore 47 mm Petrislide fil-
ter holders (collection tube samples) or acid-cleaned Zip-Loc bags
(water bottle samples).

Stringent anti-contamination precautions were taken whenever possi-
ble. Most metal components of the down-line and sampling array were
coated with plastic sealer. Only stainless steel components and SCUBA
tanks remained uncoated. Since the wetsuit neoprene was another poten-
tial source of contamination, all sampling was conducted well away from
other divers and into any perceivable currents, or while slowly swimming

into an undisturbed area. Polyethylene gloves were worn while sampling.
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ANALYTICAL PROCEDURES

Following collection, samples were immediately filtered (usually
within one hour) through tared 0.45 pm acid-cleaned Nuclepore polycar-
bonate membrane filters (trace metal samples) or Whatman GF/F glass-
fiber filters (C-N samples). Nuclepore filters were oven-dried to con-
stant wefight at 60°C for 24 hours, while GF/F filters were precombusted
for 4 hours at 450°C. Both filter categories were weighed to the near-
est 0.01 mg on a Mettler H54AR balance.

Particulate organic carbon and nitrogen were determined from loaded
precombusted GF/F filters analyzed on a Hewlett-Packard Model 185-B CHN
analyzer after treatment with dilute HC1 to remove carbonates.

Trace metal samples were digested with a two-step dissolution pro-
cedure designed to release: 1) weakly bound labile elements in a 25%
{v/v) triple-quartz redistilled acetic acid leach (Chester and Hughes,
1967), and 2) refractory elements in a Teflon bomb digestion (Eggimann
and Betzer, 1976). The leach or weak acid-soluble fraction dissolves
carbonate minerals (except dolomite), trace elements precipitated in
weak acid-soluble oxides, those adsorbed onto mineral and detrital sur-
faces, those loosely held in ion exchange positions, and those weakly
attached to organic matter (Chester and Hughes, 1967; Loring and
Rantala, 1977). However, it does not dissolve highly oxidized ferroman-
ganese minerals, lattice structures of silicate minerals (Hirst and
Nichols, 1958), or metals retained in highly stable organics (Bruland
and Franks, 1978). These latter fractions are dissolved in the bomb
digestion.

Elemental analysis of the fractionated digest solutions was
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conducted on a Perkin-Elmer 603 atomic absorption spectrophotometer with
Model 2100 graphite furnace (HGA-2100)}. The instrument was equipped
with a deuterium arc background corrector, HGA 500 programmer, and auto-
sampler. The method of standard additions was used for appropriate
metals and conditions. In general, manufacturer-recommended procedures
were followed for wavelength and slit adjustments, while dry, char,
atomization temperatures, hold times, and gas flows were determined at
Moss Landing Marine Laboratories from previous analysis of oceanic par-
ticulate material.

Analytical accuracy was assessed from analysis of National Bureau
of Standards (NBS) orchard leaves {SRM-1571) analyzed in conjunction and
in the same manner as environmental samples. The results of this analy-
sis and the NBS-certified values are presented in Table 1. Generally,
the agreement between NBS-certified values and those determined in this
study was good, overlapping NBS-certified values by one standard devia-
tion for all elements except Mn which was 83% of the certified NBS
value.

An examination of Table 1 reveals a greater amount of variability
in the fractionated digests than those analyzed by NBS. The observed
variability may result from two primary sources: low sample weight {see
Bruland and Franks, 1978, p. 8) and sample processing. The National
Bureau of Standards recommends no less than 200 mg per subsample to
ensure homogeneity; however, lower sample weights ranging from 7 to 19
mg were used to mimic aggregate sample weights. Also, sample manipula-
tion from the fractionated digestion procedure may contribute to the
observed variability, although this should have been minimal under clean

conditions.
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Table 1. Comparison of National Bureau of Standards, Standard Reference
Material (SRM-1571; orchard leaves) certified concentrations
and those found in this analysis. Elemental concentrations
are presented for leach (L), bomb (B), and total (T). Concen-

trations (X + sd) are reported in pg/g, cv = coefficient of
variation.

Fe Al ¥n Hi

L " § T L B T L B | L 1 [

81 7/ 778 16.3 narr - 7.3 59 7i.% G.62 nd 0.6¢

nd* 352 352 7.6 379 387 70.6 10.2 80.9 0.68 1.79 2.47

15.0 237 252 4.0 252 256 71.7 5.2 76.9 0.67 nd 0.67

nd 261 261 4.5 na - 68.9 3.7 72.6 0.81 nd 0.81

£ 11.6 268 273 8.1 318 322 69.6 6.3 75.9 0.70 1.30
sd 4.9 59 b4 5.7 90 92 1.9 2.8 3.8 0.08 1.02
cy  42% 223 204 Jjox 288 29% X 4% £y 4 12% 78%
NS ¥ 300 91 1.3
sd 20 4 0.2
[4"] 7% ax 15%

In Cu Cd Ph

L ] ] L B [ L B T L B T

I7.8 185 384 T8 &7 T 0.0 nd T.0F 37 Ty /R
13.6 8.1 2s8.7 6.1 17.4 23.4 nd ©¢.11 0.11 2.7 43.4 46.1
14.3 2.7 17.0 5.5 3.3 8.9 md d nd 2.2 20.2 22.4
16.1 6.9 23.0 4,9 50 9.9 nd nd nd 2.4 38.9 41.3

X 16.7 9.1 25.8 .3 7.5 12.8 0.07 2.6 34.7 37.3
sd 1.9 6.7 8.1 0.6 6.6 7.1 0.06 10.1 10.3
cy 1% 74X 32% 123 89% 56% a1x 16% 298 28%
NBS X 25 12 0.11 a5
sd 3 1 0.02 3
cv 12% 8% 168% 7%

*nd = not detected.
**ng = not analyzed.
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Aggregate and ambient trace metal concentrations were calculated
after the appropriate weight corrections for filter-retained seasalts.
Filter pad seasalt retention was quantified by analyzing sodium in the
leach solutions and calculating the dry weight of total seasalts from
the following equations:

1) Co x Vg = Cis

2) Cyg # Pg = Wgg
where Cg equals the sample sodium concentration (pg/ml), Vs the sam-
ple volume {m1), and Ct¢ the total sodium concentration in the sam-
ple. Pg equals the percent sodium in seasalts at a salinity of 33
parts per thousand (339/,4), and Wgg equals total filter-retained
seasalts (pg). This value was subtracted from the total sample dry
weight determined gravimetrically, to arrive at the seasalt corrected
dry weight.

In addition, aggregate samples required a further correction for
the inclusion of ambient suspended particulates captured with aggregates
during the collection process. Although the present sampling method
minimized the amount of ambient water captured with aggregates, this
component still comprised greater than 98% of the total sample volume.
Ambient suspended particulates in the ambient water contributed both
additional weight and trace metals. To account for the weight and trace
metals associated with this fraction, the respective ambient sample
quantity (i.e., weight or trace metals) was divided by the ambient sam-
Ple volume and the results were averaged. This value was multiplied by
each aggregate sample volume and subtracted. Thus, aggregate trace

metal concentrations were calculated from seasalt-ambient suspended
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particulate corrected weights and adjusted for contributed ambient sus-
pended particulate trace metals.

Carbon-nitrogen concentrations were calculated in a similar manner,
correcting for the concentrations contributed by ambient suspended par-
ticulates.

TOTAL PARTICULATE MATTER CALCULATIONS

Diver-collected fractionated samples also permitted an indirect
calculation of the dry weight of total particulate matter (TPM). Since
the weight of specific volumes of the ambient fraction was known, and
its in situ volume and the weight of individual aggregates at their
respective in situ abundances, it was possible to calculate the dry
weight of TPM by summation of SPM and RSPM fraction dry weights. These
weights were gravimetrically determined from diver-collected trace metal
samples since the weight contributed by seasalts and ambient suspended
particulates could be gquantified.

