Prog. Oceanog. Vo\. 13, pp. 113-199, 1984.
Copyright

Printed in Great Britain. All rights reserved.

0079-6611/84 $0.00 + .50
1984 Pergamon Press Ltd.

The Trace Element Geochemistry of Marine
Biogenic Particulate Matter
ROBERT COLLIER* and JOHN EDMONDt
*Co//ege of Oceanography, Oregon State University, Corvallis, OR 97331, U.S.A.

t Department of Earth and Planetary Sciences, Massachusetts Institute of Technology,
Cambridge, MA 02319, U.S.A.

ABSTRACT - Plankton samples have been carefully collected from a variety of
marine environments for major and trace-chemical analysis.
The samples were
collected and handled under the rigorous conditions necessary to prevent contamination of the trace elements. Immediately after collection, the samples
were subjected to a series of physical and chemical leaching-decomposition
experiments designed to identify the major and trace element composition of the
biogenic particulate matter. Emphasis was placed on the determination of the
trace element/major element ratios in the various biogenic phases important in
biogeochemical cycling.
The majority of the trace elements in the samples were directly associated
with the non-skeletal organic phases of the plankton.
These associations
include a very labile fraction which was rapidly released into seawater immediately after collection and a more refractory component which involved specific
metal-organic binding. Calcium carbonate and opal were not significant carriers
for any of the trace elements studied. A refractory phase containing aluminum
and iron in terrigenous ratios was present in all samples, even from remote
pelagic environments.
This non-biogenic carrier contributed insignificant
amounts to the other trace elements studied.
The plankton samples were collected from surface waters with a wide range
in the dissolved trace element/nutrient ratios, however, the same elemental
ratios in the bulk plankton samples were relatively constant in all these environments. The bulk compositions and the rapid release of the metals and nutrient elements (specifically phosphorus) from the plankton after collection were
used to examine the systematics of depletions of the dissolved elements from
surface waters. These elemental ratios were combined with known fluxes of the
major biogenic materials to estimate the significance of the plankton in the
vertical flux of the trace elements. In parallel with the major surface ocean
cycles of carbon and nitrogen, significant fractions of the trace elements taken
up by primary producers must be rapidly regenerated in order to explain the
observed elemental compositions and fluxes.
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INTRODUCTION

The importance of marine organisms in the geochemical cycles of many elements has been recognized since the earliest work in marine chemistry.
This
observation has been extended, over the past decade, to include the cycles of
trace elements. With the development of improved sampling and analytical techniques it has been demonstrated that many trace elements show large concentration variations in both vertical profile and areal distribution which often
parallel those of the major nutrient elements involved in biological processes.
These gradients are driven by the production, transport, and remineralization of
particulate organic matter. The dissolved distributions in the water column and
the accumulation of trace elements in the sediments are only the indirect
expression of these organic processes. The direct examination of the compOSition of the plankton which will be discussed in this paper was made in an
attempt to quantify the fluxes that drive these trace element distributions.
Most published chemical analyses of plankton and other marine particulate
matter have been performed on bulk samples and include the major or minor element composition -- rarely both. Very few of these investigationS- demonstrated
that the minor elements were quantitatively recovered and not contaminated
during sampling or analysis. Experience gained in the collection of water samples for dissolved trace element analysis suggests that it is very likely that
many of the reported plankton analyses are seriously contaminated.
This fact,
when considered with other sampling and analytical problems discussed below,
gives one very little confidence in using currently reported plankton data in
trace element geochemical models. Notable exceptions include analyses by MARTIN
and KNAUER (1973) who made serious attempts to address the problem of contamination; and MARTIN, BRULAND and BROENKOW (1976), who published the only set of
high-quality bulk plankton analyses which include major components (P, SI, Ca)
along with the trace elements.
There is a large amount of data and a relatively detailed understanding of
the processes controlling the flux of major biologically cycled elements.
The
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intention here is to understand and quant1fy the trace element cycles by extending those of the major elements.
This will be accomplished through the
careful examination of the minor/major element ratios and chemical relationships
between the trace elements and their biogenic carrier phases.
Numerous carrier phases and types of associations are possible between
trace elements and marine particulate matter. These derive from: terrigenous
material scavenged by biogenic particles; specific biochemical functions associated with metabolic processes; inclusion within structural-skeletal materials
such as calcite, opal, or celestite; and scavenging processes at active surfaces
such as hydrous metal-oxide precipitates or organics. Here we examine the significance of these different "carriers" in open-ocean surface plankton samples.
The correlations between plankton compositions and the carrier ratios found in
the water column and sediments will be linked to the known processes and fluxes
determining the major element cycles.
There is a serious need for quantitative estimates of the role of organisms
in determining the distributions and fluxes of trace elements in the oceans and
sediments. The experiments reported here were directed at this problem and were
not designed to examine specific trace element functions in the physiology or
ecology of marine plankton. The complex biochemical and nutritional relationships between organisms and trace elements still need to be studied under simpllfied and controlled laboratory conditions; the geochemical problem is best
approached through actual measurements in the field.
We present a comprehensive set of chemical analyses on a variety of plankton samples. The samples were collected from the upper 50 meters at 3 sites:
the Antarctic Circumpolar Current (R/V Atlantis II, 93-04, January, 1976); the
Eastern Equatorial Pacific ("Galapagos samples", R/V Melville, Pleiades II,
July, 1976; R/V Knorr, K64-02, March, 1977); the Central Tropical Pacific
("MANOP samples"-:-R/VKnorr, K79-05, May, 1979). The chemical analyses include
major element compositions as well as the concentrations of trace elements. The
specific trace elements were selected either because their dissolved distributions have been determined or because of anticipated relationships to particulate carriers. Immediately after collection, the samples were split for total
concentration determinations and were subjected to a series of chemical leaching
experiments designed to separate carrier phases and associated trace elements.
Two demands were imposed on the design of all experiments: the minimization of
every possibility of trace element contamination and the prevention of excessive
dilution of the trace element signals in the leaching solutions. To satisfy the
goal of relating the major and minor element cycles, within these necessary
experimental constraints, numerous trade-offs were made between increasing the
experimental complexity and decreasing the handling and splitting of the
samples.
2. ANALYTICAL TECHNIQUES
Over the past five years there has been a rapid expansion of interest in
trace element geochemistry. Along with this there has developed an increasing
awareness of the problems of sample contamination during collection, handling,
and analysis. Many of these problems have been exhaustively detailed in recent
publications of high-quality trace element analyses.
(BOYLE, 1976; BOYLE,
SCLATER and EDMOND, 1977; SCHAULE and PATTERSON, 1978; KLINKHAMMER and BENDER,
1980; BRULAND, FRANKS, MARTIN and KNAUER, 1979).
Specific methods which are
uniquely important to this research will be covered in detail but it should be
noted that every step in the preparation, collection, storage, and analysis of
these samples has been executed with "continuous contamination consciousness".
Seawater Samples. Seawater samples used in this research include hand collected
surface samples and hydrocast subsamples. The surface samples were collected in
two ways: from the main research vessel and from a non-metallic raft pOSitioned

116

R. COLLIER and J. EDMOND

well away from the ship. In the first procedure, water was collected directly
into a hot-acid-Ieached linear polyethylene storage bottle mounted on an allplastic holder and lowered on a polypropylene line from the bow of a forwardmoving vessel. The second procedure involved the filling of the storage bottle
by hand from a zodiac rubber raft located at least several hundred meters upwind
(upstream) of the main research vessel. The hydrocasts from the Galapagos and
MANOP cruises were taken with new, carefully cleaned 30-liter Niskin bottles
with silicon rubber a-rings and new PVC-coated internal springs or with external
butterfly-valve closures. Upon return to the ship's laboratory, the samples
were moved to a filtered-air laminar-flow work station, acidified to pH 2 with
Vycor-distilled 6N HCI, and stored until analysis. Thus the trace metals determined represent the total dissolvable fraction.

All nutrient concentrations were determined by standard analytical techniques outlined in RILEY (1975).
Specifically, on the Antarctic and MANOP
samples, the PO" N0 3 and Si were determined calorimetrically using modifications of methods of MURPHY and RILEY (1962), GARDNER, WYNNE and DUNSTAN (1976),
and MULLIN and RILEY (1955). The nutrient chemistry at the Galapagos site was
determined by colorimetric methods on a Technicon AutoAnalyser.
Determinations for Cu, Ni, and Cd in seawater were carried out by the
method of BOYLE, HUESTED and JONES (1981). The metals were coprecipitated with
cobaltpyrollidine dithiocarbamate from 35 ml of seawater in teflon centrifuge
tubes. The precipitates were spun down, washed, digested with 6N HN0 3 , and
redissolved in 0.1 N HN0 3 • Each sample was completely processed in a laminarflow work station within a single centrifuge tube. The concentrated solutions
were then analyzed by flameless AAS with recoveries determined by standard additions and cobalt analyses.
Plankton Samples. Collection of uncontaminated particulate matter at sea is one
of the most demanding sampling tasks. No method has been devised that will
provide both freedom from contamination and large quantities of sample
certain compromises have to be made. The generally low concentrations of plankton in open ocean surface water and the trace concentrations of the elements
studied make it necessary to sample all of the particulate matter within a very
large volume of water. This takes a fairly long time, throughout which the
sample may be exposed to contamination. Therefore, the water sampled must never
have been in contact with any significant source of contamination (e.g., the
sampler or the research vessel). All towing equipment must be constructed of
non-contaminating materials, and its handling must be equivalent to that
demanded by other trace-element procedures.
Throughout this research, one set of identical plankton nets was used (Fig.
la). These were conical, 3:1 in length-to-width ratio, with a 0.5 meter diameter mouth, and made of 44 ~m Nitex nylon. The plankton were concentrated into
two in-line, 1000 and 44 ~m Nitex bags contained in a PVC cod end, which was
tied into the end of the net with a nylon cord (Fig. lb). The mouth ring was
epoxy-coated brass and was sewn completely inside of the leading seam of the
net. The net harness and all fittings were of nylon and were eye-spliced around
the mouth ring. The tow line was polyproplene and was taken up on a PVC drum
through nylon and PVC blocks and rigging.
A 2-gallon polyethylene jug was
filled with scrap lead, tightly closed and sealed in plastic, and was tied to
the end of a polypropylene line as a towing weight. The net and towline were
carefully cleaned before going to sea and were further cleaned before and after
each use on station by towing through the surface seawater without the cod end
installed.
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Plankton sampling equipment: a) Net; b) Cod end.

Three basic towing configurations were used. Most samples (all Galapagos
and most MANOP) were collected by manual vertical tows from an inflated rubber
raft (Zodiac), which was moved at least several hundred meters away from the
main research vessel. A motor was used to get away from the ship but was
removed and stored before any of the towing equipment was set up (Fig. 2a). The
complete tow was accomplished while drifting well upwind (upstream) of the ship.
The net and weight were allowed to free-fall to approximately the base of the
mixed layer (40-75 meters at these sites). They were then raised as rapidly as
possible with the PVC hand-winch to within 5 meters of the surface, then immediately dropped back down. This raising and lowering procedure was repeated until
enough sample had been collected - usually 2 to 3 hours, 30-50 lowerings
or
until the operators had "expired". The procedure sampled a maximum of about 400
m3 of seawater (not accounting for net clogging) and provided a sample of two to
ten grams dry weight from productive surface waters.
The hand-towing method, although preferable to normal ship tows in eliminating possible sources of contamination, was severely limited by wind and seastate, and by the low concentrations of plankton found in the surface waters of
oligotrophic environments. Therefore some plankton tows were collected from the
main research vessel. The utmost care was taken in setting up a system that
would minimize the likelihood of contamination. In the Antarctic and at two of
the MANOP stations the towing rig used in the Zodiac was set up with a long boom
which extended away from the ship over waters which were undisturbed by the ship
in its direction of travel (Fig. 2b). Airborne contamination within the ship's
environment can be severe (FERGUSON, GRIFFIN and GOLDBERG, 1970) so the net was
carefully protected before and after each deployment. The tows from the ship
were done at 2 knots for 30 to 75 minutes at a depth of about 5 meters with a
much heavier weight to limit aft-trailing of the net.
The maximum volume of
water sampled was 700 m3 per hour at this towing speed. In the case where a
comparison could be made between the Zodiac and ship tow (MANOP S, tow 3 (hand)
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and 6 (ship), Table 7) the elemental compositions of the two samples from the
same site gave no indication of any contamination due to the ship. All of the
Antarctic tows were collected from the main research vessel and represent some
of the lowest total metal concentrations ever reported for plankton (Table 7).
The cod end was cleaned before each use and loaded into a polyethylene container in the laminar flow hood. Immediately before deployment, the cup was
carefully tied into the cleaned net. At the end of the tow, as the net was
brought to the surface, it was closed off and the cod end was untied and placed
in the polypropylene container with clean, freshly sampled surface seawater.
The sample container was kept cool in iced water and in the dark during return
to the ship for processing. There the sample was transferred from the Nitex
cod-end liner to a wide-mouth polyethylene bottle in the cleanhood and stored
for short periods of time in a dark refrigerator pending processing.
Sample splitting and processing. A critical step in these experiments was the
subsampling of the plankton-seawater suspension. Plankton splitters were considered, and a rotating, quartered cylinder splitter was constructed out of
lucite (HONJO, 1978). It was found, however, that the plankton samples were too
small «50 ml wet volume) for efficient use of this splitter, especially on a
rolling ship. Also, too much handling and washing with seawater were required
to effect quantitative transfer. Therefore the suspension was rendered as homogeneous as possible by a swirling agitation and then subsampled in 5 ml aliquots
with an automatic pipet using wide, straight-sided polyethylene tips. Replicate
analyses indicated that this method of splitting was sufficiently precise (±
10%) when compared to the uncertainties of the rest of the analyses.
Outlines of the general shipboard procedures and experiments are given in
Figs. 3 and 4. For each net tow, a set of splits was immediately collected to
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represent the total composition of the untreated plankton.
These subsamples
were collected by filtration on 0.4 or 1.0 ~m Nuclepore filters and by centrifugation. All filtrates and supernates were saved for analysis.
The apparatus
and procedures used for filtration and centrifugation are shown in Fig. 5. The
filters were not washed, so they contained some volume of the seawater that the
plankton were suspended in. They were placed on a teflon sheet and dried at
60 0 G under a clean-air environment.
A subsample of the plankton suspension was taken and preserved in buffered
7% formaldehyde for microscopic examinations. These formalin-preserved samples
and some dried filter material were examined by light microscope to estimate the
types and relative numbers and volumes of various organisms in each sample. The
rest of the subsamples were resuspended in leaching solutions designed to selectively solubilize the particulate samples. The specific reagents and solutions
used in these leaches are listed in Table 1 along with the purification procedures used to reduce contamination. The general procedure in the leachingcentrifugation experiments was as follows:
a) The splits of the seawater-plankton suspension were placed directly into
50 ml teflon centrifuge tubes and were spun down in an lEG clinical centrifuge
at approximately 1700 rpm for 10 minutes.

SHIPBOARD EXPERIMENTAL OUTLINE

PLANKTON - SEAWATER (SW) SUSPENSION

PRESERVED FOR
BIOLOGICAL
EXAMINATION

O.4pm FILTER:

DRY WEIGHT;
BULK ANALYSES.

LEACHING SOLUTIONS: t-------~ SOLUBLE
FRACTION
Suspend Sample;
Centrifuge.

/

I
\Resuspend
......

_------

/

PARTICULATE
RESIDUE

Fig. 3.

General outline of shipboard experimental procedures.
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Outline of specific leaching experiments.
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A
Fig. 5.

B

Sample processing apparatus: a) Aspiration and supernate collection
from centrifuged samples; b) Filtration of plankton suspensions.
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Chemical Reagents Used in Leaching and Analysis

Solution or reagent
Surface Seawater

Hand collected at the time and site of the plankton tow.
This water is analyzed for nutrients and trace elements
and these values represent the baseline levels
in
seawater release experiments.

Distilled

Distilled in the lab and transported to sea
in
polyethylene containers.
Processing involves boiling
distillation,
deionization,
followed
by
another
quartz-glass distillation.
Blanks were usually below
detection and were never significant to these analyses.

water

Ammonium chloride

Synthesized from 6N HCl (Vycor distilled) which was
bubbled with clean NH3 to a pH of 5.5.
The resulting
solution was desiccated and the collected crystals dried
at 105°C. Solutions were made 0.56 N (iso-osmotic with
seawater-34.8%) and pH adjusted
to
8
with
NH ••

Ethanol, chloroform

Reagent grade solvents, redistilled 2X in Vycor glass and
stored in teflon.

HCl (6N)

Distilled 2X in Vycor.

HNO 3 (16N)

Reagent grade acid distilled 3X in Vycor.

HF

Baker Ultrex.