The weight of the ambient fraction liter-1 was calculated from
the following equation:

3) Wamb = Vamb X W1
where Wy equals the mean dry weight of the ambient fraction liter-l,
Wl equals the mean ambient dry weight volume-l determined by dividing
the total seasalt corrected dry weight smnp1e‘1 by the sample volume and

averaging the results. Vapp equals the calculated in situ ambient water

volume Titer-1, Vamb was calculated by multiplying the mean in situ

aggregate abundance (determined by flow meter) by the mean in situ
dggregate volume {determined photographically [Trent et al., 1978]) and

Subtracting this result from the total volume.
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The weight of the aggregate fraction liter-l was calculated accord-
ing to the equation:
4) T".agg = K (Wot + N)
where A equals the mean in situ aggregate abundance liter-1, Weot
equals the total aggregate sample weight {corrected for seasalts and
ambient suspended particulates), N equals the number of aggregates sam-

pled, and ngg the corrected in situ aggregate dry weight liter-l,

Consequently, TPM is defined as:
5) Wrpm = Wamb + Wagg
where'ﬁ}pm equals the corrected dry weight of TPM liter-1,
FLUX CALCULATIONS

Finally, aggregate flux was calculated using the formula:
6) -A-f = W
where Af equals aggregate flux in m-2 day'l, V equals aggregate sinking
rate inm day"l, and N equals the mean number of aggregates m-3. Ele-
mental fluxes were calculated by multiplying the elemental concentra-

tion aggregate‘1 by the aggregate flux.
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RESULTS AND DISCUSSION

AMBIENT SUSPENDED FRACTION

Large particles are generally considered to be relatively rare
(McCave, 1975; Riley, 1970) and, as a consequence, the surrounding water
volume greatly exceeds the large particle volume. The volume of ambient
water, in which the ambient particles exist, occupied most of the total
volume (i.e., total volume = ambient water volume + aggregate volume).
This component at both Point Sur and Monterey Bay equaled greater than
99.9% of the total volume.

The ambient particulates are suspended within this volume. This
component contributed a salt-free dry weight of 0.82 + 0.16 mg Titer-1
(Table 2) and 1.58 + 0.1 mg Titer-1 on 1 June (Point Sur) and 4 June
{Monterey Bay), respectively. ©Data for 2 June (Point Sur} are lacking
since diver trace metal samples were not collected.

The gravimetric data indicate that the ambient component offshore
was 52% of the inshore value. This observation could be explained by
the rapid sedimentation of fine particles. For example, Shepard (1960)
found that sediment particles with a median grain diameter of <2 um
accumulated within 20 km of the Mississippi Delta in a depth of 20 to 40
m. Individual particles of this size should remain suspended for weeks
or months over the shelves, long enough to be transported great distanc-
es. The fact that the mass of ambient suspended particulates was much
less offshore suggests that a considerable portion was sedimented out
before reaching the offshore station, or that the source of this frac-

tion originally contributed less particulate material than found

inshore.
23
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Table 2. Dry weight of ambient suspended matter collected off Point
Sur, California (1 June) and within Monterey Bay, California
{4 June). X = mean, + 1 standard deviation {sd), cv = coeffi-
cient of variation.

Sample Sample Sample Tube Sample Dry Wt. SPM*
Date I1.D. Vol. (ml) Dry WE. (mag) {mg/1)
1 June J-1 160 0.16 0.99
B-1 225 0.17 0.76
G-1 200 0.14 0.70
X 0.81
+1sd 0.16
cv  19%
4 June H-2 140 0.19 1.36
J-2 155 0.30 1.94
E,I-2 215 0.31 1.44
X 1.58
+1sd 0.31
cv  20%

*Corrected for filter-retained seasalts (see text for details).




25

Another possible explanation for the observed difference was the
occurrence of a large salp swarm (Doliolum spp.) offshore. Salps uti-
Tize internal mucous structures to capture microflora and fauna (Hamner
et al., 1975) and are efficient filter feeders. Large numbers of salps
could potentially remove a large portion of the smaller suspended mate-
rial. Since the diver sampling site was approximately 100 m upwind of
the ship with salps visible in all directions (visibility approximately
10 m}, and since the water bottle contents were unfilterable due to the
captured salps, a conservative estimate of the area covered by the salp
swarm was 40,000 m3 at an estimated abundance of 3 salps liter-1.
Therefore, approximately 1.2 x 108 salps were involved, a number large
enough to potentially reduce the suspended particulate component.

Therefore, it appears that the lower offshore value could be the
result of either 1imited source material reaching the offshore station
or perhaps the result of filter feeding by salps. However, the lack of
temporal data precludes a conclusive statement as to which mechanism was
operative.

The concentration of organic carbon and nitrogen in ambient sus-
pended particulates was also investigated. ODue to time constraints,
however, only one ambient sample was collected at both the offshore (2
June) and inshore (4 June) stations. Offshore ambient suspended
particulates contained 0.85 pgC pg'l SPM contrasted to 0.28 ugC pg‘l
SPM inshore. Nitrogen values were typically lower, with 0.17 JgN pg‘l
SPM offshore and 0.05 pgN ug-1 SPM inshore. These values represent
carbon-nitreogen ratios of 5.8 offshore and 6.5 inshore.

The C-N ratios at both locations are indicative of phytoplankton
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assemblages (Flemming, 1940), although absolute carbon and nitrogen con-
centrations were greater offshore, implying a higher biogenic component.
In fact, organic carbon constituted 85% of the SPM offshore compared to
28% inshore. Therefore, offshore ambient suspended particulates were
composed largely of biogenic material, while the biogenic component
inshore was a factor of 3 less.

AGGREGATE FRACTION

Aggregate abundance (Table 3) at the offshore station was similar
on both days, ranging from 7.5 to 10.3 (1 June) and 9.5 to 14.5 (2 June)
aggregates liter-l. Mean values were 9.4 + 0.8 (X + sd) and 11.5 + 3.1
aggregates 1iter'1, respectively. Inshore, aggregate abundance was much
higher, ranging from 30.1 to 40.3 aggregates liter-l with a mean of 35.1
+ 3.6 aggregates liter-l,

Several studies have investigated the abundance of aggregates, and
the data indicate that aggregates exhibit a patchy distribution similar
to phytoplankton, varying both spatially and temporally. Trent et al.
(1978) investigated the abundance of aggregates within the upper 20 m in
Monterey Bay and reported a range of 1.9 to 27.7 aggregates liter-1 for
the smaller, more common aggregates, and 1.9 to 3.5 aggregates liter-1
for the larger, less common, comet-shaped aggregates. Shanks and Trent
(1979}, again working in Monterey Bay, found varying abundances, from
0.7 to 14.0 aggregates liter-l at depths of 5 to 15 m. Abundance data
were also presented for the northeast Atlantic where they found abun-
dances of 1.0 to 7.0 aggregates liter-l at 10 m. Alldredge (1979) pre-
sents data on the abundance of aggregates collected in the Gulf of Cali-

fornia and Santa Barbara Channel. In the Gulf of California she found
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Table 3. Abundance of diver-collected aggregates off Point Sur, Cali-
fornia {1, 2 June) and within Monterey Bay, California (4
June). X = mean, + 1 standard deviation (sd}, cv = coeffi-

cient of variation.

1 June 2 June 4 June

Liters Liters Liters
Sampled Aggregates/] Sampled Aggregates/l Sampled Aggregates/]

3.3 7.5 1.8 13.9 0.8 30.1
2.4 10.3 2.1 12.1 0.8 30.1
2.6 9.8 1.7 14.5 0.7 36.2
2.7 9.3 2.1 12.1 0.7 36.2
2.4 10.3 2.6 9.5 0.7 36.2
2.7 9.3 2.2 11.3 0.6 40.3
2.5 10.0 1.9 13.4 0.8 32.9
2.7 9.3 2.3 11.0 0.6 40.3
2.8 8.8 1.7 15.1 0.8 32.9
2.6 9.8 2.1 11.7 0.7 36.2
X 9.4 11.5 35.1

+1sd 0.8 3.1 3.6
cv 9% 27% 10%

*Calculated from hand-held flow meter data (see text for details).
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0 to 3.2 aggregates liter-l and in Santa Barbara Channel 0 to 8 aggre-
gates liter-1, 1In conjunction with primary productivity studies,
Alldredge and Cox (1982) determined the abundance of aggregates off
Catalina Island, California, at 0.25 to 1.10 aggregates liter-1, with a
mean of 0.60 + 0.13 (X + SE) aggregates liter-1,

Although comparative abundance data are lacking for the Point Sur
area, the values do fall within a range expected for Monterey Bay. How-
ever, the abundance of aggregates reported here for Monterey Bay repre-
sents the highest values yet reported for this area. It should be noted
that, while aggregates were ubiquitous off Point Sur, this was not the
case within Monterey Bay on 4 June. Survey dives approximately 8 and 16
km from shore over the submarine canyon in the central part of the bay
revealed no aggregates or conspicuous concentrations of phytoplankton.
It was not until we entered shallower water at the head of the canyon
that phytoplankton and aggregates were found.