H2 0 2 (30%)

Baker Ultrex.

HClO. (70%)

GFS Co., 2X distilled from Vycor glass.

APDC

Reagent grade prepared to 2% w/w in H2 0.
Solution
purified
by
repeated
extraction
chloroform.

EDTA

Aldrich Chemical, Gold Label.

Ascorbic acid

Grand lsI. BioI. Co.

with

b) The supernate solution was carefully removed from the top of the sample
using a cleaned vacuum aspiration device (Fig. 5) which collected the solution
directly in a clean storage bottle.
c) The sample was then suspended in a leaching solution, gently agitated
for 5 minutes, and re-centrifuged for 5 minutes.
d) The leaching solution was aspirated from the sample tube, and the
leaching process was repeated a total of three times for each solution.
The three supernates were generally combined to represent the total
material leached by that solution. A typical volume of leachate was 15 ml per
step (total of 45 ml over three steps), and the carry-over of solution between
centrifugation steps was approximately 2-3 mI. All procedures, except for the
actual centrifugation of the sealed teflon tubes, were carried out in the HEPAfiltered laminar-flow work station.
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Total elemental concentrations and computation of mass balances. The total elemental concentrations in samples were computed in several ways.
An assumption
inherent to the sample splitting process is that the plankton mixture is basically homogeneous in species and chemical composition. The general validity of
this assumption is born out by the consistency of replicate chemical analyses on
different splits of one sample (Table 7).
Subsamples collected on filters were used to estimate the total mass of
each split. The total elemental composition of each split was calculated as the
sum of each collected fraction. In the simplest case this was the sum of the
element released to the seawater supernate plus that remaining in the untreated,
centrifuged plankton. For the other experiments the total is calculated as the
sum in each leaching solution and in the residual particulate matter.
Shipboard Experimental Summaries. Plankton tows from three of the stations
occupied on the Antarctic transect (Table 2) were subsampled onto filters and
into centrifuge tubes for analysis.
Leaching of the opaline material was
carried out with distilled water, hydrogen peroxide, and 0.1 N HC1.
TABLE 2.

Antarctic Samples - Description of Tows and Experiments

-Towed from a boom off the starboard bow of the R/V Atlantis II
Jan, 1976
-Daytime tows at approximately 5 meters depth, 1.5 knots, 30 mins.
(plankton groups listed below each station by descending numbers of
individuals)
STN E (47°52'S, 22°22'E) relatively small mass.
Rhisosolenia sp.
Chaetoceros sp.
Coscinodiscineae
STN Jl (59°49'S, 27°07'E) medium density collected.
Nitzchia sp.
Rhizosolenia sp.
Corethron sp.
Coscinodiscineae
STN M (66°44'S, 30 0 00'E) very large mass collected.
Corethron sp. (greater than 99% of total number)
Coscinodiscineae
Surface water properties:
STN

T

Si

Cu

Ni

2.4 nM

Cd

E

6.0

1.26 )lM

0.44 nM

Jl

2.4

1. 75

39.1

2.9

6.2

0.64

M

0.0

1.98

54.4

2.9

6.2

0.71

Experiments:
bulk determinations;
isolation of pure opaline material;
distilled water, peroxide, 0.1 N HCl washes.
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Subsamples from the Galapagos tows (Table 3) were collected on filters and
in centrifuge tubes for several sets of leaching experiments.
These included:
isotonic ammonium chloride vs.
distilled water; ethanol extraction; and a
series of acid leaches. All particulate residues and leaching solutions were
saved and analyzed.
TABLE 3.

Eastern Equatorial Pacific Samples (Galapagos) - Description of Tows
and Experiments

-Towed from inflatable Zodiac, upwind of R/V Melville.
-Daytime tows, vertical hand winch, 5-30 meters depth.
TOW 1 - 3/14/77 approx.
TOW 2 - 3/17/77
TOW 3 - 3121177

225 ml wet volume collected.
100 ml
250 ml

All tows were similar in relative distribution of organisms and are summarized
below in order of decreasing mass contribution.
I.

Diatoms - Thizosolenia sp., Planktoniella sol, and a variety of discoid
species.
II. Copepoda - adult Calanus sp. and numerous nauplii.
III. Acantharia - numerous and in good condition.
IV. Dinoflagellates - Ceratium sp.
V.
Misc - Tintinnids and Pteropods.
Surface water properties:
T

N03

0.80 llM

8.0 llM

Si

Cu

Ni

Cd

2.06 nM

2.99 nM

0.08 nM

Experiments:
bulk determinations;
distilled water, isotonic ammonium chloride, ethanol washes;
acid leaching series - distilled water, .001N HCl, .1N HCl, 16N HN0 3 ;
timed release to seawater suspension.
The MANOP tows were collected from two sites (Table 4).
At site C, two
tows were collected and split between filters and leaching experiments.
The
several sets of experiments performed included: isotonic ammonium chloride distilled water leaching; filtration and ultrafiltration of the seawater supernate
removed from the plankton suspension by centrifugation; an acid leaching series
with long and short exposure times; an extraction with hot ethanol. At site S,
four tows were collected: two from the Zodiac and two from the ship. The amount
of plankton collected in the Zodiac tows was so small that the number of experiments performed was severely limited. Only one filter subsample was collected
and processed. The two leaching experiments were: resuspension of the centrifuged plankton in a millimolar EDTA - surface seawater solution and in a chloroform-APDC extraction mixture. The tows collected by the main research vessel
yielded much larger samples which were split into a series of centrifuge tubes
to determine the rate of release of the various elements into the seawater in
which the plankton was suspended. The first experiment separated the plankton
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from the seawater suspension at intervals over a 96 hour period.
The samples
were stored at 4°C until the time of centrifugation. The second set of samples
were treated similarly but included the addition of an antibiotic mixture.
The
last set of samples was kept at surface seawater temperatures on the deck of the
ship, exposed to sunlight (Table 4).
Analysis of Particulate Matter and Leaches.
All solutions and particulate
materials were analyzed in the shore-based laboratory. The particulate samples
were of two general types - filters and centrifuged residues. The filters were
used for mass estimation, Si determinations, and some of the total trace element
determinations. Masses on the preweighed Nuclepore filters were determined
uSing a PerkinElmer model AD-2 electromicrobalance after drying at 60°C and
desiccation. Sodium analyses on the solubilized filters were eventually applied
to correct for the included mass of sea salt.
Solubilization. The solubilization of particulate matter for all trace-element
and most major-element analyses involved oxidative dissolution with hot HNO.
followed by dissolution of the opal and silicate phases with HF. Because of the
possibility of trace element loss due to volatilization at higher temperatures
(BUCKLEY and CRANSTON, 1971), all processing steps were done at temperatures
below 120°C and, when possible, in a closed system. The procedure involved the
transfer of the particulate fraction from a centrifuge tube or filter split to
an acid digestion bomb with long-taper sealed teflon cups (Parr Co. model 4745).
The samples were digested at 120°C with five ml of HNO. for 24 hours.
A very
small amount of acid migration out of the teflon bombs was occasionally noted
but blank runs indicated no significant contamination inside the bomb. On a few
occasions, the residual organic matter was further digested by a heatingevaporation cycle with more HNO. and 100 ~l perchloric acid.
The digested
sample was reduced to near dryness on a hotplate and spiked with 0.5 ml HF to
dissolve the opal and any silicates which might have been present.
After two
successive spiking-volume reduction steps with 6N HCI to drive off the fluorides
the sample was taken up in 5 ml 0.5N HNO.. Table 5 shows representative values
of method blanks and recoveries for the bomb decomposition steps. On the basis
of these results, all recoveries were taken to be 100% except for Al which was
assumed to be 90%. The loss of Al was presumably due to the formation of some
volatile AI-halide compound. The most likely is AlCl. which sublimes near 180°C
at atmospheric pressure. Aluminum perchlorate also is volatile near this temperature, but AIF. should be stable to temperatures over 1000 degrees.
The
temperatures in the decomposition bombs should never have reached 180 degrees,
but this is harder to control during the hotplate steps. The complex matrix in
these samples also makes volatility estimates using pure-substance values uncertain. A value of 90% recovery will be taken for AI, with the caution that the
loss due to this type of volatilization can be variable and dependent on the
precise matrix and experimental conditions. The general agreement of replicate
analyses on splits of the same sample support a relatively constant Al
recovery.
Particulate samples to be analyzed for Si were leached in 0.4 M NaCO. at
60°C for 5 days. After filtration and neutralization with HCl, the samples were
analyzed for Si by the method of MULLIN and RILEY (1955). Particulate phosphorous analysis involved the digestion of samples in 0.5 M potassium persulfate
solutions followed by colorimetric analysis of PO~ released to the solutions
(MURPHY and RILEY, 1962). The PO~ was measured directly in the bomb decomposition solutions by the same technique.
Foraminifera from the MANOP site S filters were hand-picked to collect
approximately 2.5 mg of sample. These were suspended for 3 hours in a 50:50
mixture of 0.2 N NaOH and 30% H2 0 2 , heated to 60 degrees and ultrasonified occasionally. After washing in distilled water, they were subjected to a series of
leaches designed to isolate the pure carbonate test and its included trace ele-
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TABLE 4.

Central Pacific Samples (MANOP) - Description of Tows and Experiments

-Towed from Zodiac and boom extended forward from the R/V Knorr's direction of
travel.
-Daytime tows, Zodiac: vertical tows from 5-75 meters, approx. 3-4 hours;
ship: horizontal tows at 20 meters depth, 1 knot, 45 minutes.
SITE C (l°N - 139°W):
TOW 1 - 5/12/79 approx.
TOW 2 - 5/14/79

100 ml wet volume, Zodiac.
120 ml
Zodiac.

SITE S (11°N
TOW 3 TOW 5 TOW 6 TOW 7 -

50
50
90
100

- 138°W):
5/19179
5/24/79
5/25/79
5/26/79

ml
ml
ml
ml

Zodiac.
Zodiac.
Ship.
Ship.

All tows from a single site were similar in their relative distributions of
organisms and are described below in order of decreasing mass contribution
(estimated).
Site C - Copepoda - large variety of adults and nauplii.
Lesser numbers of Diatoms, Acantharia, Pteropods, and Forams.
Site S - Crustacea - by far the largest mass in the tow.
Much smaller numbers of Pteropods and Radiolaria.
Surface water 2ro2erties:
STN

T

PO.

NO.

Si

Cu

Ni

Cd

C

26.5°C

0.042 )lM

7.1 )lM

3.2 )lM

0.72 nM

2.44 nM

0.016 nM

S

27.0 o C

0.027 )lM

0.7 )lM

1.9 )lM

0.75 nM

1.94 nM

0.010 nM

EX2eriments:
bulk determinations;
distilled water, isotonic ammonium chloride, hot ethanol, and acid series
(as above);
Series filtration of seawater suspension - 1.0 )lm, 0.4 )lm, 0.1 )lm, 0.05 )lm,
ultrafiltration;
EDTA, APDC, and solvent extractions;
timed release to seawater suspension 72 hours in dark at 4°C with and without antibiotics;
72 hours on deck (in light) at surface water temp.

ments (BOYLE, 1981). A basic, reducing-complexing solution was added to remove
any surface coating of Fe or Mn hydroxide phases. After a 30-minute treatment
with this solution at 90°C with occasional ultrasonification, the forams were
waShed in hot and cold distilled water. The complete washing process caused the
loss of about half of the mass of the forams through dissolution and mechanical
loss but left a clean CaCO. residue. The forams were then dissolved in distilled water under 1 atm. CO 2 and the solution analyzed by flameless and flame
atomic adsorption spectrometry (AAS).
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TABLE 5.
Element

and J. EDMOND

Representative Method Blanks and Recoveries for Acid-Bomb
Decompositions
Blank
(nmol)

Recovery

Element

(% (std. devn.))

Blank
(nmol)

Particulate
Recovery

(% (std.devn.))

Fe

1.0

101 (5)

Cu

0.075

97 (1 )

Al

0.4

90 (5)

Mn

0.025

100 (2 )

Zn

0.1

99 (1 )

Cd

0.005

101 ( 1 )

Ni

0.1

101 (2 )

Ba

0.025

101 (1 )

Major element components. Analyses of Na, K, Ca, and Mg were done by flame AAS
using a Perkin-Elmer model 403 spectrometer. Careful matrix matching, supression of ionization and interference effects, and standardization by known additions were necessary to give good results in these varied and complex samples
(SLAVIN, 1968). Carbon and nitrogen analyses on the dried splits of Galapagos
filters were done using a Perkin-Elmer 240 CHN Analyser (CULMO, 1969).
Methods
for the analysis of phosphorous and silicon have already been discussed.
Analysis of Trace Elements. The trace elements in the solubilized plankton and
leaching solutions were analyzed by atomic absorption spectrometry using electrothermal atomization. Two instrument systems were used: a Perkin-Elmer 603
with an HGA 2100 graphite furnace; and a Perkin-Elmer 5000 with an HGA 500
graphite furnace. These systems possess high dispersion monochromators, fast
response peakreading electronics, and give very good sensitivity. An effective
continuum-source background correcting system in both the UV and visible
spectrum was important for the direct analysiS of elements in the presence of
significant amounts of salt and organic materials. The graphite tube furnaces
and their controllers offered a high degree of flexibility in determining the
sample environment and heating program. These features were very important in
allowing analySis by direct injection. Model AS-l autosamplers were used on
both systems to improve the precision of each injection and allow a larger
number of samples to be processed by multipOint standard additions in a single
analysis run.
The wide variety of sample matrices encountered in this research required
that analyses be made by the method of known additions of standards to the
actual sample matrix (O'HAVER, 1976). The standard curve of absorbance vs.
standard spike concentration is used to give the concentration in the sample by
extrapolation. Three very important criteria must be satisfied to establish the
validity of this method: 1) the linearity of the instrument response must be
demonstrated throughout the measurement and extrapolation range of absorbances;
2) the absorbance of the blank matrix must be zero (or known); 3) there can be
no drift in sensitivity during the analysiS of a single sample set. The simplicity of these requirements often leads to their being ignored and this can cause
very severe errors. The need for standard additions and some of the specific
difficulties encountered in their application to these samples are detailed in
COLLIER (1981).
Many of the elements under consideration form volatile chlorides as precursors to reduction of the metal in the furnace (STURGEON and CHAKRABARTI, 1978).
In the presence of a great excess of chloride, the sensitivity is often reduced
by the loss of the metal chloride from the furnace before reduction can occur.
Addition of HN0 3 presumably forces the evaporation of HCl and subsequent preCipitation of metal nitrates, not chlorides in the graphite tube.
All additions
to the samples contained HN0 3 and were carefully matched so that the only major
variant was the analyte.
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The addition of ascorbic acid was used as a matrix modification for samples
containing high concentrations of dissolved salts (e.g., undiluted seawater
samples). This was added to the sample such that the final concentration injected in the furnace was 1% by weight ascorbic acid.
Analyses of samples
treated in this manner have much better reproducibility and show sensitivities
that approach those in non-salt matrices. The addition of organic acids has
been investigated by numerous authors (REGAN and WARREN, 1978; HYDES, 1980), but
the mechanisms of the effect are not well known. The ascorbic acid changes the
wetting properties of the mixture which spreads the injected sample solution out
over the inside of the graphite tube. This results in much smaller crystals of
salt being formed on the surface of the tube after the sample is dried, allowing
a more efficient and reproducible atomization of the sample.
Instrumental procedures. One of the critical steps in successful analysis of
trace elements by flameless AAS in the presence of complicated matrices is the
fine tuning of the graphite furnace operating program. This was accomplished by
specifying a program of up to nine steps which was designed for the specific
element and matrix. Selective volatilization of solvents and salts and the
oxidation of organic phases can significantly reduce major interferences.
An
annotated program for the atomization of Cu from a 0.2 N ammonium chloride solution is shown in Table 6 as an example. Control of the heating rate, temperature, and internal gas flow before and during the atomization step can be used
to further separate the analyte appearance from that of an interfering peak.
Graphite tubes used were of three types: normal unpyrolized tubes; tubes
pyrolized in the graphite furnace; and batch-pyrolized tubes purchased from
Perkin-Elmer. For elements requiring a high atomization temperature, the pyrolized tubes always give more sensitivity by at least a factor of two. The unpyrolized tubes are more porous and offer better reproducibility for lowtemperature elements (Cd, Zn) and for some high-salt samples.
Again, compromises must be made between sensitivity, reduction of interferences, and precision.
TABLE 6.

HGA 500 Graphite Furnace Program
Analysis of Cu in 0.2N NH,Cl

Step

Temp.
100°C

Ramp
1 sec.

Hold
Osec.