In contrast to ambient suspended particulates, the volume occupied
by aggregates represented less than 0.1% of the total water volume. The
volume of aggregates is presented in Table 4. Offshore, aggregate vol-
umes were more variable than aggregate abundance on consecutive sampling
days. On 1 June the volume of aggregates ranged from 0.001 to 0.065
cnd aggregate-l, with a mean of 0.025 + 0.024 cm3 aggregate-l. The fol-
lowing day aggregate volumes ranged from 0.03 to 0.14 cm3 aggregate'l,
with a mean of 0.08 + 0.03 cm3 aggregate‘l. Greater variability was
observed on 1 June where the largest aggregates photographed were 65
times larger than the smallest. On the following day the variability

Was considerably less, with the largest aggregates photographed being
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Table 4. Estimated volumes of aggregates off Point Sur, California (1,
2 June) and within Monterey Bay, California (4 June). Aggre-
gate volumes were calculated either as a sphere or cylinder,
depending on their length (L) and width (W) dimensions. X =
mean, + 1 standard deviation (sd), cv = coefficient of varia-

tion.
Point Sur Monterey Bay
1 June 2 June 4 June
’gg- Ag9- ’gg-

LxW ?mm) Vol. (cm3) LxM ?mm) Vol. (cm3) LxW ?mm) Vol. (cm x 10-3)

4x1.5 . 007 6x6 0.11 1x1 0.500

2x2 .004 6x4 0.07 1x0.5 0.200

5x5 .065 6x4 0.07 Z2x2 4,200

3x1 00?2 7x3 0.05 1x1 0.500

2x.75 .001 4.5x3 0.03 2x1 1.600

5x5 .06e5 6.5x4 0.08 2x2 4,200

2x1 . 002 6x6 0.11 1x1 0.500

2.5x7 .034 5x4 0.06 5x1 3.900

3x2 .009 7x5 0.14 1x1 0.500

4x3 .028 7x4 0.09 1x0.5 0.800

3x3 .014 6x4 0.07 0.5x0.5 0.060

2x2 .004 7x5 0.14 1x0.25 0.050

6x5 . 065 6.5x3 0.05 2x1 1.600

4x4 .034 5x3 0.04 1.5x0.5 0.300

5x5 . 065 7x4 0.09 2x2 4.200

17x1 .013 5x5 0.12 3x0.5 0.600

4x4 .034 1x2 1.600

4.5x4.5 .048 1x1 0.500

1.5x1.5 .002 0.25x0.25 0.008

3x3 .014 0.5x0.5 0.060

2.5%x2.5 .008 0.5x0.5 0.060

3Ix2 9,400

1x1 (.500

Ix1 0.500

1x1 0.500

1x1 0.500

0.5x0.5 0.060

2x1 1.600

2x0.5 0.400

2x0.5 0.400

0.66x0.66 0.150

1x0.5 0.500

1.5x1 1.200

1x1 0.500

2.5x2.5 8.200

1x1 0.500

2x0.5 0.400

0.66x0.66 0.150

3x1.5 5.300

X 0.025 0.08 0.150

+1sd 0.024 0.03 2.000

Cv 96% 38% 133%

range 0.001-0.065 0.03-0.24 0.008-9.4
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only 5 times the size of the smallest.

Inshore, aggregate volumes were greater than an order of magnitude
less than offshore, ranging from 8 x 1076 t0 9.4 x 10-3 ¢m3 aggregate‘l,
with a mean of 0.0015 + 0.0020 cm3 aggregate‘l. The greatest variabili-
ty existed in these aggregates, with the Targest almost 1,200 times
larger than the smallest aggregates photographed. Trent et al. (1978)
report data on the volumes of aggregates in Monterey Bay. They found a
range of 0.06 to 2.05 cm3 aggr‘egate‘1 between the surface and 20 m.
Silver et al. {(1978) also present data from this area with volumes
ranging from 0.01 to 0.11 cm3 aggregate'l. Therefare, inshore aggre-
gates have the smallest volumes yet reported for this area.

Of fshore aggregate dry weights are presented in Table 5a. On 1l
June aggregates averaged 0.082 + 0.011 mg aggregate‘l, while on 2 June
aggregate weights decreased to an estimated 0.037 + 0.010 mg aggregate"l.
Inshore, aggregate dry weights (Table 5b) averaged 0.021 + 0.004 mg
aggregate"l.

As previously discussed {(see p. 21), aggregate dry weights were
gravimetrically determined from trace metal samples since quantification
of filter-retained seasalts and ambient suspended particulates could he
assessed to a greater degree of accuracy. However, diver-collected
trace metal samples were not collected on 2 June, only diver-collected
C-N and productivity samples. The estimation of aggregate dry weights
from C-N samples is complicated by: 1) the inability to quantify filter-
retained seasalts, and 2) use of only one ambient water sample to cor-
rect for seasalts and ambient suspended particulates.

To verify whether the weights obtained from the C-N samples were
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Table 5a. Dry weight of diver-collected aggregates off Point Sur, Cali-
fornia. A-I (1 June) values determined from trace metal sam-
ples, CN {2 June) values from carbon-nitrogen samples. X =
mean, + 1 standard deviation (sd), cv = coefficient of varia-

tion. —

Sample Sample Sample Tube Aggregates/ Total Agg. Ory Wt./
Date I.D. Vol. (m1) Wt. (mg) Tube Wt. {mg)* Agg. (mg)

1 June C-1 190 9.21 100 9.05 0.091

D-1 188 10.15 110 9.99 0.091

A-1 162 8.83 110 8.70 0.079

H-1 110 6.11 94 6.02 0.064

[-1 125 7.97 94 7.87 0.084

X 0.082

+1sd 0.011

cv 14%

2 June CN-6 135 10.04 97 3.14 0.032

CN-7 145 8.96 86 1.56 0.018

CN-8 140 9.47 94 2.32 0.025

X 0.025

+1sd 0.007

cv 28%

*Corrected for seasalts and ambient suspended particulates (SPM).
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reasonable, a comparison between trace metal sample-derived weights and
C-N sample-derived weights collected within one hour of one another was
made. The results are presented in Table 5b. Trace metal samples
yielded a dry weight of 0.021 + 0.004 mg aggregate'l, while C~N samples
yielded a value of 0.014 + 0.004 mg aggregate'l. If steady-state condi-
tions are assumed over the sampling period, then the C-N weights under-
estimated the trace metal-derijved aggregate weights by an average of
33¥. Therefore, C-N derived aggregate weights (Table 5a; 2 June) were
adjusted to reflect this ratio, providing an estimated mean value of
0.037 + 0.010 mg aggregate-l.

Although published aggregate dry weight data are limited, the val-
ues reported here are reasonable. For example, Alldredge {1979) has
determined the dry weight of aggregates collected in the Gulf of Cali-
fornia and Santa Barbara Channel at 46 and 38 ug aggregate*l, respec-
tively. These values are within a factor of 2 of those reported here.

Therefore, aggregates sampled offshore on 1 June were moderately
abundant, of moderate size, and relatively heavy. Aggregate abundance
was slightly higher the following day; however, the size increased while
the weight decreased. Inshore, aggregates were very abundant, very
small, and relatively 1ight. The data further indicate that 1 June
aggregates had a greater density than 2 June aggregates, but less than 4
June aggregates. These results are not unexpected. McCave (1975) has
commented that larger particles tend to have a Tower density than
smaller particles. This decrease is the result of the increased water
content of large, open aggregates.

The above physical data correlate well with in situ observations.
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Table 5b., Dry weight of diver-collected aggregates within Monterey Bay,
California. B-G sample weights determined from trace metal
samples, CN samples determined from carbon-nitrogen samples.
X = mean, + 1 standard deviation (sd}, cv = coefficient of

variation.

Sample Sample Sample Tube Aggregates/ Total Agg. ODry Wt./
Date 1.D. Vol. (m1) Wt. (mg) Tube Wt. (mg)* Agg. (mg)

4 June G-2 190 4.06 200 3.76 0.019

F-2 180 3.16 192 2.88 0.015

c-2 210 5.11 185 4.78 0.026

B-2 225 5.25 200 4.90 0.024

D-2 180 4,08 200 3.79 0.019

X 0.021

+ 1sd 0.004

cv 19%

4 June CN-1 145 18.48 83 1.19 0.014

CN-2 148 8.15 64 0.72 0.011

CN-3 145 8.12 47 0.83 0.018

X 0.014

+ 1 sd 0.004

cv 24%

*Corrected for seasalts and ambient suspended particulates (SPM).
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Offshore, aggregates were abundant on both days; however, on 1 June a
large swarm of small salps (Doliolum spp.) was present and in close
association with aggregates, rivaling aggregates as the most abundant
macroscopic objects (chain diatoms excepted). Groups of salps would
cluster around a single aggregate, moving away only when disturbed.

It appeared that the salps may have modified the aggregates in some
manner by this close association. For example, the following day when
very few salps were present, aggregates were much larger and less com-
pact. They appeared yellowish-brown with a slight green tint, being
more transparent toward the edges than in the center. In contrast,
previocus-day aggregates were more compact and opague with much less
coloration. Visually, these aggregates were more similar to those sam-
pled in Monterey Bay. Here, the aggregates existed in a relatively
high-energy zone, being very small, dense, and opaque. It appears that
biological rather than physical interactions probably mediated aggregate
size-weight relationships offshore (1 June), while the reverse was true
inshore.

AGGREGATE ORGANIC CARBON
(RSPOC] AND NITROGEN [RSPON)

Total particulate organic carban (TPOC), as used in the context of

this paper, is the sum of aggregate organic carbon and ambient suspended
particulate organic carbon. Aggregate material is termed rapidly sink-
ing particulate organic carbon (RSPOC), in contrast to ambient suspended
particulates which are termed suspended particulate organic carbon
(SPOC), synonymous with the background material of McCave (1975) and
Fellows et al. (1981). Total particulate organic nitrogen is treated in

2 similar manner.
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Concentrations of RSPOC and RSPON are presented in Table 6. Off-
shore, the average carbon and nitrogen concentration aggregatE'l was
3.21 # 0.96 pgC (X + sd) and 0.48 + 0.13 pgN, respectively. Offshore,
aqgregates contributed 5% (36.9 ugC liter-1) of the TPOC and 4% (5.5 Jigh
liter-l of the TPON. Inshore, the average carbon and nitrogen concen-
tration aggregate-l was 1.23 + 0.37 ugC and 0.24 + 0.09 ugN. Inshore,
aggregates contributed 9% (43.2 pgC liter-1) of the TPOC and 10% (8.4
pgN 1iter-1) of the TPON. Although the concentration of carbon and
nitrogen was greater in offshore aggregates, the higher abundance and
relatively Tower ambient suspended particulate C-N content inshore
resulted in the inshore aggregates contributing a greater percentage to
the TPOC and TPON.

The values reported here for Monterey Bay are similar to those
reported by previous investigators. For example, Shanks and Trent
(1979) reported that aggregates collected in Monterey Bay contained an
average 1.36 pgC aggregatE'l (their Table 1; mean of Monterey Bay val-
ues). Their values are within 10% of those reported here for carbon and
27% for nitrogen. Flux calculations made by the above authors suggested
that 4% of TPOC and 11% of TPON standing stock (their Table 2) were Jost
through the sinking of marine snow particles. These values are compara-
ble to the 9% RSPOC and 10% RSPON components of the standing stock found
in this study and lend support to the contention that aggregates can
potentially transport significant quantities of POC and PON.

Alldredge (1979) has also investigated the C-N content of aggre-
gates and surrounding water. She found that aggregates contributed 4%

(3.6 ugC Titer-1) of the TPOC in the Gulf of California and 37% (26 ugC




Table 6. Carbon-nitrogen concentrations of diver-collected aggregates off Point Sur, California

(1 June} and within Monterey Bay, California (4 June)

Sample Sample  Sample Tube Aggregaies Total C Total N

Date 1.0. Vol. (ml) Tube~ Filter-l  Filter-l C/Agg. N/Agg. C:nN*
2 June PS-6 135 97 419, 2%* 61.5%* 4.32 0.63 7.9
PS-7 145 86 222.4 36.3 2.59 0.42 7.1

PS-8 140 94 257.3 36.5 2.74 0.39 8.2

X 3.21 0.48 7.7

+ 1sd 0.96 0.13 0.6

cv  30% 28% 7%

4 June MB-1 145 83 70.0 12.1 0.84 0.15 6.7
MB-2 148 64 80.4 14.5 1.26 0.23 6.5

MB-3 145 47 74.3 15.6 1.58 0.33 5.5

X 1.23 0.24 6.2

+1sd 0.37  0.09 0.6

cv  30% 40% 10%

*By atoms.

**Blank and ambient suspended particulate corrected.

9t
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liter-1) in the Santa Barbara Channel. This latter value, although
lower than the values found at Point Sur (36.8 ugC 1iter'1) and Monterey
Bay (42.2 pgC Iiter'l), contributed a greater percentage to TPOC, indi-
cating that the surrounding water particulates (45 pgC 1iter“1) were
relatively depauperate when compared to the ambient suspended particu-
late carbon concentrations of either Point Sur (700 PgC 1iter'1) or
Monterey Bay (450 ugC liter-l). However, on a per-particle basis, the
aggregates analyzed in Alldredge's study contained carbon concentrations
equal to or greater than those found in this study. These results sug-
gest the importance of these particles as packagers of carbon. Similar
results were found for organic nitrogen.

The results presented in Table 6 indicate that aggregates offshore
had a C-N ratio of 7.7 + 0.6, while those inshore had a ratio of 6.2 +
0.6. Ratios of POC and PON have been used extensively in the pelagic
environment as indices of food quality (Russell-Hunter, 1970; Gordon,
1971; Knauer et al., 1979; Fellows, 1981). Carbon-nitrogen ratios less
than 17:1 are generally considered adequate for animal nutrition

(Russell-Hunter, 1970), while ratios of 6.6:1 are indicative of living

phytoplankton (Flemming, 1940). Aggregate C-N ratios are well within
the nutritional range and the low values suggest a substantial phyto-
plankton component.

Alldredge (1979) has also shown that aggregates generally have a
greater C-N ratio than do ambient suspended particulates. This is due
to the detrital nature of aggregates, incorporation of carbon-rich
Mucous from zooplankton sources, or depletion of nitrogen relative to

Carbon due to increased autotrophic or microbial activity. Offshore,
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the aggregate C-N ratio was 7.7, and that of the ambient suspended par-
ticulates was 5.8. Inshore, the aggregate ratioc of 6.2 was very similar
to the ambient ratio of 6.5, and the trend noted by Alldredge (1979) and
observed offshore was not evident inshore.

It is difficult to explain the similar C-N ratios inshore, espe-
cially if aggregates represent detrital assemblages, as is commonly
thought. It is possible, however, that the similar atomic ratios may
reflect recent compaction of ambient suspended particulates, in this
relatively high-energy zone, without further differentiation at the time
of collection.

AGGREGATE CARBON-NITROGEN FLUX

The flux of material associated with marine snow is a controversial
subject, not because it is not recognized to occur, but because the dis-
tribution and magnitude of the process are poorly known. Marine snow,
being a fragile composite particle, is especially difficult to evaluate
in terms of these processes since sediment traps, which are the primary
sampling technique for flux determinations, cannot differentiate indi-
vidual particles. As with water bottles or pumps, only those components
which maintain their structural integrity are identifiable. Therefore,
in areas where marine snow does occur, trap contents will contain
unidentifiable amorphous flocculent material along with the contained
identifiable components (i.e., fecal pellets, zooplankton exuviae, phy-
toplankton tests, etc.); however, no clue is given to the form in which
these components arrived.

The contribution of any particulate to the vertical flux of an ele-

ment will depend on the concentration of that element in the particulate
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and the particulate sinking rate. The importance of aggregated parti-
cles in elemental packaging can be demonstrated by a few simple calcula-
tions. If the carbon (i.e., organic carbon) concentration of ambient
suspended particulates is compared to aggregates on a weight-weight
basis, the ambient fraction is found to be enriched. For example, the
ambient component offshore contained 0.85 pgC ug-l1SPM (i.e., 0.70 JgC
mi-1 ; 0.82 JHgSPM m1-1), while the aggregate component contained 0.09
paC pg-1RSPM (i.e., 3.2 pgC aggregate-l : 37 pgRSPM aggregate-i).
Therefore, ambient suspended particulates contain approximately 9 times
as much carbon as an equal weight of aggregate material.

However, ambient suspended particulates exist as small particles
suspended in a large water volume. In contrast, aggregated particulates
are relatively large particles which occupy a very small fraction of the
total volume. If the data are evaluated on a weight-volume basis, the
aggregate component is enriched. For example, the offshore ambient sus-
pended particulate carbon concentration was 0.70 ugqC m1-1 (i.e., 95 pgC
samp‘le'1 3 135 ml samp]e“l) and the aggregate concentration was 40 ugC m1-1
(i.e., 3.2 pgC aggregate-l s 0.08 m1 aggregate-l). Thus, the aggregate
component contains more than 57 times the carbon associated with an
equal volume of ambient water and the ambient suspended particulates
contained therein. These results serve to emphasize the importance of
aggregates as packagers of carbeon and, in a similar fashion, nitrogen.

Intuitively, it would seem that aggregates would sink faster than
the smaller ambient suspended particulates since more material is con-
tained within an equal volume. Using the data of Knauer et al. (1982),

2 relative aggregate sinking rate can be derived. Here, productivity
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and C-N samples were collected within an hour of one another at the same
location and depth. Knauer et al. (1982) found that the aggregate com-
ponent could produce 298 ugC liter-1 d'1; however, the aggregate stand-
ing crop was only 37 ugC liter-1, Therefore, their residence time at
this depth was 3 hours. In contrast, the ambient suspended component
could produce 247 ugC liter-1 d-1 and the measured standing stock was
700 pgC liter-l, Therefore, the ambient residence time was much longer
at 2.8 days or 68 hours. This would indicate that the larger aggregated
particles must be removed from the area 23 times faster than the ambient
suspended particulates. Of course, this derivation is overly simpli-
fied, but it does serve to emphasize the relatively fast sinking rate of
aggregates.