Int. Gas
300cc/min

Comments
jump to drying temp

2

130

15

15

remove solvent wlo boiling

3

160

15

15

remove hydration water

4

340

10

0

ramp to sUblimation temp

5

360

25

0

slowly sublime NH.Cl

6

850

10

20

7

2400

0

3

30

8

2600

4

300

9

20

4

char, also zero baseline
atomize Cu, read abs. peak
cleaning step
cool, look for baseline
shifts
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Other important instrumental parameters include the careful overlapping of
the background correction and hollow-cathode lamp image within the center of the
graphite tube. The furnace must be perfectly centered in the light path to
minimize the amount of stray emission picked up by the phototube.
In essence,
it 1s of the utmost importance that all instrumental parameters be carefully
optimized under adverse sample matriX:Conditions.
3. BULK ELEMENTAL COMPOSITION OF PLANKTON
The total concentration of elements in the original plankton material was
calculated from determinations on several fractions. As outlined earlier, this
was represented by the sum of concentrations in an untreated subsample of plankton and in the seawater that had been separated from the plankton.
For other
samples it involved summing the analyses on a series of leaching solutions and
particulate residues. The calculated totals for all of the analyzed plankton
tows are summarized in Table 7.
Only filters and centrifuged particles were analyzed from the Antarctic
plankton tows (Table 2). Analyses of filters were carried out on material from
stations E, J1, and M. Analyses of several centrifuged subsamples were used
from station M. The total concentrations calculated represent mInImum values
since they do not include the contribution of elements released to the seawater
suspension (not analyzed in this series). Judging from experience gained on
other samples, it is expected that these totals are reasonable estimates for Ca,
Si, Cu, Fe, Zn, AI, and Ba; the values for P, Ni, Cd, and Mn may be low by a
factor of two or three because of the rapid release of these elements from the
plankton to the seawater suspension.
There was a significant decrease in the trace element content of bulk
plankton collected at the most productive Antarctic station (M) compared to
those collected north of the polar front (E, J1). This decrease (Table 7) was
seen in contrast to the systematic increase in the dissolved concentrations of
both nutrients and trace elements (Table 2) associated with the upwelling of
deep isopycnals. The concentrations of trace elements in the plankton at station M represent the lowest levels ever reported for surface particulate
matter.
The total concentrations in two of the Galapagos tows (Table 7) were calculated as the sum of all particles and solution fractions and therefore represent
true totals. The total concentrations in the MANOP samples presented in Table 7
were calculated in the same manner as the Galapagos samples. The samples from
Tow 7 (Site S), which were incubated at surface water temperatures in sunlight,
formed a significant amount of secondary precipitates (in part due to a high
rate of bacterial activity). Because of the obvious redistribution of elements
in these samples, they were not used for estimates of total plankton composition
(Table 7). In general, the levels of minor components in these plankton samples
are similar to those reported by MARTIN and KNAUER (1973) and MARTIN and others
(1976) for plankton tows in the eastern north Pacific Ocean. The levels of Ni,
Mn and Cd in our samples are somewhat higher - probably due to our inclusion of
the labile release products in the seawater suspensions.
There are significant compositional differences between some of the separate tows at the Galapagos and at the MANOP S site, especially for Al and Fe. In
section 6.4, this will be discussed in terms of variability of the surface water
masses and atmospheric transport of terrigenous matter to these sites.
4. LEACHING EXPERIMENTS
Release of elements from the plankton to the sea water suspension. One of the
first results observed in the leaching experiments was that a high concentration
of many elements were found in the sea water in which plankton were suspended.
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TABLE 7.

Bulk Plankton Compositions, All Stations. Estimates based on averages
of subsamples of each tow. Value listed immediately below the
concentration is the standard deviation of the mean when several
subsamples were used. If no error is listed then the concentration is
based on a single subsample only. Concentration units:
Ca, P, Si, C, N
Fe, Zn, Al
Cu, Ni, Cd, Mn, Ba
ANTARCTIC
STN M

Ca

0.011

P

0.024

S1

129

mmol/gram dry plankton
llmol/gram dry plankton
nmol/gram dry plankton
GALAPAGOS

MANOP C

MANOP S

STN Jl

STN E

0.23

0.3

0.84
1. 39
1. 34
1.5
3.66
(0.03) (0.04) (0.27) (0.24) (0.26 )

1.59

0.22

0.42
0.26
0.35
0.3
0.44
(0.04) (0.02) (0.03) (0.01 ) (0.01 )

0.36

1.28
(0.01 )

0.1

12.3

TOW 1

TOW 3

0.68

C

33.4
(1.8)

N

6.2
(0.2)

6.25

TOW 1

0.56

TOW 2

0.37

TOW 3

TOW 6

0.15
(0.01 )

36.8

Fe

0.17

2.53

2.73

6.8
(0.17 )

2.93

1. 31
1.23
7.4
(0.02) (0.12) (0.7)

1.96

Zn

0.32

6.1

3.75

1. 36
(0.11 )

2.26

1.02
0.64
1.35
(0.07) (0.02) (0.02)

1.26

Al

0.39

7.7

0.72
0.94 12.5
(0.09) (0.1 ) (0.3 )

3.48

Cu

47

Ni
Cd

300

410

206
(33 )

223
(10)

125
(4 )

166
(14)

291
(17)

151

16.3

20

63

232
(5)

215
(21)

255
(25 )

220
(12)

392
(16 )

433

1.7

20

98

482
(48)

311
(27)

159

143
(7)

316
(11)

214

165
(17 )

146

95

209
(11 )

131

Mn
Ba

JPO 13:2-B

9

205

(1)

490

(7)

96
(7 )

(4 )

516
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These elements were initially associated with the particles when the plankton
were collected and were released to the sea water suspension during the two
hours it took to get the samples into the ship's laboratory for processing.
These results are summarized in Figure 6, expressed as the percentage of the
total particulate element which was released to the sea water separated from the
plankton sample as a function of time. All of the samples shown in the figures
were stored in the dark at 4 0 C from the time they were collected until they were
centrifuged.
The first observation of this release was in the Galapagos samples where
significant amounts of the total P, Cd, Ni, and Mn were found in the sea water
only six to eight hours after completion of the tow (Figure 6a).
A sample
stored for 24 hours (Tow 1) lost over 70% of its P, 50% of its Cd and Mn, and
more than 30% of its Ni. In anticipation of these releases, several experimental changes were made at the MANOP stations: more rapid sample processing; documentation of times during processing; and several experiments following the
history of regeneration of elements in solution over significantly longer time
periods. The results for one of the timed experiments (MANOP S, Tow 6) are
noted in Figure 6 by the five points connected by lines. The material in this
experiment was handled identically to the normally processed samples.
It was
subsampled to a set of five centrifuge tubes, two hours after the tow and was
kept cold and in the dark until the time of centrifugation.
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Fig. 6. Percentages of each element in the plankton released to the seawater
suspension as a function of the time from collection of the tow.
Data
pOints connected by lines are replicate subsamples from one tow (MANOP S
Tow 6). Vertical lines superimposed on data pOints represent the 95% confi~
dence limi~s in the percentages. Symbol key: plus sign - Galapagos; squareMANOP C; cIrcle - MANOP S. a) P, Cd, Hn and Ni; b) Cu, Fe, Zn and AI.
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As in the Galapagos experiments, P, Mn, Ni, and Cd were rapidly released
from the particles to the sea water in the MANOP samples (Fig. 6a).
The quantity of each element released approached a constant value within several tens of
hours. The behavior of each element was similar from experiment to experiment
except in Tow 6, where the relative release of Cd was lower.
In contrast to the behavior of these labile elements, significantly less of
the Cu, Fe, Zn, AI, and Ba were solubilized in the sea water (Fig. 6b).
There
was always an initial pulse of Cu released along with the labile elements, but
its concentration then decreased with time by some secondary process.
The
amount of Fe in the sea water was always very small with respect to its total
particulate concentration. The concentrations of Zn, AI, and Ba detected in the
sea water were low and non-systematic, being near their limits of detection.
Table 8 gives the atomic ratios of each of these labile elements to the P
in the sea water solution. The ratios were essentially constant throughout the
MANOP Tow-6 time series experiment. This would imply that these elements are
being released from sites which are behaving as a single pool of labile material. Although there is some variability in the ratios between tows, the Cd/P
and Ni/P ratios are similar to those of the dissolved species in the upper
ocean. The initial release of Cu followed by its loss from solution can be seen
in its decreasing ratio to P with time. Although the regeneration of Fe relative to its total particulate concentration is small, the fraction released has
a relatively constant ratio to P.

w

N

TABLE 8.

Elemental Ratios in Seawater Suspensions. (xl0-

Atom ratios xl0- 3 , values in
ratio.

parenthesis

are

95%

3

)

confidence

limits

in

the

CdlP

MnlP

NilP

FelP

CulP

Galapagos

Tow 1
Tow 1
Tow 3

0.84 (.10)
0.75 (.06)
0.38 (.03)

0.12 (.02)
0.23 (.02)
0.34 (.02)

0.18 (.02)
0.22 (.03)
0.30 (.04)

0.17 (.03)
0.17 (.01)
0.83 (.05)

0.23 (.04)
0.09 (.02)
0.19 (.02)

MANOP C

Tow 1
Tow 2
Tow 2

0.52 (.02)
0.25 (.01)
0.15 (.01)

0.19 (.05)
0.21 (.02)
0.17 (.02)

0.51 (.06)
0.96 (.15)
0.62 (.09)

1.1 ( .2)
1.2 (.04 )
0.77 (.13)

0.26 (.06)
0.40 (.04)
0.34 (.04)

Tow
Tow
Tow
Tow
Tow
Tow

0.43
0.16
0.19
0.20
0.18
0.17

0.45
0.21
0.26
0.25
0.24
0.23

0.54
0.82
0.81
0.66
0.69
0.75

1.8
0.72
0.76
0.74
0.80
0.60

MANOP S

water column

3
6*
6
6
6
6

(.05)
(.01)
(.01)
(.01)
(.01)
(.01)

0.32-0.37(1)

(.07)
(.02)
(.03)
(.01)
(.01)
(.02)

0.5-1.5(2)

(.10)
(.15)
(.08)
(.05)
(.07)
(.06)

1.0(3 )

( .4)
(.06)
(.05)
(.05)
(.04)
(.05)

0.5-5(4)

0.40
0.25
0.10
0.06
0.11
0.05

(.09)
(.02)
(.02)
(.01)
(.01)
(.01)

0.5-0.8(5)

;0:1
(j

0
r
r

m

;;0
III

::>

0-

~

tT'l

0

s:0
z

0

*Tow 6 - time release experiment ranging from 2.5 to 96 hours exposure.
(1) Pacific, water column (BOYLE et al., 1976; BRULAND et al., 1978)
(2) Pacific, oxygen minimum (KLINKHAMMER and BENDER, 1980)
(3) Pacific, upper water column (SCLATER et al., 1976)
(4) Pacific, upper water column (LANDING and BRULAND, 1981)
(5) Pacific, upper water column (BOYLE

~

al., 1977)
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Several more experiments were carried out to characterize the nature of the
release. An attempt was made in MANOP S, Tow 7 to assess the effect of bacterial activity, temperature, and light on the release experiments. An antibiotic mixture of chloramphenicol, penicillin, and streptomycin was added to a set
of subsamples which were treated in a manner similar to the Tow 6 time series.
Although these samples became contaminated for Cd, the release of Mn and Fe were
similar to that observed in Tow 6. However, the total solubilized P over the
same time period was only 17% (compared to over 70% in Tow 6), of which 14% had
been released by the time the samples were spiked with antibiotics.
Although
insufficient controls were performed on this experiment, it suggests that some
component of the release process is a result of bacterial metabolism.
The implications of this remineralization process must be considered during
the sampling and handling of organic particulate matter by towing, filtration,
and trapping. The rapid release of these elements requires careful containment
of the sample and complete mass balancing from the time of collection if their
chemistry in the upper oceans is to be studied. Variations in sampling techniques will surely result in large variations in the concentrations of P, Ni,
Cd, Mn, and perhaps other trace species.
The form of the elements released to the sea water was examined with three
sets of experiments. First, a comparison was made between the two methods of
concentrating the plankton from suspension: direct filtration and centrifugation. Second,the centrifuged sea water solution was passed through a series of
progressively smaller membrane filters. Third, a subsample of a sea water suspension was passed through an ultrafiltration membrane (Millipore, CX immersible, Pellicon type PTGC, nmwl 10000). The results of these experiments are
summarized in Table 9, expressed as the percentage of an element in the sea
water suspension which passed through each filter.

TABLE 9.

Filtration Experiments

Percentage of each element in the centrifuged seawater suspension which passes
through filters of various pore-sizes. Values in parenthesis are the 95% confidence limits on the percentage. Samples noted with [-] were contaminated.
Direct Filtration
of Plankton:

Filtration of
Seawater Supernate:

0.4 11m

1.0 11m

0.1 11m

0.05

IJffi

ultrafilter

152%

P

93%

83%

80%

77%

112 (14 )

Mn

96 ( 13)

82 (11 )

69 (30)

75 (19)

135

( 17)

Ni

102 (13 )

71 (15)

68 (1 4 )

[-]

116 (25 )

Cu

93 (20)

39 (20)

[-J

36 (10)

112 (9)

Cd

68 (6)

12 (5)

15 (2)

25 (5 )

Fe

45 (10)
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The process of filtration releases more labile material than does centrifugation. This can be seen by the excess of elements (>100%) in the filtrate
compared to the centrifuged seawater suspension (Table 9). A much larger amount
of P is released to the filtrate, as are larger amounts of the labile trace
elements, although their enrichment is less extreme.
The difference seen
between the two collection methods is probably due to mechanical lysis of the
cells during vacuum filtration. This releases dissolved and very small particulate cellular material, which then passes through the filter.
The results of
these experiments suggest that lysis and release of cell fluids is a significant
process determining the observed regeneration of elements.
Filtration of the centrifuged sea water suspension gave estimates of the
partitioning of the released elements between dissolved and particulate phases.
Except for Cd, greater than 90% of the rapidly released elements passed through
the 1.0 ~m filter. This demonstrated that the metals were not associated with
large, noncentrifugable organic particles which could be carried over in the
aspiration procedure. As the filter pore size decreased, each element was more
efficiently retained. The maximum retentions ranged from only 20% for P, to 85%
for Cd. No exact estimates of the size of the materials removed from the sea
water can be made, since the filters were not well characterized with respect to
adsorption of metals and organic matter from solutions. Sizing by filtration is
also uncertain because of clogging of the membranes as filtration proceeds (this
was noticeable after only 1-2 ml of solution had been filtered). However, significant amounts of the released elements clearly passed through these membranes
and met the frequently-used operational definition of dissolved components.
Releases during resuspension of plankton. Centrifuged subsamples from MANOP S,
Tow 3 were resuspended two hours after the tow in fresh surface sea water collected from that site. The suspensions were left in the centrifuge tubes at
room temperature for two more hours before separation of the supernatant by
centrifugation. One of the subsamples was resuspended in a solution of 10· 3 M
ethylenediaminetetraacetic acid (EDTA) in the surface sea water.
The releases
to these solutions can be seen as a continuation of the time dependent process
discussed in the last section. Most of the elements showed a solubilization
(Table 10) which was equivalent to that in the previous sea water release
experiments, but Cd showed a significantly higher release with an associated
increase in the Cd/P ratio.
Addition of the strong metal chelator, EDTA, had no effect on the P
release, which is reasonable, since there is no binding of phosphate species to
the EDTA ligand. Cu and Fe did not show any significant differences in their
release to the sea water with EDTA present, even though, among the metals
studied, these form the strongest complexes with EDTA. The more labile elements
Ni, Cd, and Mn all showed significant increases in concentration in the EDTA
compared to the seawater solution alone.
The deterioration of structural
organic membranes exposed to EDTA solutions has been noted (HUGHES, 1972) and
was attributed to the extraction of divalent cations from sites which cross-link
adjacent carboxylate functions in these membranes.
The increased removal of
metals from the plankton to the EDTA solution may have occurred by this mechanism or by removal from other adsorbing sites on the surfaces which could not
compete with the EDTA.
In experiments with cultured phytoplankton, DAVIES
(1970) showed that a millimolar EDTA solution solubilized freshly precipitated
Fe from the surfaces of the plankton within several tens of minutes after addition of the chelator. This was not seen in the leaching experiments, and
clearly very little of the Fe in these samples is present in a freshly precipitated, chelatable form. The increased removal of Ni, Cd, and Mn must be due to
their association with surface sites which are less stable or phYSically more
exposed than those sites binding Cu and Fe.
MANOP S subsamples were resuspended in surface sea water with and without
the addition of the chelator
ammonium pyrrolidinedithiocarbamate (APDC).
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Resuspension in Seawater - EDTA Solutions.

Percentage of the total particulate element released to solution.
Original
sea water

Resuspension
sea water

Resuspension
sea water w/EDTA

%

%

%

Ca

0

0

0

P

14.9

Cu

8.9

0.40

14.4

0.38

15.9

0.39

Ni

9.1

0.54

12.7

0.41

21.4

0.75

Cd

9

0.43

29.6

0.82

47

1.2

Fe

1.7

1.8

2.1

1.0

3.1

2.2

Mn

14.2

0.45

13.8

0.26

33.1

0.56

25.9

26.9

These samples were then directly extracted wIth chloroform. The small volumes
involved and the difficulty of direct atomic absorption analysis in the organic
matrix made quantifying the results of this experiment difficult, but several
results are still significant (Table 11). The release to the simple sea waterchloroform system (without APDC) was similar to that seen in the other sea water
resuspension experiments. No metals were directly extracted from this sea water
suspension into the organic solvent, indicating that the majority of those
released are not associated with extractable non-polar organic molecules.
The
extracted sea water which contained the APDC had a much lower amount of the
released metals as did the residual extracted particles.
These metals were
easily detected in the chloroform extract. It is clear that significant amounts
of the Ni, Mn, Cd, and possibly Cu bound to the particles and released to the
sea-water suspension can be chelated by APDC and only then are extractable into
organic solvents. The Fe released to the sea water was not extracted directly
into the chloroform, nor was it extracted as the Fe-APDC chelate.
Releases to distilled water. Several of the subsamples were resuspended in a
distilled water wash after separation from the plankton seawater suspension.
The results of these experiments are summarized in Table 12.
The elements P,
Ni, Cd, and Mn, which were rapidly solubilized in the sea water suspension, were
also extracted into the distilled water. The concentration of the labile elements in the distilled water was inversely related to the percentage of these
elements which had already been released to the sea water before processing.
The cumulative transfer of elements from the plankton to the sea water and distilled water solutions was equivalent to the maximum release seen in the longterm seawater suspension experiment (Fig. 6). The metal/P ratio was approximately the same in both the sea water and distilled water.
This behavior is
consistent with release or exposure of material by lysis of cell membranes.
This occurs even while the sample remains in the sea-water suspension due to
mechanical, bacterial, or autolytic decomposition, but is accelerated by
suspension in the distilled water.
The results of this experiment are
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significant considering the frequently used experimental practice of washing
particulate matter samples with distilled
water
to
reduce
analytical
interferences from sea salt.
It can be expected that a significant, but
variable amount of these labile elements will be lost to any distilled-water
wash (Table 12). Our leaching procedure exposes the samples to distilled water
for a relatively long time period when compared to the time typically taken to
rinse a filter with distilled water.
Therefore, the elemental losses to
distilled water seen in these experiments probably represent an upper limit on
the effect of lvsis durin~ filter washing.

TABLE 11.

Seawater Suspension - APDC - Chloroform Extraction

Total element in each fraction ( nanomols)
Resuspension
sea water

CHCl 3
extract*

Particulate
residue

Cu w/o APDC

0.5

<0.1

10.3

w/APDC

[N.D.]

2

5.5

Ni w/o APDC

7.3

0

22.1

w/APDC

0.6

2

22.4

0

5.1
3.7

Cd w/o APDC

12

w/APDC

2

0.1

Fe w/o APDC

3

0

171

w/APDC

4

<0.5

186

Mn w/o APDC

5

0

0.2

0.5

w/APDC

10.7
5.2

* The analysis in the organic solvent was only qualitative.

In the typical leaching experiment, the total time of exposure to each
leaching solution was 30 minutes (3 resuspension steps, 10 minutes each). Using
two subsamples of MANOP C, Tow 2, an 8 hour exposure time was compared with the
shorter period for each leaching solution. Much more of the labile components
were found in the distilled water solution which was in contact with the sample
for 8 hours. The net release of these elements (sea water plus distilled water)
ranged from 40% to 80% for Cd, Mn, Ni, and P. Again, the relative amount of Cu
in these solutions was lower than that of the labile elements, and the drop in
the Cu/P ratio in the long exposure solution showed the tendency of Cu to stay
associated with particulate phases or surfaces.
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TABLE 12.

Seawater and Distilled Water Suspensions. Percentage of each element
released to each solution. Time listed in last row indicates the
time that each solution was exposed to the sample.
Galapagos Tow 3

Ca

(dw)

(dw)

1.2

3.8

4.6

47

Cu

14

Ni

23

12

Cd

19

10

Mn

MANOP C Tow 1

(sw)*

P

Fe

4.6
38

27
8.9

4.0
21

29

(sw)
0

Tow 2

(dw)

(sw)

(dw)

1.2

0

0

0

(dw)

28

36

13

33

69

15

16

17

38

57

13

15

32

17

38

57

10

25

17

26

34

9.7

4.3
22

Zn

5.8

3.3

4.1

Si

0.47

0.38

0.41

Al

0.19

0.14

0.22

Ba

3.4

time

4hr.

*

137

6.3
15

7.1
30

6.7
3.7
8.7

6.8

10

30

54

21

22

5.4

2.0

2.2

2hr.

1/2hr.

8hr.

4.9
1hr.

1hr.

4hr.

1/2hr.

(sw) indicates the seawater suspension supernate; (dw) indicates
the
subsequent distilled water supernate and the two (dw) columns are replicate
distilled water leaches on splits of the sample.
The effect of cell lysis was further studied by comparing an isotonic NH.Cl
solution with distilled water resuspension (Table 13). If a significant amount
of the rapid release seen was due to lysis alone, then the suspension of the
plankton in an iso-osmotic solution should reduce the release relative to that
in distilled water. By maintaining osmotic equilibrium, the resulting releases
should be equivalent to those seen in the seawater resuspension experiment
(Table 10). Comparison of the P in the distilled water and NH.Cl solutions
shows the dramatic effect of lysis; only half of this element was released to
NH.Cl. In contrast to the behavior of P, noticeably more Cu, Ni, Cd, and Mn
were released to the NH.Cl solution. This apparent exchange of cations from
surface sites suggests a relatively labile surface
complex.
This
is
inconsistent with the strength of the Cu particle/surface association seen in
all the other experiments. Again, there was no detectable effect on the release
of Fe.
A subsample of the plankton (Galapagos, Tow 1) was extracted with ethanol,
removing photosynthetic pigments and low molecular weight organic acids and
sugars (WALLEN and GREEN, 1971). No more than 1% of any of the trace elements
was extracted by this solution and less than 5% of the P. This sample had already been stored for 24 hours and washed with distilled water, so much of the
more labile material had already been released. A subsample of material from
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MANOP C, Tow 2, was separated from the seawater suspension and immediately extracted with ethanol. The mixture was heated to 60 0 C and ultrasonified at
intervals over a two hour period. The ethanol extract, which was bright green
at this point, was analyzed for Cd and none was detectable beyond the small
amount carried over from the seawater suspension.
Acid leaching series. Sample splits from Galapagos, Tow 3, and MANOP C, Tow 2,
were processed through a series of acid leaches.
The complete sample mass
balance includes: the seawater supernate; distilled water; 10·'N HCI; 0.1N HCI;
16N HNO.; and the insoluble residue. The processing was done at room temperature under the normal leaching-centrifugation regimen. The Galapagos sample and
one of the MANOP splits were exposed to each leaching solution for a total of
30-45 minutes. The other MANOP sample was leached for eight hours in each
TABLE 13.

Isotonic Ammonium Chloride Leaches.

Percentage released to solution and metal!P ratios.
Sea water
_%-

metal!P

(MANOP C Tow 1)

Distilled water

_%-

metal!P

NH.CI
_%-

metal!P

Ca

0

1.2

1.6

P

27.5

35.9

19.2

Cu

15.5

0.26

16.1

0.14

26.9

0.75

Ni

15.2

0.51

32.2

0.50

40

2.3

Cd

24.9

0.53

17 .1

0.19

28

1.0

Fe

6.3

1.1

7.1

0.68

6.3

1.7

Mn

14.6

0.19

29.8

0.23

34.2

0.63

solution. The long and short term experiment started from splits of the same
seawater suspension at 2 hours after completion of the tow.
The results from
the Galapagos experiment are presented in Fig. 7(a) and those from MANOP C in
Fig. 7(b). The rapid release of P, Ni, Mn, and Cd to the seawater and
distilled water solutions has already been discussed for these samples.
The
higher percentage of these elements in the seawater from the Galapagos samples
can be accounted for by their longer exposure to that solution (4 hours).
Several additional properties of the labile group of elements can be seen
in these experiments. There are two distinct fractions: one that is released to
sea water and distilled water, and one which is leachable by acid.
Here there
is a separation in the behavior of P and the trace metals in that the more refractory component of P is soluble only in the strongly oxidizing nitric acid
solution. All the metals had a significant fraction which was solubilized,
along with the Ca, by 0.1N HCl. Greater than 95% of the Ni, Mn, Cd, and Ca were
removed to leaching solutions before the HNO. leach.
There was some time dependence of the elemental release to these solutions
which is seen in the MANOP C experiment (Fig. 7b). This was especially significant for P, Mn, and Ni. A fraction of these elements which was released to 0.1N
HCI in the normal, short term exposure, was released to the distilled water
during the 8 hour exposure. The unbuffered 10·'N HC1 solution was quickly neutralized by the CaCO, in the samples so that it would have behaved similarly to
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Fig. 7. Acid leaching series. Percentages of the total element released to each leaching solution
in the series: seawater suspension, distilled water, 10-3 N and 10-lN hydrochloric acid,
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solid lines (7b) refer to an 8-hour exposure to the solutions. a) Galapagos, Tow 3; b) MANOP
C, Tow 2.
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the distilled water leach preceding it. The low levels of elements released to
this solution in all experiments indicated that the initial release to distilled
water is largely completed during the short leaching period.
The extraction of Cu, Ni, Cd, Ba, Mn, and Zn by the O.lN HCI, along with
Ca, suggests a possible association with CaC0 3 • To examine the known calcium
carbonate phases in the plankton tows, single foraminifera were picked by hand,
under a microscope, from the MANOP filters and solubilized. The metal/Ca ratios
in this solution and in the bulk-plankton HCI leach are compared in Table 14.
All of the ratios are two orders of magnitude greater in the acid release solution than in the pure carbonate from the same samples.
Although these metals
are solubilized along with the CaC0 3 , they are not within the carbonate matrix
itself.
The last empirical partition of elements defined by the acid leaching
experiments is that which contains a very refractory component which is only
partly released by 16N HN0 3 or remains in the residual particles after leaching.
Essentially all of the Si, much of the Fe, and variable but significant amounts
of Al and Zn resist even the 8-hour HN0 3 leaching.
This fraction contains
refractory organic matter, opaline skeletal material, and any included aluminosilicates. Variations in the percentage release of Al between the Galapagos
sample (Fig. 7a) and the MANOP sample (Fig. 7b) must be examined in terms of
the total amount of Al in each sample. The absolute amounts of Al released to
the HCI solution, normalized to the mass of the plankton, were nearly identical
in both samples. However, the total particulate Al in the Galapagos sample was
more than an order of magnitude greater than that in the MANOP sample (Table 7).
This suggests the existence of two separate carriers of this element--both a
refractory aluminosilicate and a more easily solubilized biogenic phase.
It has often been suggested that the distribution of many elements in the
water column is consistent with their incorporation into the opaline frustules
of marine organisms. These skeletal materials would be included in this residual fraction. The plankton tow from the Antarctic, Station M, provided an
opportunity to determine the amounts of trace elements included in marine biogenic silica. This sample was from a plankton bloom in an open-ocean upwelling
region with high concentrations of dissolved trace elements and a relatively low
likelihood of lithogenous contamination.
Analyses of the plankton material
collected (approximately 80% by weight Si0 2 ) are presented in Table 15.
The
first sample was untreated except for centrifugation to remove the suspension
sea water. The second sample, was leached with peroxide and distilled water
TABLE 14.

Metal/Ca Ratios in Bulk Samples and Forams.

Samples: Bulk sample - MANOP C, Tow 2, O.lN HCI, 8 hour exposure;
Foram sample - hand picked from MANOP samples.
Ratios
to Ca
(xl0- 6 )

Cu

Ni

Cd

Fe

Mn

Zn

Al

Ba

Bulk

63

32

60

51

15

270

270

100

Forams

0.31

0.4

0.025

0.51

0.4

Deep water "regeneration" ratios (xl 0 - 6):

Ni/Ca - 130

Zn/Ca - 100

Ba/Ca - 1000

0.5

3.5

3
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washes at 60 0 C in the lab before analysis. A third sample was leached with
distilled water and O.lN HCl at sea.
A fourth untreated sample split was
digested in sodium carbonate and analyzed for total Si.
As in the pure calcite phase, the metals in this opal sample were very low.
Only Al and Fe had significant percentages of their total concentrations remaining in the frustules after leaching with O.lN HCl. The residual Fe and Al in
the sample are in proportions (Fe/AI = 0.2 to 0.4) which would be consistent
with their presence in an aluminosilicate phase (detrital clay Fe/AI
0.22).
Based on this ratio and total AI, this would require that the opal sample was
0.3% by weight clay. The Zn and Ba were leached from the sample by the HCl
solution. Since the exact chemical nature of any coprecipitated metals is not
known, it is difficult to know if this leaching could remove metals from within
the opaline structure. Even if we consider the total untreated or peroxide
washed material as representing the concentrations in opal, the metal/Si ratios
are still very low. The Zn/Si ratio in the HCI-Ieached opal was an order of
magnitude lower than the water column ratio (BRULAND, 1980). The ratio in the
bulk, untreated sample was only a factor of two below this ratio.
The Ba/Si
ratio is 1 to 2 orders of magnitude below the same elemental ratio seen in the
water column.
Also included in Table 15 are the results of Cu and Ni analyses on the
filtered subsamples from Antarctic station M. These were unwashed and would be
roughly equivalent to the material in the untreated centrifuge sample except for
the lysis effects of filtration. The concentrations of these two metals are
also very low in this material.
Another opal carrier - Radiolaria - was examined for the concentration of
Ba. There were insufficient quantities of separable radiolaria in the surface
plankton tows, so two Pacific sediment samples were used.
Clean, slightlycrushed radiolaria skeletons were separated from the samples and washed with
distilled water, HzOz and HCl. The Ba/Si ratio in this sample was also low
(Table 15) basically comparable to that in the diatom frustules.
TABLE 15.

Elemental Ratios in Opal Samples.

Antarctic diatoms, Stn. M:
(Ratios to Si - xl 0- 5, Fe/AI - xl)
Fe/Si

Zn/Si

AI/Si

Ba/Si

Fe/AI

bulk
(untreated)

1.3

2.6

3.3

1.6

0.38

Eeroxidewater washed

0.6

1.9

2.7

1.1

0.23

HCI washed

[-J

0.28

2.5

0.2

[-J

Water column "regeneration" ratios (xl0- S ):
Zn/Si - 5

Ba/Si - 70

Antarctic diatoms - filtered subsamEle (xl0- S ) :
Cu/Si - 0.38

Ni/Si - 0.13

Radiolaria hand-Eicked from Pacific Eocene sediment samEles (x10- S ) :
Ba/S1 - 0.5
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Leaching experiments - summary. A series of plankton samples, collected from a
variety of environments, have been analyzed for their total major and minor elemental concentrations and were subjected to a series
of
decomposition
experiments to identify the chemical nature and sites of the element-particle
association. Major fractions of the total Ni, Cd, and Mn were found to be
weakly associated with the plankton and are released back into seawater along
with the rapidly recycled nutrient, phosphorus. This process occurs within a
very short time after collection of samples and appears to be due to a
combination of active excretion, cell lysis, and bacterial decomposition of the
organic matter. The solubilized metals have major fractions which are small
enough to pass through 0.4 ~m filters and are not strongly bound to non-polar,
extractable organic material or photosynthetic pigments. The stability of any
surface organic-metal binding is low enough that significant fractions of Cd,
Mn, and Ni as well as smaller fractions of the Cu and Fe are exchangeable with
high concentrations of ammonium ion and are chelatable by EDTA and APDC.
These
results suggest that these rapidly solubilized elements should be regenerated in
the water column in the dissolved fraction soon after the particulate material
begins to decompose.
Significant fractions of the Cu, Ni, Cd, Ba, Mn and Zn are bound to organic
sites which are not rapidly exchanged with seawater, distilled water or
chelators. The elements are extracted from the organic matrix at pH 1 (0.1N
HCl) along with the release of Ca, but direct analysis of the calcium carbonate
demonstrates that these elements are not incorporated in that phase.
These
binding sites release fractions of the Ni and Mn to distilled water after
several hours, but maintain their Cu complexing capacity until they are
protonated or hydrolized in the acidic solution.
It is likely that this
fraction undergoes a much slower rate of release as the particles settle thr0ugh
the water column.
Lastly, there is an even more refractory group of trace elements associated
with these plankton which includes large fractions of the Si, AI, Fe, and
variable amounts of Zn.
Examination of the major biogenic phase in this
fraction, opal, shows that this is not the carrier for these elements (other
than Silo Al and Fe may be present within a lithogenous phase in some samples.
It is not likely that these residual components are solubilized in the water
column environment, and their transport to the sediment must be a "single-pass"
process.
5.