To be a viable candidate for the long-term flux of an element, the
particulate carrier must be replaced at some regular or episodic inter-
val. Again, using the data of Knauer et al. (1982) and the absolute
carbon concentration of aggregates, an estimate for the age of aggre-
gates can be derived. If it is assumed that the total aggregate carbon
concentration (3.2 ugC aggregate“l) is due to photosynthetically fixed
carbon, plus 15% due to excreted carbon (Eppley and Sloan, 1965;
Hellebust, 1965), fixed at a rate of 1.08 ugC aggregate~l h-l (Knauer et
al., 1982), then a value of 3.5 hours is obtained. However, if aggre-
gates represent a composite form of water column particulates (but see
Silver et al., 1978), then it would be expected that only 25% of the
total carbon would be due to phytoplankton (Fellows et al., 1981; Table
2). In this case, taking into account the excreted carbon, an age of

slightly less than one hour is obtained. Therefore, a range of 1 to 4
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hours is indicated, although, considering the carbon contributed by the
faunal component (Silver et al., 1978) usually associated with these
particles, the lower end of the range may be the most appropriate.

The apparent youth of marine snow suggested above is consistent
with other age determinations using different criteria. For example,
Shanks and Trent (1979}, using aggregate flux data, calculated the age
of Monterey Bay aggregates at 4 hours. Silver et al. (1979}, using
accumulations of fecal pellets, have estimated the age of aggregates at
several hours to a week, depending on the collection depth, Additional
evidence for the replacement of these particles is afforded by the div-
ers' observations that the visual appearance of aggregates on consecu-
tive days was very different. These results would suggest that aggre-
gates can form rapidly in relatively shallow water.

From the foregoing, it appears that aggregates can concentrate ele-
mental material into a form with increased sinking rates, possibly on a
long-term basis. To test the validity of this supposition, calculated
fluxes derived from elemental concentrations, aggregate abundance, and
estimated sinking rates are compared to flux data derived from sediment
trap studies in the same general area. Knauer and Martin (1981) found
that the flux of carbon was 26.1 mmo1C m-2d-1 and nitrogen was 4.4 mmolN
m-2d-1, Calculated marine snow fluxes at 35 m (depth to nearest trap),
assuming steady-state conditions, a sinking rate of 50 m d-1 (the use of
this value is discussed later), and aggregate abundance of 10.4 aggre-
gates liter-l (mean of 1 and 2 June values), are 5.2 x 109 aggregates
m-2d~1.  The carbon flux at the measured aggregate carbon concentration

would be 139 mmol1C m-2d-1. Since only 46% of the primary productivity
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reaches this depth (their Table 1), the adjusted flux would be approxi-
mately 64 mmo1C m-2d-1, or twice their measured rate, when the trap flux
is adjusted for the 30% solubilized carbon. A nitrogen flux of 9.5
mmo1N m-2d-1 is obtained through a similar calculation.

It is not known if marine snow was present during the deployment of
the traps, although the trap contents contained considerable amorphous
material. The two most obvious items observed in the traps were large
amounts of flocculent material and large guantities of fecal pellets
(Urrere and Knauer, 1981). Fecal pellets are almost always associated
with marine snow {Silver et al., 1978; personal observation), as are the
microorganisms and other material described above. From the above data
it is obvious that marine snow can satisfy the observed flux of both
carbon and nitrogen in this area. In fact, the calculated values indi~
cate that, if marine snow was the transport agent for these elements,
the combination of variables {i.e., abundance, sinking rate, and elemen-
tal concentration) was such as to produce the observed trap flux values.
Additional evidence for this mode of transport is provided from the
findings of Shanks and Trent {1980), that greater than 80% of the carbon
and 97% of the nitrogen flux in Monterey Bay could be attributed to sim-
ilar aggregates.

AGGREGATE-AMBIENT WEIGHT RELATIONSHIPS

Total particulate loading is defined in this study as the sum of
SPM and RSPM fractions at measured in situ volumes and abundances,
respectively. For example, offshore (1 June) the mean aggregate weight
Was 82 + 11 ug, at an abundance of 9.4 + 0.8 aggregates 1iter'l, con-

tributing 770 + 160 pg liter-l to the total particulate load. Ambient
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suspended particulates contributed 0.82 + 0.16 jug ml-1 and occupied
greater than 99.9% of the total volume for a total weight of 820 + 160
Hg liter-1, Therefore, total particulate loading was 1,590 + 230 ug
liter-1, with 48% due to aggregates and the remaining 52% to ambient
suspended particulates., Similarly, aggregates and ambient suspended
particulates inshore (4 June) contributed 740 + 220 and 1,580 + 310 pug
1iter"1, respectively, for a total particulate load of 2,320 + 380 ug
liter-l, Aggregates contributed 32% and ambient suspended particulates
68% of the total.

Clearly, the aggregate fraction comprises a significant percentage
of the total particulate matter. However, this relationship will vary
with aggregate weight, abundance, and ambient weight. Although the mag-
nitude of the values reported here are higher than the 8% found by
Alldredge (1979) in the Gulf of California, the 31% she found in the

Santa Barbara Channel is approximately the same as found in Monterey

Bay. Presently, comparative data are not available to determine whether
the values reported here are high for these locals, although it is cer-
tain that aggregates can make a significant contribution to total par-
ticulate matter in these neritic environments. It is also interesting
to note that this quantity of material generally occupies less than 0.1%
of the total water volume.

WATER BOTTLE COLLECTION VS.
OIVER-COLCECTED WETGHT COMPARISON

Simultaneous collection of water bottle and diver-fractionated sam-
Ples allowed comparison of total particulate matter dry weights from two

independent techniques. Inshore, water bottle-derived dry weight was
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2,025 pg liter-1l, while diver-collected fractionated weights were 1,580
+ 310 pgSPM Titer-1 and 740 + 220 pgRSPM liter=l for a total dry weight
of 2,320 + 380 pgTPM liter-l,

The agreement between values is good (within 13%), especially in
view of the methods used in their derivations. The water bottle value
resulted from the filtering and subsequent weight of particulates sus-
pended in greater than 20 liters of seawater, while diver-fractionated
weights resulted from aggregate weights adjusted to reflect measured in
situ abundance and ambient weights adjusted to reflect in situ volumes.
The difference in values may result from the non-homogeneous distribu-
tion of particulate matter (see diver weight variance), or the ineffec-
tive sampling of the large particle field by the water bottle technique
(Knauer, et al., 1982). Further evidence for the latter is derived from
the trace metal data discussed later.

AGGREGATE TRACE METALS

Aggregate trace metal concentrations are given in Table 7 from sam-
ples collected by divers off Point Sur (1 June) and within Monterey Bay
(4 June). ATl reported values are above the limits of detection (see
Anal. Chem. 1980, 52, pp. 2242-2249, for definition). Generally, ele-
mental concentrations were much lower offshore with the exception of Cd.
A1 (200), Mn (3.0), and Fe (134 pg g-1 dry weight) were approximately 2
orders of magnitude lower offshore than the inshore values of 36,400,
144, and 12,800 Hg g“l, respectively. Pb was approximately 12 times
more concentrated inshore, while Ni, Cu, and Zn were 5, 4, and 8 times
offshore values. Cd was the only element with approximately equal con-

centrations between study sites.
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Table 7. Fractionated trace metal concentrations of diver-collected
aggregates off Point Sur, California (1 June) and within
Monterey Bay, California (4 June). Mean (X) values are in
parentheses, + 1 standard deviation (sd), cv = coefficient of
variation, N = 5.
Monterey Bay (ug/g) Point Sur (ug/q)
Leach Bomb Total Leach Bomb  Total
Al X (290) (36,100) (36,400) nd+* (201) (201)
+ 1sd 155 12,400 12,500 - 124 124
cy H3% 34% 34% - 62% 62%
Mn (27.1) (118) (144) (2.4) (0.7) (3.0)
9.8 40 46 0.3 0.6 0.8
36% 34% 32% 13% 86% 27%
Fe (200) (12,600) (12,800) nd (134) (134)
159 4,400 4,500 - 61 61
79% 35% 35% - 46% 46%
Ni (8.9) (16.7) (24.9) (4.3) (1.5) (5.2)
2.0 6.2 5.9 0.6 0.9 1.0
23% 37% 24% 14% 57% 19%
Cu (1.5) (8.3) (9.9) (0.7) (2.0) (2.7)
0.7 1.9 3.6 0.2 1.0 0.9
47% 23% 36% 29% 50% 35%
Zn (7.2) (32.4) (39.6) (2.9) (3.2) (4.8)
2.0 4.9 4.2 0.4 1.2 1.8
28% 15% 11% 14% 38% 38%
Cd (3.47) (0.27) (3.64) (3.08) (0.12) (3.20)
0.61 0.08 0.55 0.72 0.08 0.72
18% 30% 15% 23% 64% 23%
Pb (2.8) (5.8) (8.6) (0.5) (0.3 0.7)
0.3 1.0 1.2 0.1) 0.2 0.2
11% 17% 14% 20% 67% 29%

*nd = not detected.
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Inshore aggregate trace metal composition was more concentrated in
the refractory phase (bomb) for all metals except Cd, where the greatest
concentration (93%) was found in the weak acid-soluble (leach) phase.
Offshore aggregates exhibited the same refractory enrichment for Al, Fe,
and Cu; however, Mn; Ni, Cd, and Pb were more concentrated in the leach
(42% vs. 76%). In was almost equally distributed between leachable
(48%) and refractory (52%) phases.