TRACE ELEMENT DISTRIBUTIONS

To begin this discussion, we will examine relationships between the total
concentration of trace elements in surface-ocean biogenic particulate matter and
environmental factors such as the dissolved concentrations of nutrients and
trace elements. Two questions can be asked: 1) To what degree does the surface
environment determine the composition of the biogenic particulate matter?
2)
How is the uptake of trace elements and nutrients by organisms expressed in the
dissolved concentrations of those elements in surface waters?
The data presented in this study do not yet uniquely answer these questions, which have both
geochemical and ecological importance.
However, the
results
of
these
experiments suggest several hypotheses and models which will be useful for
further study and interpretation of trace element biogeochemical cycles.
5.1 Environmental control of the trace element compositions of plankton.
In discussing the relationship between biogenic particulate matter and the
dissolved elements in sea water, it is useful to consider two classifications of
trace elements based on their vertical distributions. The first group consists
of those elements whose open-ocean surface water concentrations are depleted to
less than 1% of their deep water concentrations. This group includes the micronutrient elements N, P, and Si and the trace elements Cd and Zn. These are the

Trace element geochemistry of marine biogenic particulate matter

143

"bio-limiting" elements defined by BROECKER (1974). In grouping these elements
together. it is not suggested that they necessarily have nutrient status or are
important in growth limitation of the organisms. The other group of elements
include those which are taken up by organisms but which show only partial surface depletions. This group is equivalent to BROECKER's "bio-intermediate"
classification and includes Cu. Ni. and Ba. This discussion will be limited to
the elements whose dissolved distributions are significantly determined by biological cycles. Other trace elements. such as Mn and AI. do not have distributions which show surface uptake or deep regenerative enrichments.
Systematics of the trace element-nutrient relationships can be expressed in
terms of the element ratios to a "bio-limiting" nutrient element -- phosphorus.
The total biogenic flux of a trace element out of the upper ocean is then calculated in terms of its ratio to P in the particles and the total flux of particulate P. This makes no assumptions about a functional relationship between these
elements (other than their common association with the planktonic particles),
nor any assumptions about the regenerative fractionation of the particulate
elements. Phosphorus is chosen as the reference element representing the
organic matter because PO. uptake continues in oligotrophic surface waters well
after the apparent depletion of N0 3 (VACCARO, 1963; THOMAS, 1966; RYTHER and
DUNSTAN. 1971) and because it was more easily followed (analytically) through
the plankton sampling and leaching experiments described above.
BOYLE and
others (1981) and COLLIER (1981) and have investigated variations in the horizontal distributions of surface Cu. Ni. Cd and PO. in terms of inferred ratios
in biogenic particles formed in the mixed layer. The elemental ratio in the
plankton is compared to that in the surrounding surface water:
metal/P
(plankton)
metal/P
(water)
Differential regeneration of nutrients and trace
ocean will result in different element ratios in
cribed by:
metal/P
(sinking)
8
metal/P
( plankton)

elements within the surface
the settling particles des-

As long as this regeneration is taking place within the mixed layer, the
product of the ratios, a·8. compares the relative enrichment or depletion of the
particulate trace element flux with respect to the dissolved ratios; ~ represents the particulate formation step by primary producers and 8 represents all
of the heterotrophic and physical processes which modify the ratio before the
particulate matter settles out of the upper ocean. In calculating these parameters, a and 8. it is not implied that they are constant in space or time.
In
fact. it will be demonstrated that they do vary.
For these samples, the relative sea water release percentages from the
leaching experiments are used as first-order estimates of the magnitude of 8.
This is calculated as the percentage of the total element not released to the
sea-water suspension after collection of the plankton divided by the same percentage for P (Fig. 6). The plankton collected for these experiments were a
mixture of phytoplankton and microzooplankton collected by the 44 ~m net.
This
mixture does not directly represent the composition of the primary producers.
However, the coefficient 8 is derived directly from the experiments on this
intermediate material. Therefore, the product of the sample composition and 8
should still give a consistent estimate of the settling composition. This estimate of 8 could still be subject to significant error since the relationship
between rapid regeneration in the upper ocean and the sea water suspension
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experiment has not been established. The relative importance of active excretion, autolysis, or bacterial and other heterotrophic activity in contributing
to a net value of 8 has not been quantified.
The models of trace element cycles presented in this paper are necessarily
based on our relatively limited data set. These plankton samples cannot truely
represent the whole surface community and all of its inherent variability. Significantly more sampling of microorganisms, fecal material, and detrital material must eventually be included in this type of analysis. The fluxes which will
be predicted using these plankton data generally support the values of S derived
from the leaching experiments for the "bio-intermediate" trace elements but do
not work well for Cd or Zn.
The total metal and phosphorous concentration data for the Pacific plankton
samples and surface waters are shown in Figures 8 and 9 and the elemental ratios
are calculated in Table 16. The dissolved concentrations of the "bio-limiting"
elements all decrease, more or less simultaneously, from high values in upwelling environments to nearly zero in oligotrophic waters, and the ratios between
them remain relatively constant.
The ratios between the "bio-intermediate"
elements and P show a large range due to the specific depletion of the nutrient.
In contrast to this range in the dissolved ratios, the "bio-intermediate" element ratios to P in the plankton samples are nearly constant and show little
relationship to the large dissolved variations. These ratios are constant for
Cu, Ni, Mn and Cd (Zn shows little relationship to P in the plankton Table 7).
Clearly, these plankton trace compositions are not determined in simple proportion to the surface water concentration ratios ~ nutrients.
This emphasizes
the relatively specific nature of the organic association of these trace elements and implies that the "available sites" are saturated. In a general sense,
these ratios (Table 16b) can be compared to those describing the major-element
composi tions of the plankton, or "Redfield ratios" (REDFIELD, KETCHUM and
RICHARDS, 1963), which are relatively constant when compared to large variations in the ratios of dissolved inorganic C, N, and P.
5.2 Horizontal distributions of dissolved trace elements.
A great deal of information about the biogeochemical cycles of trace elements has been derived in recent years through the examination of their horizontal distributions in surface waters (BOYLE and EDMOND, 1975; BRULAND, 1980;
BOYLE and others, 1981). The regions of transition between upwelled waters at
ocean margins or divergences and the oligotrophic central gyres can be especially useful in formulating models describing the development of surface water
depletions through biogenic particle fluxes. These regions are important in
that a significant fraction of the total vertical flux of materials between the
surface and deep oceans occurs near the ocean margins.
Although the central
oligotrophic regions cover nearly 50% of the world oceans, they contribute less
than 10% of the total vertical flux of biogenic particulate matter (KOBLENTZHorizontal transects away from the eastern margins of the Pacific Ocean
which include high-quality surface trace element and nutrient analyses have been
reported and discussed by BRULAND (1980) and BOYLE and others (1981). A simple
model describing the history of surface water along such a horizontal section
can be examined. It suggests that the thermocline water is brought to the
surface near the coastal divergence and then mixes radially into the central
gyre, along isopycnals, without significant new inputs from below.
As biological production proceeds in this nutrient-rich surface water, the total dissolved fraction of each element is depleted according to the element ratios
present in the settling particles. This closed system model is analogous to a
laboratory batch culture (DROOP, 1975) except for the removal of the particulate
phases by settling.
Starting with this crude model, we can compare the
dissolved depletion ratios along a horizontal section with the plankton data
presented in this paper. The surface water samples of BRULAND (1980) were taken
from a transitional environment and the data set includes both nutrients and
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TABLE 16.

Total Concentration Ratios.

Sites

Surface water dissolved:

PO. (\.1M)
0.8
0.04
0.03

G - Galapagos
C - MANOP C
S - MANOP S

5.2
3.2
1.9

RATIOS:
Sites:
Cd
a) Surface
Water
Ratios
to P

C

S

G

C

S

0.10

0.38

0.37

0.89

0.55

0.66

2.4

3.0

5

3

3.3

0.56

0.52

0.54

Zn*

Cu
(xl

G

.35

2.6

Plankton
Ratios
to P

28

17

0- 3 )

(xl

0 - 3)

Ni

3.7

58

72

0.58

0.86

1.1

Mn*

3.8

29

52

0.40

0.34

0.42

830

1300

1.2

1.7

1.6

1.6

Ba*

c) Plankton
Ratio/
Seawater
Ratio

b)

45

Cd

9

1.5

1.8

Zn

14

1.3

1.1

Cu

.22

.03

d) Relative
Seawater
Release
Ratio

6
t

.02

a

3.0

3.4
B

Ni

.16

.01

.02

2.4

Mn

.11

.01

.01

2

Ba

.03

.002

*Dissolved trace element concentrations estimated
from
KLINKHAMMER and BENDER (1980), and EDMOND (unpublished).
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high-quality trace element data.
Dividing BRULAND's (1980) surface water
metal-phosphate plots into three consecutive horizontal sections and taking the
slope over each section allows us to calculate the predicted elemental ratios
for the particles causing the depletion along each section (Table 17).
For Cu
and Ni, the depletion ratios are relatively constant but significantly higher
than those measured in the bulk surface plankton.
Modifying the measured
plankton ratios by the parameter 8 (as defined in the previous section and
estimated from the seawater release fractions) predicts flux ratios for Cu and
Ni which are consistent with the dissolved depletion ratios.
When this analysis is applied to a "bio-limiting" element, Cd, several
difficulties arise. The dissolved Cd concentration reported by BRULAND (1980)
drops to near the detection limit within the first four stations away from the
coast while the PO. concentration drops more slowly (Fig. 10).
The resulting
depletion ratios are not at all constant and approach zero rapidly.
Using the
crude horizontal transport model, these observations would require a large range
in Cd/P ratios in the settling particles. The high initial ratio (when compared
to the deep ocean Cd/P ratio) is consistent with the higher Cd/P ratios measured
in surface plankton (Figures 9 and 10). However in order to maintain the relatively constant deep water Cd/P ratio of 0.35-0.40 X 10- 3 , the particulate
material must preferentially lose its excess Cd before settling into the thermocline. As PO. uptake continues after the depletion of Cd, the model requires
the flux of low-Cd/P particulate matter (which has never been sampled).
Since
there is no clear relationship between Zn and P in the plankton samples and
since there is no significant variation in dissolved Zn across BRULAND's (1980)
horizontal transect, these plankton composition and surface water depletion
models can not be applied.
Only a small fraction of the total particulate matter produced in the
surface ocean is actually transported out of that environment into the deep ocean
(EPPLY and PETERSEN, 1979). The majority of the "bio-limiting" elements are
rapidly recycled and these cyclic fluxes are many times greater than the settling
flux which determines the deep regeneration ratios. If the uptake/regeneration
ratios in the surface cycle are at all different from the elemental ratios in the
settling material then various dissolved ratios will be expressed in mixtures of
TABLE 17.

Surface Water Depletion vs. Plankton Ratios.

North Pacific surface water
transect (BRULAND, 1980)

I1Cu/I1P

(x10- 3 ) .

I1Nill1P

Stations 13 - 18

1.9

3.2

17 - 21

1.4

2.4

20 - 25

2.2

8

Pacific plankton ratios
(this work)
plankton ratios x 8
(8 ) used from Table IV-3:

Cu/P

Nil?

0.54

0.6-1.1

1.8

1.4-2.6

0.4 )

(2.4)
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water from these different environments. More specifically in the case of Cd,
particulate formation in nutrient-rich environments occurs at a Cd/P ratio in the
range of 0.4-0.7 X 10- 3 , which is almost always significantly higher than the
dissolved ratio. Cadmium may be regenerated preferentially from these particles
as they settle out of the mixed layer such that the residual composition
approaches the deep ratio. This is in general agreement with the results of
Pacific sediment trap experiments (KNAUER and MARTIN, 1981) but not with the
seawater release experiments. Water which has been recently upwelled from the
thermocline and mixed with depleted gyre water would follow the deep-water Cd/P
mixing line, in a manner similar to the deep water "Redfield" N/P ratios displayed in "new" upwelled water (TRAGANZA, CONRAD and BREAKER, 1981).
This
effect can be seen for Cd in the western North Pacific near the Kuroshio (BOYLE
and others, 1981), and in Antarctic surface waters (COLLIER, 1981).
Older
surface water which has either moved away from its source of upwelling or is
derived fro the slower vertical exchange through the upper thermocline will tend
to express the preferential uptake of Cd over P.
To better constrain this
system, we need simultaneous measurements of plankton uptake and regeneration,
near-surface particle compositions and fluxes, and a better physical description
of the mixing and transport regime. A horizontal transect away from a eutrophic
environment is still one of the best laboratories for this type of experiment. is
In contrast to the wide variations in dissolved ratios, the particulate
trace element/carrier ratios have been shown to be relatively constant and this
will allow the direct prediction of the biogenic flux of each element in terms of
the major organic cycles. These biogenic fluxes can then be compared to other
known fluxes for each trace element to determine their significance in the total
geochemical cycle.
6.

BIOGENIC TRACE ELEMENT CARRIERS

The nature of the biogenic carriers of trace elements can only be inferred
from the results of the leaching experiments and from metal-carrier distributions
in the marine environment. Identification of the precise metal-organic compounds
or functions in these heterogeneous, chemically unstable particulate samples is
beyond the scope and intention of this investigation.
The plankton leaching
experiments have quantified the trace element associations with various carriers
in surface-ocean particulate material. The known cycles of these carriers will
be used to examine the significance of the biogenic associations in the geochemical cycles of the trace elements.
Most of the trace elements studied were associated with the non-skeletal
organic phases of the particulate samples. The three basic partitions of elements defined by the leaching experiments were: extremely labile release
products; the HC1-soluble fraction; and the refractory components which were only
released by concentrated nitric acid or remained in the particles throughout the
experiments. These classes do not represent mechanistic definitions but rather
provide useful distinctions between the behavior of the trace elements along with
their major carriers.
6.1 Labile Organic Associations.
The dominant particulate fraction of several of the elements studied was
very weakly associated with the particles and covaried with P during leaching.
The rapid release of P and N to seawater by marine organisms has been documented
during zooplankton excretion (BUTLER, CORNER and MARSHALL, 1970) and with decompos ing phytoplankton (GRILL and RICHARDS, 1964) .
HARRISON
( 1980)
has
outlined laboratory decomposition processes releasing C, N, and P following three
stages: autolysis; microbial colonization; and very slow degradation of refractory organics. The rapid loss of Nand P from particles in the upper oceans has
been demonstrated for suspended material (BISHOP, COLLIER, KETTEN and EDMOND,
1980), and settling material collected in sediment traps (KNAUER, MARTIN and

150

R. COLLIER and J. EDMOND

BRULAND, 1979). Evidence from the rates of total primary production in the
euphotic zone (EPPLEY and PETERSON, 1979; KING and DEVOL, 1979) and from the
relationship of the chemical composition of phytoplankton to their growth rates
and nutritional states (GOLDMAN, MCCARTHY and PEAVEY, 1979) all suggest that N
and P are rapidly recycled within the euphotic zone.
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The experiments reported here show that a group of labile trace metals are
released along with the micronutrients. Major fractions of the total Cd, Ni, and
Mn are found in the sea water and distilled water leaching solutions.
This is
the first quantitative documentation of this process occurring in open-ocean
biogenic particles, although it had been predicted from the water column distribution of the dissolved species (BOYLE, 1976). In every experimental examination of Cd in laboratory cultures of marine organisms, its labile association
with the cell contents or organic surfaces has been noted, but the nature and
function of this association is not known (COSSA, 1976; KREMLING, PIUZA, VON
BROCKEL and WONG, 1978; SICK and BAPTIST, 1979).
More recently, KNAUER and
MARTIN (1980, 1981) have reported a significant release of Cd, Mn and
P to the hyper-saline collection fluid in a sediment trap, however the effects of
osmotic pressure and exchange in this release are difficult to evaluate,
No
specific references to a labile behavior for Ni have been reported.
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The various leaching experiments indicate that this regenerated material is
derived from several different sites within the plankton particles. Significant
acceleration of the release by lysis due to osmotic shock suggests the presence
of these elements in a dissolved pool within cell structures. Direct excretion
by the zooplankton in the tows can account for a portion of the release products.
The initial and rapid release of P was higher than reported rates of zooplankton
excretion (BUTLER and others, 1979), but this active process is accelerated by
the physical shock of the plankton tow and concentration process (HELLEBUST,
1974) .
Several other experiments demonstrated the dissolved nature of the released
products. Large fractions of the released elements were not filterable, they
were not directly extractable into a non-aqueous solvent, and they were in a form
which is available to chelation by APDC followed by extraction of the complex
into chloroform.
Increased amounts of trace metals were extracted from the particles by
iso-osmotic solutions containing APDC, EDTA, and NH.Cl indicating that a fraction
of the labile elements were weakly bound to exchangeable surface sites.
In
EDTA-leaching experiments with plankton samples, MOPPER and DEGENS (1972)
reported the release of significant fractions of the total hydrolyzable monosaccarides and amino acids. This was attributed to the extraction of metals functioning as binding bridges between these organic ligands and other organic
surface sites.
The role of bacterial activity in the observed regenerations can not yet be
quantified. HELLEBUST (1974) has noted the difficulty in separating heterotrophic bacterial activity from active excretion or autolysis and the general ineffectiveness of antibiotic treatments in stopping bacterial decomposition in
collected plankton samples. However, a significant decrease in the release of P
after the addition of antibiotics was noted. Because these samples were contaminated with Ni, Cu and Cd, the direct effects of antibiotics on the metal
releases was not determined.
In summary, a significant fraction of the biogenic Cd, Mn, and Ni are weakly
bound to surface planktonic particulate matter. This fraction is most likely
regenerated as dissolved material in the upper ocean, along with the nutrient P,
through active excretion, cell lysis, and heterotrophic activity. The geochemical cycles of P, Cd, Mn, and Ni will be discussed in section 7.3 as they
reflect the sites of regeneration and the significance of the release products in
the total fluxes of these elements.
6.2 HCl-soluble material.
Most of the remaining fractions of the non-silicate associated trace elements were solubilized by O.lN HCl. Although CaC0 3 was specifically solubilized
in this acid, that phase was shown by direct analysis to be an insignificant
carrier of the metals found in the particles. This result is consistent with
recent trace element analyses of the CaC0 3 in core-top foraminifera (BOYLE,
1981) •
Several lines of evidence suggest that hydrous metal-oxide precipitates are
unlikely to be significant carriers of these trace elements in biogenic particles. Fe is the only metal present in sufficient quantities to be considered as
a possible carrier of this type. The proposed mechanisms of association with Fe
include surface adsorption (MURRAY, 1975; JAMES and HACNAUGHTON, 1977) and homogenous incorporation as a solid solution within a freshly-formed precipitate.
Adsorption at metal oxide surfaces has been modeled as the formation of surface
hydroxyl complexes with the metal or hydrated metal (JAMES and MACNAUGHTON,
1977). The maximum number of these surface adsorbing sites in an FeOH precipitate must be less than or equal to the total number of moles of Fe in the precipitate. The plankton samples contain approximately 2 ~mol Fe/gram which results
in 0.01 ~mol Fe/ml in the sea water-plankton suspension. EDTA was added to the
sample to make a concentration of 1.0vmol EDTA/ml suspension:
at least,
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lOa-times more concentrated than the maximum numbe of Fe sites. At pH 8, the
formation constants for the metal-EDTA complexes are at least 10 orders of
magnitude
larger
than
those
for
the
formation
of
the
metal-surface complexes (SILLEN and MARTEL, 1971; BALISTRIERI, BREWER and MURRAY,
1981). If adsorption at the surface of a hydrous iron-oxide precipitate was
quantitatively important in these samples, then a larger percentage of the metals
would have been exchanged from the surfaces by the addition of EDTA.
It has been demonstrated that metal oxides and hydroxides adsorb dissolved
organic material from natural waters (DAVIS and LECKIE, 1978; DAVIS, 1980).
If
these hydrous metal oxides are present in the plankton samples, they are very
likely to be coated with adsorbed organic material.
The metal adsorption
properties of these systems take on the properties of the exposed organic ligands
rather than those of the surface hydroxide groups.
It has been suggested that a hydrous iron-oxide phase with coprecipitated
metals could be a significant carrier of trace elements associated with biogenic
particulate matter (MARTIN and KNAUER, 1973; TUREKIAN, KATZ and CHAN, 1973;
BOSTROM, JOENSUU and BROHN, 1974). If such a carrier were significant in these
samples, then there should have been a simultaneous release of the minor elements
and the iron carrier to the O.lN HCl solution.
Although the bulk-plankton
metal/Fe ratios were on the order of 0.1, the ratios in the material released to
O.lN HCl were approximately 1 and the total metal/Fe ratio was 3-5.
Therefore,
it is not reasonable to describe this matrix as an iron hydroxide coprecipitate.
Elimination of the two acid soluble mineral carriers - CaCO. and hydrous
iron oxides, leaves fixed organic ligands as the likely site of metal binding
for the HCl-soluble fraction. There is little surprise in this result, although
the characterization of these metal complexes has hardly begun.
Approximately
one quarter to one third of all proteins and enzymes that have been purified
contain metals or require metal ions for their biological activity (IBERS and
HOLM, 1980). These are generally classified into two groups: metalloproteins
and metal-activated proteins or complexes (HUGHES, 1972). In the first group
the metal is firmly bonded as part of the structure of the protein.
In the
second, the metal ion - binding group interaction is much weaker. The metalloproteins and enzymes are relatively resistant to chemical attack and are bound
to the metals through multi-dentate associations at their more basic residues
such as the imidazole ring of histidine and the thiol group in cysteine.
These
complexe are usually metal-specific and the metals function as structural templates or redox catalysts. The metal-activated proteins and complexes are lower
in stability, are less metal-specific, and can be reversibly disassociated from
their metal ions by acid or prolonged exposure to low metal activities (e.g.,
through dialysis). The metals in these systems usually function as Lewis Acids
in their catalysis and their association with the donor sites usually follows the
Irving-Williams order of stability for divalent cation complexes.
Typical
ligands involved include carboxyl, hydroxyl, and amino groups.
The solubilization of the trace elements from the plankton samples is
generally consistent with the stability of metal-organic complexes.
The fractions of the Cu and Fe that were released by the HNO. solution may have been
bound within stable metalloproteins. These metals have been studied in numerous
Zn is
enzymes involved in electron transport, oxygen transport, and storage.
also functional in numerous hydrolytic enzymes. Only small fractions of the
total Cu, Fe, and Zn were released to the non-acidic leaching solutions consistent with metalloprotein associations and with their stable organic ligand complexes. At the other extreme, the rapid release of Cd and Mn can be interpreted
in terms of the low stability of their organic complexes (HUGHES, 1972).
In
general, due to its large ionic radius, Ba forms very weak organic complexes.
The relative stability of the particulate Ba in these samples suggests that it
is not bound in organic complexes.
It has been shown that a large fraction of most of the particulate trace
elements studied here are either dissolved in cell fluids, loosely bound to
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organic surfaces, or more specifically associated with metalloproteins and
complexes. A precise knowledge of the regenerative behavior and transport of
these metals will require specific knowledge of the binding sites and the fate of
the organic matter involved. Although we are still a long way from both of these
goals, having established the ratios of the trace elements to major elements
representing the carriers allows the examination of the element cycles in the
water column and sediments.
6.3 Refractory Carriers.
The total fraction of each trace element which was not solubilized by the
leaching solutions was generally small. Significant fractions of Fe and Al were
resistant -- most likely associated with small amounts of clay scavenged by the
biogenic material. This carrier, which will be discussed in section 6.4, was not
significant for other elements in these plankton samples.
Variable amounts of P, Mn, Fe, Cu, and Zn were also resistant to acid
leaching and may have been associated with refractory metalloproteins and storage
products. The solubilization of these elements in concentrated nitric acid
occurred very slowly through oxidative decomposition of the resistant organic
structures.
The primary Si-phase in these samples was opal which is also resistant to
acid leaching. Analyses of bulk opaline material from the Antarctic sample
demonstrated that this phase was not a major carrier for trace elements other
than Zn. The HCl-washed opal had a very low Zn/Si ratio (2.8 x 10- 6 ) suggesting
that this phase may not even be a significant carrier for Zn.
6.4 Particulate Aluminum in Biogenic Samples.
The concentration of Al was determined as an indicator of the presence and
significance of lithogenous particulate matter. Aluminum has both a terrigenous
and biogenic component and its bulk concentration varies by more than an order of
magnitude between different plankton samples. Results discussed in this section
will show that aluminosilicate contributions to the trace elements (other than Al
and Fe) in these plankton are insignificant. The experiments demonstrate the
presence of a chemically-resistant lithogenous Al and Fe carrier and a trace
fraction of Al that behaves similarly to several of the more labile trace elements. Variations in the concentration of refractory Al were consistent with
inferred variations in the input of lithogenic particles and with dilution and
scavenging of these inputs by biogenic materials in regions of high productivity.
6.4.1 Terrigenous sources of AI. The emphasis of this research was to study
the effects of biogenic particulate matter on trace element geochemistry.
The
sampling of surface particulate matter does not necessarily provide the pure
biogenic end-member, even in highly productive regions since there is usually
some admixture of terrigenous materials. Examination of the average composition
of the detrital fraction of pelagic clay (Table 18), taken as representing the
lithogenous end-member, shows a relatively high enrichment in several metals over
levels found in biogenic material. Since mixtures of biogenic and terrigenous
material are, at best, difficult to separate mechanically or chemically, every
attempt was made to sample biogenic material which was not significantly contaminated by lithogenous particles.
Sampling sites were chosen for their
distance from terrigenous sources and for their relatively high organic productivity.
The remoteness from land is not a sufficient criterion to establish the
absence of suspended aluminosilicates. Long-range transport of these materials
and their presence in the water column and sediments below remote mid-ocean areas
are well documented (FERGUSON and others, 1970; WINDOM, 1975; BREWER, NOZAKI,
SPENCER and FLEER, 1980; DUCE, UNNI, RAY and ARIMOTO, 1982). Estimates of the
terrigenous contribution to the trace element composition of these plankton

VI

TABLE 18.

"""

Element/AI Ratios

Tabulated for each sample are the total Al and the element/AI ratios in the bulk material as well as the maximum
contribution of a clay carrier to the total trace element in the sample assuming all the Al is present in clay.

Total Al
11m/gram

Sample

Detrital pelagic
clay (1)
Antarctic
plankton

Stn.M

3100

Fe/AI (xl)

Mn/ Al (xl 0 - 2 )

NiiAI (xl0- 2 )

Zn/AI (xl0- 2 )

.08

.09

.03

1.2

.22

Cui Al (xl 0 - 2 )

~
(")

0.39

.44

80

51%

0
r
r

0.1%

iii
;0

$»

::l

0-

~

Galapagos
plankton

Tow 1
Tow 3

9
7.8

.54
.36

40%
60%

1.7
1.2

70%
100%

2.2
1.7

1%
2%

1.7
2.2

5%
4%

13
27

0.6%
0.3%

tTl

0

::::
0
z
0

MANOP
C Tow
Tow 2
plankton
S

Tow 3
Tow 6

0.72
0.94
12.5
3.5

1.8
1.3
.59
.56

12%
17%
37%
39%

13
10
1.7
3.7

9%
12%

35
23

0.1 %
0.1 %

71%
32%

3.1
12

1.0%
0.3%

(1) KRISHNASWAMI (1976), TUREKIAN and WEDEPHOL (1961), CRONAN (1969).

17
18
2.3
4.3

0.5%
0.5%
4%
2%

140
68

0.1 %
0.1 %

11
36

0.7%
0.2%
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samples will be based on two properties of aluminosilicates found in the marine
environment: they are relatively constant in their composition and they are
generally resistant to chemical attack by acids (GOLDBERG and ARRHENIUS, 1958;
CHESTER and HUGHES, 1967).
The method most frequently used to identify terrigenous materials within a
complex matrix involves the assumption that one of the measured elements is
present only in the terrigenous component, and that all other terrigenous
elements are present in known proportions. The most frequently used indicator of
the terrigenous carrier phase is AI, but other elements, such as Sc, Ti, and
Th-232, have also been used. SPENCER and SACHS (1970) and PRICE and CALVERT
(1973) have shown, using this approach, that a silicate component becomes the
dominant part of the sampled particulate metals with increasing depth and
decreasing productivity in coastal marine environments.
BREWER and others,
(1980) have studied the chemistry of particulate fluxes into sediment traps in
the North Atlantic. The fluxes of Ti, K, V, La, Co, and Th-232 all correlate
with the flux of AI, and inter-element ratios are close to those in crustal
materials. The estimated terrigenous component accounts for 10 to 45% of the
total mass flux collected by the traps. It cannot, however, be simply assumed
that these elements are carried by terrigenous matter in all environments.
Depending on the relative importance of terrigenous sources and biological productivity, the dominant carrier for, and chemical behavior of an element in the
bulk suspended particles can change dramatically.
To estimate the maximum contribution of terrigenous trace elements to the
plankton composition, the metallAI ratios were calculated for each sample and
The lithogenous ratios
compared to lithogenous metallAI ratios (Table 18).
chosen were those of KRISHNASWAMI (1976); these are estimates of the detrital
fraction of pelagic clay and should represent the input composition of the
lithogenous component. The end-member model assumes that all Al in suspended
particles is lithogenous and that other terrigenous elements are present in known
proportions to AI. For each element, the maximum contribution of the model
terrigenous component to the total measured concentration is calculated. Only Fe
and Mn have concentrations in the plankton samples which could be significantly
accounted for by a lithogenous component. All of the other elements have concentrations which are at least 1 to 2 orders of magnitude in excess of that
predicted from the metal/AI ratio.
The acid leaching experiments performed on the Galapagos plankton tows (Fig.
7a, Table 19) showed that the relatively high concentration of Al in that sample
was resistant to acid leaching. In low-temperature, short-term acid leaching
experiments with sedimentary clay, it has been shown that most of the Al (>90%)
and a significant fraction of the Mn resist acid leaching by 0.5N HCI (CHESTER
and HUGHES, 1967; AGEMIAN and CHAU, 1976). Although the ratio of MnlAI in the
plankton is similar to that reported for lithogenous material, the labile
behavior of Mn during leaching is totally inconsistent with its presence in a
refractory silicate. From 40 to 60% of the total particulate Mn was always
released to the seawater and distilled water solutions, and most of the rest was
solubilized in 0.1N HCI. The absence of refractory Mn in the plankton conflicts
with the assumption that all of the Al is present in terrigenous material with a
known MnlAI ratio. There is an increasing body of data which questions the
refractory nature of the atmospheric input of Mn. Water column profiles of Mn
(KLINKHAMMER and BENDER, 1980; JONES and MURRAY, 1980; LANDING and BRULAND, 1980)
show a surface maximum in total Mn which is mostly accounted for in the dissolved
fraction. This requires some amount of dissolution of Mn from the atmospherically-transported particulate input. HODGE, JOHNSON and GOLDBERG (1978)
have shown that 50% of the Mn filtered from air samples at a coastal site was
solubilized when suspended in seawater even though the particulate matter possessed a crustal MnlAl ratio. Clearly, more work needs to be done on the nature
of the lithogenous particulate Mn inputs.
The labile behavior of Mn in
the olankton rules out its direct association with a refractory aluminosilicate.
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The slow solubilization of Fe from these samples by HNO. is consistent with
its presence within a silicate carrier.
Samples with high particulate Al
(Galapagos tows and MANOP S, Tow 3) also have high particulate iron although the
converse relationship is not always true.
The total Al concentration in surface particulate material has been shown to
co-vary with the inferred rate of atmospheric input of crustal material
(KRISHNASWAMI and SARIN, 1976, 1981; WALLACE, HOFFMAN and DUCE, 1977).
The
variations in Al concentrations seen in the plankton samples from this study are
consistent with this observation. In regions of high biological productivity,
the terrigenous component will be diluted by the biogenic particles and more
rapidly scavenged from the surface via incorporation in and settling of fecal
material and large organic aggregates (BISHOP, EDMOND, KETTEN, BACON and SILKER,
1977; HONJO, 1980). No direct measurements of clay deposition rates are available for any of the plankton sampling regions, so inferences must be drawn from
the meteorological, oceanographic, and sedimentary descriptions of the areas.
The Galapagos samples have
the
highest
Al
concentrations
and
were
collected relatively close to the American continent. This region has been shown
to have sediment compositions reflecting aeolian transport of quartz by the
south-east trades (MOLINA CRUZ and PRICE, 1975).
Excursions of equatorial
surface-water fronts, discussed by WYRTKI (1967), affect the organisms and flux
of particulate matter out of the surface (BISHOP and others, 1980). Changes were
noted in the weather and currents while on station at the Galapagos. There wasa
a significant intensification of winds and change in current direction between
Tow 1 and 3, which might account for compositional differences between the two
tows (Table 7).
TABLE 19.