Comparison of aggregate trace metal concentrations to those of
phytoplankton (Martin and Knauer, 1973) and sediments (Taylor, 1964)
suggests that offshore aggregates contained a healthy, actively growing
phytoplankton population with relatively little sediment included in the
particles. Evidence for a significant phytoplankton component can be
deduced from the data of Knauer et al. (1982). Here, they found high
rates of productivity associated with similar aggregates collected at
the same location, but on the following day, as trace metal samples.
Also, examination of in situ photographs, used to measure aggregate vol-
ume, clearly show the presence of diatom chains. Inshore, the concen-
trations of Al, Mn, and Fe are indicative of a relatively large sediment
component, while Cu, Zn, Cd, and Pb are within the range expected for
phytoplankton,

Quantification of the mineral and biogenic components can be
approximated by assuming that the Al concentration represents 10% of the
mass of aluminosilicates {Goldberg and Arrhenius, 1958; Spencer and
Sachs, 1970) and 44% of biogenic matter presented as organic carban
(Wallace et al., 1977). These factors indicate that aggregates offshore

Were composed of approximately 20% biogenic matter (2 June) and 0.2%
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aluminosilicates (1 June). Inshore aggregates were composed of 13% big-
genic matter and 36% aluminosilicates, the balance of the mass at both
sites probably being due to authigenic precipitates and detrital CaC0j3
(Wangersky and Gordon, 1965) and Si02 {Landing and Feely, 1981).

Inshore, Al, Mn, and Fe ratios suggest that the mineral components
are granitic (Taylor, 1964). When granitic elemental concentrations
(pg/g) are converted to ng/1 values to reflect the 36% mineral component
of aggregates, it is found that Ni (140x), Cu (3x), Zn (3x), and Cd
(54x) are enriched in aggregates relative to granitic concentrations.

It may be assumed that since aggregates also contain 13% biogenic mat-
ter, and that biogenic matter is known to concentrate trace metals, this
component may supply the observed excess. This assumption proves cor-
rect for Cu and Zn since the combined contributions of the mineral and
biogenic components can account for 100% of the observed values. How-
ever, the concentrations of Ni and Cd cannot be accounted for by these
components since they total, in both instances, only 7% of the observed
concentrations.

It is interesting to note that Ni and Cd have 33% and 93% of their
total concentration in aggregates present in the leach, indicating that
some adsorption mechanism may be important for these metals (this may
also be true for Pb, Cu, and Zn). Cadmium has been shown to be corre-
lated with the labile nutrients, phosphate and nitrate (Boyle et al.,
1976; Martin et al., 1976; Bruland et al., 1978). Bruland (1980)
explains the observed correlation by removal of Cd in the surface water
from the dissolved phase to particulate organic tissue. He states that,

4S 2 rough estimate, Cd is present in various tissues at the ratio of
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one atom of Cd to 300,000 atoms of organic carbon. At this ratio, the
organic carbon observed in aggregates could account for approximately
1.2 ng Cd liter-l compared to the 0.15 ng liter-l estimated from absolute
microplankton concentrations (Martin and Knauer, 1973). Based on these
figures, approximately 46% of the observed Cd concentration can be
accounted for by the mineral 0.05 ng liter-l (2%) and organic 1.2 ng
liter~l (44%) components of aggregates. If this is true, most of the Cd
must exist in a labile form in the organics since only 7% of the total
concentration was found in the refractory fraction. The mineral compo-
nent can account for 2% of this; therefore, only 5% of the 44% is in the
form of tightly held organics.

The gquestion still remains as to what contributes the remaining Cd
(approximately 1.5 ng liter-l). The most likely answer is adsorption
from the dissolved pool onto the detrital components of the aggregates.
Shanks and Trent (1979) have analyzed the water within and immediately
surrounding aggregates for P04 and other plant nutrients. Their find-
ings suggest that POy is adsorbed from the surrounding water onto
aggregates. This they attribute to adsorption sites due to organisms,
organic detritus, and the large surface area of aggregates.

Using the data of Shanks and Trent (1979) where there is a decrease
between aggregates and surrounding water (their Table 1), a value of
0.32 pmol kg=1 of POy is obtained. If this represents the amount of
PO4 which is adsorbed onto aggregates, then using the equation:

[Cd] = (0.347 + 0.007) [PO4] - (0.068 + 0.017)
(Bruland, 1980), a value of 4.8 ng Cd liter-l is obtained. Therefore,

the adsorption of POg with its associated Cd could easily explain the
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observed excess Cd found in aggregates. If this were the case, approxi-
mately 0.23 pmol P04 kg-1 or 0.024 pmol POg aggregate"1 would have to
have been adsorbed. Further work should be done to clarify this point.

In the case of Ni, the combination of mineral and bicgenic compo-
nents can account for only 40% of the observed Ni concentration in
aggregates inshore. The remaining 60% must be associated with the bulk
of aggregate material thought to be primarily CaCO3 and Si0p. Bruland
(1980) has demonstrated that dissolved Ni profiles display surface
depletion and both a shallow and maximum deep-water regeneration cycle.
The shallow-water regeneration is similar to the phosphate profile,
while the maximum deep-water regeneration is similar to silicate. The
large concentration (67%) found in the refractory phase may relate to
this latter component.

Of fshore aggregate Al, Mn, and Fe ratios are indicative of average
crustal material (Taylor, 1964) and can account for 80% Al, 60% Mn, and
80% Fe. The remainder can be accounted for by the phytoplankton compo-
nent as well as the observed concentrations of Cu, Zn, and Pb. However,
as was the case inshore, Ni and Cd are in excess and cannot be explained
by mineral and biogenic components alone. It is recognized, however,
that the biogenic contribution is much greater offshore for these ele-
ments (45% vs. 6% Ni; 36% vs. 5% Cd). In fact, all of the elemental
concentration observed in aggregates offshore, with the exception of Al,
Ni, and Cd, can be explained by the biogenic component alone. For Ni
and Cd, the same reasoning as for inshore would apply to explain the

excess.

Clearly, the biogenic phase is more important than the mineral
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phase in determining the trace metal composition of aggregates offshore,
while the reverse is true inshore. These findings are consistent with
observations in both the Pacific (Martin and Knauer, 1973) and Atlantic
(Manheim et al., 1970; Meade et al., 1975) of the rapid depletion of the
mineral component in particulate matter as distance from land increases.
Possibly one of the more interesting aspects of the data presented in
Table 7 is the partitioning of trace metals in the weak acid-soluble and
refractory fractions between sites. Al, Fe, Cu, and Cd retain their
respective partitioning between sites {i.e., Al, Fe, and Cu remain more
concentrated in the refractory fraction, and Cd remains more concentrat-
ed in the lTeachable fraction). However, Mn, Ni, Zn, and Pb reverse
their partitioning, being more concentrated in the refractory fraction
(67-82%) inshore and more concentrated in the leachable fraction (62-
77%) offshore, with the exception of Zn, which is approximately equally
distributed.

It may be argued that the observed reversal is not real, but an
artifact of the large mineral component inshore, disproportionately
weighting the refractory fraction. If the mineral contribution is sub-
tracted out, the resulting percentage increase in the leach fraction is
within 10% (X = 5%) of the original distribution and the partitioning
does not change. In the case of Mn and Pb, however, the resulting con-
centration after subtraction is either zero (Mn) or less than the leach
value (Pb). This would suggest: 1) the mineral component was overesti-
mated, or 2) a percentage of the total metal concentration in the miner-
a1 component is in a labile form. Evidence for the latter is indicated

in the work of Price and Calvert (1972), where they found large amounts
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of Mg (12-54%), K (0-36%), and Al (0-27%) in a labile form. They sug-
gest that these represent losses from octahedral and interlayer sites in
clay and mineral lattices.

Therefore, it appears that the observed phase reversal is real and
that the largest concentration (>50%) of Mn, Ni, Zn, and Pb exists in a
labile form in offshore aggregates and in a more refractory form
inshore. Such a result may be explained by the availability of metals,
the input source, and biophysical interactions. Inshore metal levels
are relatively high due to various terrestrial input sources and subject
to rapid sedimentation from high particulate loads. Offshore source
material is limited to small particles escaping the near-shore sedimen-
tation process or those transported by eolian sources, resulting in
lower particulate loads and reduced sedimentation rates. This would
allow a greater opportunity for biophysical interactions to release con-
tained elements which could be adsorbed or incorporated into tissues.
The rapid turnover of nutrients and elements {Knauer et al., 1979) would
suggest rapid recycling of material, reducing refractory and increasing
dissolved reservoirs (a form amenable for adsorption reactions). Thus,
the limited input, longer residence time, and constant reworking by
organisms may possibly explain the more labile nature of these elements
offshore.

AGGREGATE-AMBIENT TRACE METAL PARTITIONING

Not only is it desirable to quantify the trace metal relationships
of rapidly sinking particulate matter, but also the smaller background
suspended particulate matter. Simultaneous sampling by water bottle and

divers allowed a comparison of the two techniques and an estimation of
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the ambient suspended particulate fraction. Although ambient suspended
particulates were collected and analyzed, in most instances the result-
ing concentrations were below the Timits of detection due to the Tow
sample weights (3% of aggregate mean weight) and therefore were not
reported. However, water bottle and diver-collected samples contained
adequate mass, with resulting concentrations well above these limits.

Table 8 lists water bottle and diver-collected aggregate elemental
concentrations. An estimate of the ambient fraction was derived by sub-
tracting the aggregate concentration from the water bottle concentration
since the water bottle concentration should represent the combination of
the two fractions or total particulate concentration.

An examination of Table 8 for Monterey Bay (4 June) reveals that
the total concentration of Al, Mn, and Fe is greater in the aggregate
fraction than found in the water bottle. Therefore, their partitioning
cannot be determined with this technique. However, the analyzed ambient
suspended concentrations for these elements were above the limits of
detection and the use of those values indicates that approximately 90%
Al, 70% Mn, and 80% Fe are contained within the aggregate fraction. For
the remaining elements, this difficulty is not encountered and the con-
centrations of Ni, Cu, Zn, and Cd are approximately 54%, 64%, 74%, and
82%, respectively, contained within the ambient fraction.

At the bottom of Table 8, similar data are given for the offshore
station. Although samplings were conducted a day apart, estimation of
the ambient fraction may serve as a first approximation if aggregate and
ambient fractions maintained a similar relationship on both days. Keep-

ing these limitations in mind, the data indicate that all of the



Table 8, Measured elemental concentrations of water bottle (Niskin) and diver-
collected samples off Paint Sur, California (1, 2 June) and within
Monterey Bay, California (4 June). Ambient suspended particulate
elemental concentrations were estimated by difference (i.e., Niskin -
Aggregates = Ambient).

Collection Elemental Concentrations {ng/1)
Date and Aggregatfs Niskin Agg. Estimated Agg. Conc.
Sample Liter~ Metal Conc. Conc. Amb. Conc. (% of Niskin)

4 June 35.1 + 3.6 Al 10,600 26,800 - 250

Agg's & Mn 87 106 - 120

Niskin Fe 5,500 9,300 - 170

Ni 40 18 22 46

Cu 20 7.3 13 36

In 114 29 85 26

Cd 14.6 2.7 12 18

1 June 9.4 + 0.8 Al 470 160 320 33

Agg's - Mn 6.6 2.3 4.3 35

Fe 400 100 300 26

2 June Ni 14 4.0 10 28

Niskin Cu 16 2.1 14 13

In 62 3.7 58.2 6

Cd 6.5 2.5 4.0 38

€S
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elements are more concentrated (>60%) in the ambient fraction. Zn exists
almost entirely within this fraction at 94%, followed by Cu at 87%.

Further examination of Table 8 reveals two additional points: 1)
aggregates offshore contain proportionately less of each corresponding
element than inshore aggregates, and 2) the percentage of the element
found in aggregates decreases as the molecular weight increases. This
is true for both inshore and offshore stations, with the exception of Cd
of fshore, which does not follow the observed pattern.

COMPARISON OF WATER BOTTLE
COLLECTED VS. DIVER-COLLECTED SAMPLES

The simultaneous sampling by water bottle and divers allowed an
estimation of the number of aggregates captured by the water bottle
technique. This was done to examine the premise that water bottles are
inefficient collectors of larger rapidly sinking particles (Lal, 1977;
Bishop and Edmond, 1976) and sample primarily the smaller suspended
background material (McCave, 1975). Knauer et al. {1982) have demon-
strated that, at times, water bottles may not quantitively sample the
large particle field and sample recovery may be restricted due to the
position of the spigot (Gardner, 1977). Shanks and Trent {1978) have
also demonstrated that the turbulence associated with the closing mecha-
nism of the water bottle disrupts fragile marine snow particles, skewing
particle size distributions toward the small size,

The data in Table 8 (June 4) reveal that the total water bottle
concentrations for Al, Mn, and Fe were less than the aggregate concen-
tration alone. This indicates that these elements were largely contain-

ed in the aggregate fraction and were undersampled by the water bottle.
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An approximation can be made as to what extent the water bottle under-
.samplied the aggregate field by subtracting the ambient trace metal con-
tribution of these elements from the total water bottle concentrations
and dividing by the trace metal content aggregate‘l. This approach is
valid only for those elements associated primarily with the aggregate
fraction (i.e., Al, Mn, and Fe). Another method is to use the dry
weight data of aggregate and ambient fractions (Tables 3 and 5a), sub-
tracting the ambient suspended particulate load from the water bottle
particulate Toad and dividing by the weight aggregate‘l.

The resuits of the first method are 9, 16, and 11 aggregates
Titer-1 for Al, Mn, and Fe data, respectively, while the second method
results in a value of 22 aggregates liter-l. The mean of these results
is 14.5 + 5.8, or 41% of the measured in situ abundance. Utilizing the
productivity data of Knauer et al. (1982) in a similar fashion, the cor-
responding calculation results in a figure of 31% (June) and 80% {(July)

of the measured in situ aggregate abundance.

Therefore, it appears that the water bottle did undersample the
aggregate field, although this is not conclusive due to the lack of
water bottle variance data. However, as Knauer et al. {(1982) have
pointed out, the degree to which this occurs will vary. This will
depend on the structural integrity of the aggregates, aggregate abun-
dance, and turbulence associated with the water bottle (i.e., closing
mechanism and ship movement). In this case, the undersampling inshore
resulted in Al, Mn, and Fe being underrepresented in the water bottle
sample by 65%, 40%, and 46%, respectively. For the other elements this

differential is not as great (11-23%) since the ambient fraction
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contained the largest percentage concentration. 0Offshore, a similar
situation existed and the water bottle probably underestimated the in
situ concentration by 7-19%, depending on the element.

AGGREGATE TRACE METAL FLUXES

It is also interesting to estimate the potential contribution of
these large particles to the downward flux of trace metals. As previ-
ously discussed (see aggregate carbon-nitrogen fluxes), these large
aggregated amorphous particles cannot be identified, at present, as a
major transport agent in particle interceptor trap material. However,
carbon-nitrogen flux calculations (Shanks and Trent, 1980; present stu-
dy) indicate that marine snow could indeed be the transport agent for
these elements. Aggregate abundance, sinking rates, and elemental con-
centrations determined here permit estimates of some metal fluxes which
can be compared to particle interceptor trap data.

A number of investigators have studied the sinking rate of aggre-
gates utilizing various techniques. Alldredge (1979), using a modifica-
tion of the Stokes equation, calculated the sinking rate of aggregates
collected in Santa Barbara at 91 m d-l. Kajihara (1971) attempted to
measure the sinking rate of intact aggregates in the laboratory, but
found that the aggregates broke apart during transport and was success-
ful only in measuring the sinking rate of reaggregated particles
(approximately 1 mm diameter) at 185 m d-1. Shanks and Trent (1980},

using in situ techniques similar to those used here, reported a range of

43 to 95 m d-1 (X =68m d-1) for naturally-occurring aggregates sampled
in Monterey Bay and the northeast Atlantic. Measured rates determined

in the present study were 119 + 36 m d-1 offshore (1 June) and 128 +m
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d-1 inshore.

There is no doubt that aggregates sink at a relatively rapid rate
in a non-turbulent environment; however, the actual sinking rate in a
turbulent sea is unknown. Although the measured sinking rate was in
excess of 100 m d'l, a conservative value of 50 m d-1 was used in flux
calculations to allow for advective and diffusive effects. Also, it is
assumed that aggregate abundance and trace metal concentration were con-
stant over the depth interval to the nearest trap.