Acid Leaching Series - Results for AI, Fe and Mn

Percentage of total particulate element released to each solution.
Sample

Galapagos
Tow 3

MANOP C
Tow 2
8-hour
exposure

Total Al

7.8
Il m/g r am

0.75
Ilm/gram

Element

Leaching solutions:
S.W.

Dist.
Water

Al

0.2%

0.2

Fe

5

Mn

HCI

HNO.

4

6

90

4

14

46

32

41

16

35

9

0

Al

5

2

40

34

19

Fe

3

10

7

48

32

Mn

9

54

29

7

Residual

The MANOP sites are significantly further away from land and the samples
show lower levels of particulate AI. Differences in the Al between the two MANOP
sites can be understood in terms of their relative productivity and the
trajectories and intensities of winds over them. The mean annual productivity at
site C is estimated to be on the order of 250 mg C/m2/day (KOBLENTZ-MISHKE and
others, 1970). At site S the estimate is less than 100 mg C/m2/day (EL-SAYED
and TAGUCHI, 1979) and may have been lower during sampling due to the annual
weakening of the front between the Countercurrent and the North Equatorial
Current. The surface water concentration of biogenic material was much higher at
site C than at S based on the plankton yield per unit towing time.

Trace element geochemistry of marine biogenic particulate matter

157

In June, when the samples were collected, the northeast trades at site S
were well developed and could carry dust from the arid regions of North America.
The southeast trades over site C were much weaker and have a much longer trajectory back to a terrigenous source. The winds over the two sites are normally
separated by the intertropical convergence zone
ITCZ, (WYRTKI and MEYERS,
1975). SILKER (1972) has shown that Be-7 concentrations in the Central
Pacific surface waters are more than an order of magnitude higher at looN than at
the equator. This is attributed to equatorial upwelling of older water and a
much higher aerosol washout at, and north of, the intertropical convergence zone.
These processes could further increase the relative concentration differences of
particulate Al at the two sites.
Site S lies at a latitude which experiences short-term and seasonal variations in surface currents and winds (HALPERN, 1979).
The front between the
Equatorial Countercurrent and the North Equatorial Current moves through this
zone as does the ITCZ (WYRTKI and MEYERS. 1975). Two tows collected at site S
showed significant differences in the total concentration of Al and Fe which
could be associated with variations in the atmospheric delivery of terrigenous
materials to the surface waters in this region. Tows 3 and 6, which contained 12
and 3 ~mol AI/gram, respectively, were separated by 6 days of high wind and
rain. possibly indicating the passage of a frontal system.
Surface hydrocasts
at the site indicated the presence of a very shallow layer of low oxygen water
at the end of the cruise that was not present at the beginning. This water mass
was probably of eastern Pacific origin as opposed to the more oxygenated waters
of western origin in the Countercurrent (TSUCHIYA, 1968).
All of these factors suggest that control of the concentration of refractory
particulate Al is a function of variations in atmospheric input of lithogenic
particulates and of the dilution and scavenging of these materials by biogenic
particles. These effects appear to be significant even in central Pacific
stations such as MANOP C and S. This result is consistent with the recent data
of DEUSER, BREWER, JICKELLS and COMNEAU (1983) suggesting that the amount of
aluminum found in surface water suspended particulate matter was related to
short-term variations in the input of aeolian materials. The vertical flux was
controlled by production of biogenic material which carried the terrigenous
material out of the surface ocean,
6.4.2 Non-terrigenous Particulate AI. Dissolved Al profiles of HYDES (1979)
display surface and bottom maxima with broad mid-depth minima.
Scavenging of
dissolved aluminum is indicated by curvature in the salinity - Al relationship
through a region of linear potential temperature - salinity relationship. It is
presumed that the surface maximum is supported by an atmospheric input of
lithogenous material. Significant dissolution of Al from these particles and the
formation of new particulate phases through scavenging are both processes which,
if quantitatively significant, violate the assumption that all of the particulate
Al is associated with refractory lithogenous material.
There is no evidence or reason to suppose that Al is not taken up or
scavenged by plankton. RILEY and ROTH (1971) were able to measure particulate Al
in plankton cultured in the laboratory where the only source of Al to the
cultures was a small level of dissolved contamination in the media. MARTIN and
KNAUER (1973) reported relatively large variations in the concentration of Al in
their Pacific plankton samples which were consistent with those determined in
this study. Significant fractions of the Al in their samples were leachable into
HN0 3 - es pecially from samples with low total Al concentrations.
Although their
hot-nitric reflux method would also have removed some of the Al from clays. their
results suggest that a component of the Al was carried in a more labile phase
than a silicate. The Al in the Galapagos plankton was resistant to chemical
leaching and was most likely present as a refractory aluminosilicate, The distilled water - acid leaching experiments on material from MANOP C (Fig, 7b,
Table 19) clearly show Al behavior Which is different than that expected from a

and J. EDMOND
terrigenous carrier. This sample contained a very low concentration of total AI,
40% of which was solubilized by the 8 hour-0.1N HCI suspension and another 30% by
the 16N HNO.. The absolute amounts of Al released by HCI from the Galapagos and
MANOP samples were essentially the same and probably represent a component of Al
taken up or scavenged by the organisms from Al dissolved in seawater.
Another possible biogenic carrier for Al is the siliceous tests of diatoms
and radiolarians. The proposed associations include adsorption (LEWIN, 1961;
HYDES, 1979) and actual incorporation within the opaline lattice
in solid
solution or as an authigenic phase (van BENNEKOM and van der GAAST, 1976).
To
test the importance of structural incorporation of Al in opal, the diatom samples
from Antarctic station M were analyzed (Table 15). The concentration of Al was
found to be very low (AI/Si = 3x10- S ) , as were the concentrations of Fe, Ba, and
Zn. Both the Al and the Fe were resistant to HCI leaching and the Fe/AI ratio
was 0.44 - only a factor of two above the lithogenous ratio. Even at these low
concentrations of AI. its association with opal cannot be clearly distinguished
from terrigenous material based on element ratios.
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6.4.3 Particulate Aluminum
Summary.
The aluminum in these plankton
samples demonstrated both a terrigenous and biogenic carrier.
The terrigenous
component varied as a function of the inferred rates of atmospheric input and of
the production of biogenic matter which dilutes and scavenges the lithogeous
material. This component was the major carrier of Al in most samples and may
have been a significant source for the particulate iron.
The terrigenous
material did not contribute significantly to the concentrations of other minor
elements studied. At low levels of total AI, a labile ("biogenic") fraction of
Al was seen in the leaching experiments. Although this fraction is usually a
small contributor to the total particulate AI, its autochthonous origin sugg8Sts
that it may be important to the cycle of dissolved Al in seawater.
7.

BIOGENIC PARTICULATE FLUXES

7.1 Models.
Marine geochemical cycles of the trace elements can be examined in terms of
box models describing exchanges between reservoirs which are assumed to be
homogeneous. The complexity of such models varies in proportion to the knowledge
we have of the distribution of chemical tracers in the system; of the rates of
inputs. outputs. and internal chemical processes; and of the movement of water
masses between the reservoirs by advection and diffusion.
The particulate fluxes driving the vertical segregation of elements involved
in the biogeochemical cycles of uptake and regeneration have been interpreted
with a simple two-box ocean model with surface and deep reservoirs (BROECKER.
1971). The deep circulation between the ocean basins (STOMMEL and ARONS. 1960;
REID and LYNN, 1971), coupled with the continuous production of organic matter in
the surface ocean. create significant horizontal enrichments of the nutrient
elements between the deep Atlantic, Indian, and Pacific oceans.
In spite of
this. a simple two-box model of the oceans will be used as a starting pOint in
the examination of the trace element geochemical cycles. The amount of data on
the distribution of these elements does not warrant any further complexity at
this time. The focus of this discussion will be to demonstrate the significance
of the biogenic flux of trace elements from the surface ocean based on the
plankton data. A simple two-box model is best suited to that goal.
Application of the model involves defining the dissolved distributions, the
mixing rates of water between the reservoirs, and the primary input or output
fluxes for the elements. The box model fluxes are then compared with biogenic
carrier fluxes and independent measurements of fluxes within and between the
reservoirs. A schematic representation of the box model used, and the appropriate mass-balance equations are given in Fig. 11. The terminology is baSically
the same as that of BROECKER (1971). A similar model was used by BENDER and
others (1977) to disccss the marine Mn balance.

Trace element geochemistry of marine biogenic particulate matter

159

Dissolved distributions.
The horizontal heterogeneity of the
deep-ocean
nutrient and trace elements must be considered when choosing an average
deep-reservoir composition. The concentrations in the deep northeast Pacific
are not representative of the average ocean and using these values for
biologically-cycled elements will overestimate the flux required to maintain
their deep enrichment. A volume-weighted factor of 1:4 will be used to average
deep Atlantic and Pacific+Indian deep-ocean concentrations (BROECKER and LI,
1970).
At all Pacific stations where plankton were collected, standard
hydrographic, nutrient, and trace element profiles of Cu, Ni, and Cd were
determined.
These are combined with GEOSECS profiles (BAINBRIDGE, 1981;
BROECKER, SPENCER and CRAIG, 1982) and with others from the literature, to give
estimates of the oceanic concentration of these elements in the surface and deep
reservoirs.
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DEEP OCEAN
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P
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I
-.v

VMC o
I
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Fig. 11. Two-reservoir box model (surface and deep ocean).
Symbols for the
model parameters are essentially the same as in BROECKER (1971): V
Cr'
C'
volume and concentration of an element in river water; A
atmospheric
input; CS ' CD dissolved concentrations in the surface and deep reservoirs;
VM - volume mixing rate between the surface and deep reservoirs; P
particulate matter flux out of the surface ocean; f fraction of particulate
matter preserved in sediments; - additional particulate matter flux due to
scavenging within the deep ocean; VH,C H volume and concentration of an
element in hydrothermal solutions.
The particulate matter flux (P) is
calculated by the mass balance of all other inputs and outputs to the
surface ocean reservoir.

Reservoir mixing rates. The volume rate of exchange between the deep and surface
reservoirs has generally been estimated using versions of a similar two-layer box
model applied to I~C distributions (BROECKER, GERARD, EWING and HEEZEN, 1960;
BROECKER and LI, 1970). The early models assumed that the I~C mixed into the
deep ocean was derived from the warm surface layer and was equilibrated with the
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atmosphere. The detailed data on the hydrography of the Atlantic, Antarctlc,
Indian and Pacific oceans obtained during the GEOSECS program, emphasize that
deep waters formed at high latitudes through the thermohaline circulation have
not equilibrated isotopically with atmospheric I'C0 2 (STUIVER, 1976).
Also,
these source waters are not completely depleted in the biologically cycled
elements to the degree seen in most of the surface ocean. Physical mixing parameters for simple box models based on different elements having a variety of
boundary conditions must, therefore, be used with caution. Water exchange rates
based on I'C will be used here as the best first-order estimates of mixing rates
between the surface and deep ocean. A I·C residence time of 930 years (BROECKER,
1979) and a mean deep-reservoir thickness of 3200 meters yield a mixing flux,
Vm, of 3.5 meters/year.
Primary inputs and outputs. We will consider rivers and atmospheric deposition
as the main primary inputs to the surface oceans. Hydrothermal circulation will
also be considered in a few cases where data is available but these fluxes act
directly on the deep reservoir. For most elements, rivers will be the only
important source. Estimation of the magnitude of all of these fluxes is extremely difficult and, in the case of many of the trace elements, is currently
impossible.
The flux of river water to the oceans, V , is taken to be 10.3 to 12.7
cm/year, distributed over the entire surface £rea of the oceans (BAUMGARTNER and
REICHEL, 1975; KORZUN, SOKOLOV, BUDYKO, VOSKRESENSKY, KALIMIN, KONOPLYANTSER,
KOROTKEVICH, KUZIN and LVOVICH, 1974). The composition of this flow, C, is
poorly known - its estimation involves extrapolation from very few data ofrquestionable coverage and quality (LIVINGSTONE, 1963; MARTIN and MAYBECK, 1979).
Problems include separation of particulate from dissolved materials, contamination of many of the trace elements, estimation of pre-anthropogenic levels, and
characterization of physical, chemical, and biological processes at
the
estuarine and coastal interface which affect the eventual transport of elements
into the open ocean. Therefore, the river flux, although the dominant input for
most elements, must be given carefully guarded weight in consideration of the
rest of the trace elemental cycles.
Atmospheric inputs of trace elements, A, are even more difficult to estimate
and relatively few attempts to do so have been published.
Most of the
higher-quality atmospheric particulate estimates have been made over the Atlantic
Ocean. These might be biased by the high density of land masses surrounding the
Atlantic, compared to that around the Pacific Ocean. Flux estimates used for
this model will generally be taken from WALLACE and others (1977) and BUAT-MENARD
and CHESSELET (1979). A new data set for atmospheric fluxes in the Pacific Ocean
will soon be available from the NSF-SEAR EX program. Some preliminary SEAREX data
from the North Pacific will also be used (DUCE and others, 1982). Estimates of
the percentage of the total input which is soluble in the surface reservoir will
be taken from leaching experiments published by HODGE and others (1978).
Hydrothermal inputs of minor elements, VhC b , will be based on data collected
at vents along the Galapagos and East Pacific Rlse spreading centers (EDMOND,
MEASURES, MCDUFF, CHAN, COLLIER, GRANT, GORDON and CORLISS, 1979; EDMOND, VON
DAMM, MCDUFF and MEASURES, 1982). A great deal of uncertainty exists in the
extrapolation of the minor element fluxes from these systems due to the effects
of the subsurface mixing on the removal of high-temperature mobilized elements to
secondary precipitates (EDMOND, MEASURES, MANGUM, GRANT, SCLATER, COLLIER,
HUDSON, GORDON and CORLISS, 1979). The global Significance of this source (sink)
of elements in the deep ocean reservoir remains uncertain. But this uncertainty
does not directly affect the estimation of the surface particulate flux.
The major output for elements considered in the model is through their
burial in the sediments. The global inventory of the composition and accumulation rate of sediments is not well known and the separation of the various
genetic sources of the bulk material is very difficult (GOLDBERG and ARRHENIUS,
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1958; PRICE and CALVERT, 1970; KRISHNASWAMI, 1976; HEATH and DYMOND, 1977). One
of the major motivations in this study of the biogenic trace element cycles is
to independently establish the nature and magnitude of the biogenic inputs to
the sediments, so other inputs such as hydrothermal and authigenic precipitates
can be resolved (DYMOND, 1981).
Internal Fluxes. Several other estimates of chemical fluxes within the marine
system can be used in comparison to the predicted box model fluxes.
We will
introduce a "carrier model" to estimate biogenic trace element fluxes based on
plankton compositions and independent estimates for the flux of biogenic materials. The relative magnitude of primary production can be estimated and global
inventories of carbon fixation rates have been published (KOBLENTZ-MISHKE and
others, 1970; PLATT and SUBBA RAO, 1973). These will be used to make firstorder estimates of the total production of biogenic particulate carriers.
The
marine productivity estimates generally range between 550 and 650
~mol
C/cm2/year averaged over the area of the oceans (3.62 x 10 18 cm 2 ). It has been
recognized that the mixing-flux of dissolved N0 3 from the deep ocean accounts for
only 20-25% of the total amount of N fixed into particles (EPPLY and PETERSON,
1979). The balance is made up with recycled organic-N and NH3 released directly
from the plankton and by rapid heterotrophic activity within the surface reservoir. Assuming a C:N ratio of 6.6, the primary N0 3 flux yields an estimate of
"new production" which is approximately 110 ~mol C/cm2/year.
Trace elements
which are rapidly recycled with P and N in the surface layer (Cd, Ni, Mn) should
be transported out of the mixed layer in proportion to this "new productivity"
flux. Elements which are fixed into biogenic particles but are not regenerated
during this cyclic process (Cu, Zn, Ba, Fe) could be enriched in the resulting
particles such that their flux is proportional to the total productivity estimate.
The variation of the elemental ratios in the settling particulate matter,
due to differences in the extent of surface recycling of nutrients, has been
described in section 4.1 by an enrichment parameter, 8. This parameter will be
taken as a first-order estimate of the ratio of total/new production for each
element. The plankton collected for these experiments were composed of a mixture
of phytoplankton and zooplankton and can not represent the "true" primary
producer's composition. However, the experimental parameter 8 was derived from
these bulk samples - which must represent some intermediate composition between
the produced and settling end-members. Therefore, the use of this parameter is
still consistent with the recycling model. An outline of the carrier model is
given in Figure 12.
Because of the definition of the homogeneous reservoirs, box models can not
distinguish between chemical processes occurring throughout the whole reservoir
and those concentrated at a boundary. This has been a serious problem in considering the sites of regeneration of the biogenic particulate matter - the deep
water column or the surface sediments (EDMOND, 1974). When available, several
different independent data and models will be considered to address this specific question. These are: one-dimensional advection-diffusion models of the
distribution of dissolved tracers in applicable sections of the deep ocean;
comparisons of suspended and settling particulate material with surface sediment
accumulations; and fluxes from the sediments based on dissolved distributions in
pore waters.
7.2 Major component elements of the biogenic carriers.
The cycles of biogenic particulate material will be traced through the
elemental cycles of some of its major components: organic carbon, phosphorus,
calcium carbonate, and opal. The box model will first be applied to these major
particulate elements and their dissolved remineralization products. The carrier
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These
fluxes derived from the model are compared with independent estimates.
fluxes will then be used with the trace element carrier ratios deduced from the
leaching experiments to estimate trace element fluxes.
Unless otherwise noted, the river input data in the following sections are
calculated from KORZUN and others (1973), LIVINGSTONE (1963) and MARTIN and
MAYBECK (1979). Hydrothermal inputs were estimated from EDMOND and others
(1979b,c; 1982). Dissolved distributions were taken from hydrographic data
reports of the GEOSECS expedition (BAINBRIDGE, 1981; BROECKER and others, 1982).
CARRIER MODEL

TOTAL PHOSPHORUS FIXED

METALIP RATIO

IN SURFACE OCEAN

(MEASURED

m PLANKTON)

xp

RELATI VE METALIP
RECVC LING FACTOR

---------

-------------THERMOCLlNE----

--------- ---------

'NEW PRODUCTION'

NET PARTICULATE

x

P FLUX

METALIP (BULK)

X

P

X NET P FLUX

METALIP RATIO

METAL FLUX

IN SETTLING PARTICLES

ESTIMATE

= METAL FLUX

Fig. 12. Outline of the "carrier model". Metal flux estimates are based
on independent phosphorus flux estimates, the metal/P ratio in the
surface plankton, and an estimate (6 - derived from the seawater
release experiments) of the relative efficiency of recycling of P
vs. the metal from the plankton within the surface ocean.