The calculated aggregate Mn flux was 115 ug m-2d-1, or 51% of the
observed trap flux at 35 m reported by Martin and Knauer {1980). How-
ever, the calculated aggregate Cd flux of 120 ug m-2d-1 was an order of
magnitude higher than the observed trap flux of 12.4 ug m-24-1 (Knauer
and Martin, 1981). The difference in flux values may be related to tem-
poral differences. The above aggregate Cd and Mn flux was calculated
using data collected in June; however, it is realized that particulate
matter and associated elements vary in both space and time. Trap data
were gathered in December, a period when the organic fraction (phyto-
plankton)} would be expected to be lower than in June and the mineral
component higher due to storm activity and increased terrestrial input.
Since Cd is associated with the organic fraction (Bruland, 1980), and Mn
primarily with the mineral component (Martin and Knauer, 1980}, it would
be expected that Cd concentrations would be lower and Mn higher in
aggregates at that time.

In regard to Cd, a more accurate flux estimate can be derived.
During the deployment of the traps, the Cd concentration of suspended

particulates at 10 m was 1.6 ng liter-1l, a value close to the 2.4 ng
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liter-1 found in aggregates. However, aggregates contained only 38% of
the total (i.e., Niskin) particulate Cd (Table 8). If aggregates were
present and maintained the same sinking rate (50 m d‘l) and aggregate:
total ratio (i.e., 38% of 1.6 ng 1iter-1), they would contribute a Cd
flux of approximately 30 ug m~2d-1,

Since the above aggregate Cd flux is still higher (2.4x) than the
observed trap flux, it suggests that some combination of aggregate vari-
ables (i.e., abundance, concentration, and sinking rate) was responsible
for the difference. For example, Shanks and Trent (1980) measured the
abundance, sinking rates, POC, and PON of aggregates collected in
Monterey Bay and calculated associated flux. Although POC and PON con-
centrations were similar to those found in this study (1.4 vs. 1.2 ug
POC aggregate"l and 0.3 vs. 0.2 ug PON aggregate‘l), the increased abun-
dance (35 vs. 6 aggregates liter-1) and sinking rate (128 vs. 68 m d-1)
result in greater than an order of magnitude difference in calculated
flux values (5,380 vs. 285 mg POC m~2d-1 and 896 vs. 46 mg PON
m‘zd'l). Therefore, the observed flux can be explained by variations in
the above variables.

Obviously, aggregates have the potential of supplying the total
observed flux for Cd and possibly Mn. Since most of the material caught
in the particle interceptor traps was amorphous, resembling marine snow
(Urrbre and Knauer, 1981), it is reasonable to assume that marine snow-
type material could be the primary carrier. Also, it is reasonable to
assume that a similar situation exists for the other metals contained in
marine snow particles. Thus, marine snow appears to be a major contrib-

utor to the downward flux of metals in the study area.
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SUMMARY AND CONCLUSIONS

Two classes of particles were investigated which comprised the
total particulate field in the near-surface water column, at both an
inshore site and an offshore site. Macroscopic organic aggregates com-
prised one class, termed rapidly sinking particulate matter {RSPM); the
other class was comprised of ambient suspended particulates (i.e., sur-
rounding water particulates), termed suspended particulate matter (SPM),

It was found that aggregates were relatively large {mm size range)
composite particles which occupied a very small part of the water column
(<0.1%), but contained large quantities of particulate matter {up to
48%). These larger particles were surrounded by much smaller particu-
lates which occupied >99% of the water column.

Aggregate abundance was found to be variable between inshore and
of fshore sites, but relatively constant on consecutive sampling days
offshore. However, aggregate morphology differed on consecutive days,
varying in size, weight, and physical appearance. Inshore aggregates
were very small, with the smallest volumes and the greatest abundances

yet reported.

Aggregates inshore existed in a relatively high-energy zone con-

trasted to the relatively quiescent offshore aggregate environment. The

difference in aggregate morphology offshore on consecutive days is sug-
gested to have arisen from biological interactions {aggregate-organism)
and inshore from physical forces. The appearance of inshore aggregates
did not conform to the usually large and very porous mucoid-type aggre-
gate found in Monterey Bay by other investigators. Instead, they
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appeared small and dense. However, visual examination of underwater
photographs and laboratory photomicrographs revealed that aggregates
from both locations were composed of similar components, although
inshore aggregates had an obvious sediment component that was lacking
offshore.

Of fshore aggregate particulate organic carbon and nitrogen were
found to be 5% of the total particulate organic carbon and 4% of the
total particulate organic nitrogen. Aggregate flux calculations com-
pared to particle interceptor trap data indicated that marine snow may
be a primary carrier for these elements in this area. Aggregate abso-
lute age was estimated to be from 1 to 4 hours, suggesting that aggre-
gates are formed rapidly in shallow water. Inshore aggregates contrib-
uted 9% of the TPOC and 10% of the TPON. Carbon-nitrogen ratios were
indicative of nutritionally rich assemblages both inshore and offshore;
however, the pattern of higher aggregate C-N ratios relative to ambient
suspended particulates was not observed inshore. It is suggested that
this may result from compaction of ambient suspended particulates, in
this high-energy zone, without further differentiation at the time of
collection.

A good correlation was found between water bottle and fractionated
dry weights, suggesting that the fractionated collection technique can
provide accurate particulate weight data, although the water bottle-
derived weight was slightly less. This was attributed to the non-homo-
geneogus distribution of particulate material or the ineffective sampling
of the large particle field by the water bottle. The latter premise was

examined and it was concluded that the water bottle undersampled the
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larger particles, although the former possibility could not be entirely
disregarded due to the small number of water bottle samples.

Inshore aggregate trace metal concentrations were found to be high-
er than for offshore aggregates. Inshore trace metals were generally
more concentrated in the refractory fraction, while the reverse was true
offshore. This may be the result of the limited input of source materi-
al offshore and the constant reworking by organisms.

Absolute trace metal concentrations of aggregates suggested that
of fshore aggregates were composed of a healthy, actively growing phyto-
plankton population with a Tow mineral component. Conversion of elemen-
tal data into the percentage of biogenic and mineral components observed
in aggregates revealed a large unidentified fraction (approximately 80%
offshore and 50% inshore) which was thought to be detrital CaC03 and
Si0s. Inshore aggregate trace metal composition was dominated by the
mineral fraction, while the biogenic fraction dominated offshore.

It was found that the inshore mineral component could account for
the observed concentrations of Al, Mn, Fe, and Pb, while excess Cu and
In could be accounted for by the planktonic component. Excess Ni and Cd
could not be fully explained by either component. It was suggested that
excess Cd was adsorbed from the dissolved pool onto the detrital surfac-
es of aggregates and that the excess Ni was associated with the silicate
material. Offshore, the mineral component could account for most of the
Al and Fe, and to a lesser extent Mn. These excesses, plus the concen-
trations of the remaining elements (except Ni and Cd), could be account-
ed for by the plankton component. Again, excess Ni and Cd were attrib-

uted to the same processes as inshore.
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[t could be argued that the combination of small aggregate size,
high mineral content, high-energy zone, and relatively shallow water
depth indicates that inshore aggregates were resuspended sediments.
Although possible, this seems unlikely since, as the molecular weight of
trace metals in aggregates increased, the percentage decreased relative
to the ambient suspended particulate pool. This was observed both
inshore and offshore and would seem to imply some mode of physicochemi-
cal formation from their respective water masses.

An estimation of the trace metal partitioning between aggregate and
ambient fractions indicated that the ambient fraction was the major res-
ervoir for all trace metals offshore, and for all but Al, Mn, and Fe
inshore. However, if aggregate trace metal concentrations are compared
to the concentrations in an equal volume of ambient water {i.e., ambient
suspended particulates contained in that water volume), then aggregates
represent sites of trace metal enrichment.

Trace metal fluxes derived from aggregate elemental concentrations,
abundances, and sinking rates were calculated for Cd and Mn. These val-
ues were compared to particle interceptor trap data in the same area.
Calculated Mn fluxes were 51% of the trap value and Cd was 240%. It is
suggested that the variations in aggregate abundance, sinking rates, and
elemental concentrations contributed to the observed differences and
therefore aggregates could account for the observed values.

The data presented quantify the relationship between large aggre-
gated particles and the smaller ambient suspended matter in terms of the
partitioning of particulate matter, carbon-nitrogen, and specific trace

metals. Generally, the ambient suspended component contained the
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greatest concentration of the parameters studied and probably acts as
the source or reservoir for aggregate formation.

Although most of the particulate matter is contained in the ambient
suspended particulates, these small particles are distributed throughout
a large water volume in contrast to the concentration of particulate
matter in aggregates. Therefore, aggregates can be characterized as
packagers of particulate material in the near-surface water column, with
accelerated sinking rates relative to the ambient suspended pool. This
implies, as the data suggest, that the major flux of particulate materi-
al and those contained elements occurs in the form of large aggregated

particles.
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