Organic carbon. Estimates of total primary production in the oceans average near
550 ~mol C/cm2/year (KOBLENTZ-MISHKE and others, 1970; PLATT and SUBBA RAO,
1973). Values in different environments range by at least an order of magnitude.
The "new production" estimate of EPPLY and PETERSON (1979) is 20-25% of the total
- approximately 100 ~mol C/cm2/year. The box model estimates for organic carbon
flux can be developed based on changes in the total dissolved CO 2 concentration
between the surface and deep reservoirs and are summarized in Table 20. The box
model suggests a carbon flux of approximately 100 ~mol C/cm2/year which is in
good agreement wi th the "new production" model. The bur ial flux of this carbon
is only 1-2% of the surface particulate flux and less than 0.5% of the total
primary production (HEATH, MOORE and DAUPHIN, 1977). Sediment trap collections
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Organic Carbon Cycle

- Primary input fluxes:
Rivers (C r ) and Atmosphere (A) - Concentration unknown but low compared
to marine primary production (DeVOOYS, 1979).
- Distribution of EC0 2(1):
Surface

Cs

~mol/cm3

2.02

Deep Atlantic - 2.18
Pacific - 2.43
75-85% of change in EC0 2 is from oxidation of organic carbon:(2)
AECO. (oxidative)

(0.75 to 0.85) x (2.38 - 2.02)
0.26 to 0.31

~mol/cm3

- Box model for surface particulate flux:
P

(from figure IV-3)

Pc

(350 cm/year) x (0.26 to 0.30

~mol/cm3)

org
=

91 to 109

~mol

C/cm2/yr

- Independent estimates:
Primary production - Total production: 550 to 650 ~mol/cm2/yr(3)
"New production": 95 to 125 ~mol/cm2/yr(4)
(1) TAKAHASHI et al. (1980)
(2) KROOPNICK (1974), LI et al. (1969)
(3) KOBLENTZ-MISHKE et al. (1970), PLATT and SUBBA RAO (1973)
(4) EPPLY and PETERSON (1979)

also indicate that >95% of the "new production" is remineralized before reaching
the sediments (KNAUER and others, 1979; COBLER and DYMOND, 1980; HONJO, MANGANINI
and COLE, 1982; FISCHER, DYMOND, MOSER, MURRAY and MATHERNE, 1983).
Phosphorus. Fluxes of P predicted by the box model are given in Table 21.
The
flux out of the surface reservoir is calculated to 0.8 to 0.9 umol P/cm 2 /year.
Using a ratio of C:P of 106:1 combined with the total and "new" productivity
estimates suggests total and "new" P fluxes of 5.7 and 1.0 ~mol/cm2/year, respectively. Suspended particulate samples and sediment trap samples demonstrate
a significant loss of P relative to C as particles settle out of the
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Phosphorus Cycle

- Primary input fluxes:
1.0 nmollcm·(l)
10 to 13 nmol P/cm 2/yr.

- Distribution of dissolved PO.:
Surface

.05 nmol/cm'

C

s

Deep Atlantic - 1.4
2.5 nmol/cm'

Pacific - 2.8
- Box model for surface particulate flux:
Pp

(350 cm/yr) x (2.5 - .05 nmol/cm')
0.87

~mol

+

13

P/cm 2/yr.

- Independent estimates:
Primary production Total organic C production x Redfield ratio (1:106)
$

from "new production"

5.7

~mol

P/cm 2 /yr.

1.0

~mol

P/cm 2 /yr.

(1) FROELICH (1979)

surface layer - with C/P ratios in large particles climbing above 800 (KNAUER and
others, 1979; BISHOP and others, 1980; KNAUER and MARTIN, 1981). The dissolved
distribution of P, and its sediment and porewater inventories (FROELICH, 1979;
EMERSON, JAHNKE, BENDER, FROELICH, KLINKHAMMER, BOWSER and SETLOCK, 1980)
demonstrate that most of the particulate P is remineralized above 1500 m and very
little survives transit to the sediments.
Because P was determined in all of the plankton samples and leaches, it will
be used (as opposed to organic carbon or nitrogen) to represent the organic
carrier in trace element flux calculations.
Calcium Carbonate. The distribution and fluxes of CaCO. in terms of the box
model are outlined in Table 22. Even for the major element, Ca, the primary
river and hydrothermal fluxes are uncertain by at least ± 30%. However, as in
the case of P, the cyclic flux required to maintain even the slight deep enrichment of Ga is much larger than any primary inputs to the surface ocean. The box
model predicts that this flux should range between 26 and 40 ~mol Ca/cm2/year.
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TABLE 22.

Calcium Carbonate Cycle

- Primary input fluxes:
~mol

Ca/cm 2 /yr.

Rivers (CrV r )

4.7

Hydrothermal (ChV h )

0.6 to 1.1

~mol

Ca/cm 2 /yr.

- Distribution of normalized Ca:(1)
Cd - Cs

=

.06 to .10

~mol

Ca/cm 3

- Box model for surface particulate flux:
PCa

(350 cm/yr) x (.06 to .10
26 to 40

~mol

~mol/cm3) +

4.7

~mol/cm2/yr.

Ca/cm 2 /yr.

- Independent estimates:
Primary production: (neglects foraminifera)
assuming CalC
Total production - 180 to 215
"new" production - 33

~mol

=

0.33(2)
~mol

Ca/cm 2/yr.

Ca/cm2/yr.

(1) HORIBE et al. (1974); SHILLER and GIESKES (1980); CHEN

~

al. (1982)

(2) LISITZIN (1972)
The relatively large error has its source in the high variability of the surface
water concentration of salinity-normalized Ca compared to the small magnitude of
(Cd-C a ) (HORIBE, ENDO and TSUBOTA, 1974; BREWER, WONG, BACON and SPENCER, 1975;
SHILL~R and GIESKES, 1980; CHEN, PYTKOWICZ and
OLSON, 1982).
A total CaC0 3
production of 200 ~mol Ca/cm 2 /year is estimated based on the total primary production of 550-650 ~mol C/cm 2 /year with a mean
CalC
ratio
of
0.33
(LISITZIN, 1972). The same estimate, based on the "new production" of carbon (33
~mol Ca/cm 2 /year), is in agreement with the box model prediction.
However, the
degree to which CaC0 3 is produced and regenerated 1n parallel to the total primary production of organic carbon is unknown. HONJO (1980) and HONJO and others
(1982) have reported that material collected in
sediment
traps
shows
little sign of dissolution within the water column - even in the highly corrosive
deep Pacific; however, the measured CaC0 3 flux in these and other Pacific traps
(FISCHER, 1983) are a factor of 2 to 5 below the estimated surface production.
Advection-diffusion models of alkalinity profiles indicate highly variable
remineralization within the water column and do not constrain the site of disso-
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lution (EDMOND, 1974). A significant decrease in CaC0 3 flux occurs between the
deep traps and bottom accumulations at the Galapagos and MANOP sites (COBLER
and DYMOND, 1980; FISCHER, 1983) demonstrating the importance of dissolution of
CaC0 3 at the sediment interface.
Opal. The geochemical box model of biogenic Si is outlined in Table 23.
The
input fluxes (2.3-2.5 ~mol/cm2/year) are again a small fraction of the total
particulate flux (43-47 ~mol/cm2/year) needed to drive the deep-water enrichment.
The particulate Si formed can be estimated using the primary production and Si/C
ratio of 0.42 (LISITZIN, 1972). The total production of Si is 250 ~mol/cm2/year
and the "new production" equivalent is 42 ~mol/cm2/year.
Again, this assumes
that this bulk ratio can be directly applied to both total and "net" production.
The new production estimate is closer to that predicted by the other models and
suggests that a large fraction of the Si uptake by organisms is recycled in the
surface ocean. NELSON and GORDON (1982) demonstrated that an average of 32%
(range 18-58%) of the particulate Si produced in the photic zone of the Southern
Pacific - Antarctic dissolves in situ.
TABLE 23.

Biogenic Silica Cycle

- Primary input fluxes:
Rivers(l)

(CrV r )

Hydrothermal (ChV h )

1.5 to 2.3
0.8

~mol

Si/cm 2/yr.

~mol

Si/cm 2/yr.

- Distribution of dissolved Si:
Surface

C

s

1 nmol/cm 3

Deep Atlantic - 30
126

Pacific

nmol/cm 3

-150

- Box model for surface particulate flux:

(350 cm/yr) x 126 nmol/cm 3
46

~mol

Si/cm 2/yr.

- Independent estimates:
Primary production - (neglects radiolarians)
assume Si/C

=

0.4(2)

Total production - 250
"new" production - 42
(1) DEMASTER (1981)
(2) LISITZIN (1972)

~mol

~mol

Si/cm 2 /yr.
Si/cm 2 /yr.
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Sediment traps reflect the variability of surface production and significant
remineralization in the water column. Traps deployed in the low and mid latitudes of the Atlantic and Pacific collect less than 25% of the box model value
and most frequently collect between 1 and 5 ~mol Si/cm 2 /year (HONJO and others,
1982; FISHER and others, 1983; FISCHER, 1983).
However, the Antarctic highproductivity regions dominate the global production and sedimentation of biogenous silica (LISITZIN, 1972; DEMASTER, 1981) and recent sediment trap data of
WEFER, SUESS, BALZER, LIEBEZEIT, MULLER, UNGERER and ZENK (1982) in the Drake
Passage show Si fluxes of 200 ~mol Si/cm 2 /year and an estimated surface production of 600 ~mol Si/cm 2 /year. This extreme range in fluxes demonstrates the
inadequacy of a simple vertical box model in accounting for some of the important variations in production of biogenic particulate matter in different environments.
Dissolution of biogenic Si at the sediment-seawater interface can be seen by
significant differences between deep trap and surface sediment accumulations.
This is also consistent with estimated porewater fluxes of between 1 and 10
~mollcm2/year
(HURD,
1973;
SCHINK,
GUINASSO
and
FANNING,
1975).
Advection-diffusion models for the Pacific generally predict in situ remineralization between 10 and 20 ~mol/cm2/year.
The quality of the
fits
is
poor and the validity of the one-dimensional model applied to Si distributions is
questionable since strong horizontal gradients exist in the north Pacific,
apparently driven by the bottom dissolution flux (EDMOND, JACOBS, GORDON, MANTYLA
and WEISS, 1979).

7.3 Biogenic fluxes of trace elements.
In the previous section we have developed several models for the flux of
major biogenic particulate materials out of the surface ocean. The two-box model
for the dissolved distribution of elements was shown to be consistent with independent estimates of the flux of
these
materials
based
on
primary
productivity. These major component or "carrier" fluxes will now be coupled with
the trace element composition of the plankton to predict fluxes of the minor
elements. These will be compared to fluxes predicted with the box model using
the dissolved distributions of trace elements to examine the role of biogenic
particles in the specific trace element cycles.
Cadmium. A summary of the distribution and fluxes of Cd estimated from various
sources is presented in Table 24. In describing this cycle, we encounter a
difficulty common to all of the trace elements - the nature and magnitude of the
primary inputs are poorly known. Both the river and atmospheric data are based
on very few quality measurements and will no doubt undergo significant refinement
as more data become available.
The distribution of dissolved Cd in the Pacific is relatively well known
(BOYLE, SCLATER and EDMOND, 1976; BRULAND, KNAUER and MARTIN, 1978; BRULAND,
1980; BOYLE and others, 1981). The Atlantic value is taken from BENDER and
GAGNER (1976) and from a preliminary profile from GEOSECS station 54, analysed by
F. SCLATER at Massachusetts Institute of Technology.
The magnitudes of the various components of the total particulate Cd flux
demonstrate that, as in the case of P, the cyclic component completely dominates
the total flux. The product of the Cd/P ratio in plankton and the box model flux
of P predicts a Cd flux which is too high compared with the flux calculated using
the box model for dissolved Cd. A fraction of the total Cd measured in the
plankton samples must be recycled more rapidly than P, such that the elemental
ratio of the particulate flux into the deep box is lower by a factor of~.
To
balance the box-model Cd flux with the C:P carrier flux requires a value of ~
between 0.5 and 0.9. KNAUER and MARTIN (1981) presented sediment trap data from
the Northeast Pacific which clearly demonstrate the labile behavior of Cd and P
in settling particles. At all depths in their profile, the Cd/P ratio in the
labile solution fraction was always greater than the bulk sample. In agreement
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Cadmium Cycle

- Primary input fluxes:
Rivers(1) -

Cr - 0.2 pmol/cm 3
CrV r - 0.002 nmol/cm2/yr.

Atmospheric(2) - A

.004 to .017 nmol/cm2/yr.

=

- Distribution of dissolved Cd(3):
Surface

C

s

0.01 pmol/cm 3

Deep Atlantic - 0.35
0.9 pmol/ cm 3
Pacific

- 1.0

- Box model for surface particulate flux:
PCd

(350 cm/yr) x (0.9 pmol/cm 3 )

+

«0.02 nmol/cm 2/yr)

0.34 nmol Cd/cm2/yr.
- Independent estimates:
Using carrier ratios Total organic matter as P flux (0.87

~mol/cm2/yr);

plankton Cd/P ratios - 0.4-0.7 x 10- 3 :
Cd flux
to balance deep enrichment requires 8
CaC0 3 (30

~mol

0.35-0.61 nmol/cm 2/yr
0.5-0.9

Ca/cm2/yr);

ratio of Cd/Ca in forams - .025 x 10- 6 :
Carbonate carrier flux < .001 nmol Cd/cm2/yr.
Sediment traps California Current(4)

Depth
35m

Particulate
0.6 nmol/cm2/yr.

1500m

0.05

Eastern Tropical N. Pacific(5J
MANOP Site M
Site H

0.01 - 0.03 nmol/cm 2/yr.
0.02 - 0.04

Total

8

4

0.4

0.3

0.7
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TABLE 24. (continued)
Advection-diffusion models of deep Cd distribution regeneration of 0.02-0.05 nmol Cd/cm 2 /yr.
Sediment accumulation,(5) MANOP sites M and H - 0.0006 nmol Cd/cm 2 yr.
(1) Based on averages for Mississippi, Amazon, Yangtze and Orinoco Rivers,
GRANT ~ al. (1982); BOYLE et al. (1982); SHILLER ~ al. (1982)
(2) Atlantic, WALLACE

~

al. (1977); Pacific, DUCE et al. (1982)

(3) BOYLE et al. (1976); BENDER and GAGNER (1976); BRULAND (1980); BOYLE et al.
(198'-) (4) KNAUER and MARTIN (1981)
(5) FISCHER (1983)

with the box-model, these data suggest a value of 6 ranging between O.~ at 35
meters to 0.7 at 1500 meters. The bulk plankton compositions and the model for
the evolution of surface water depletions of Cd, presented earlier, both suggest
that the particulate Cd in surface plankton samples must be regenerated "faster"
than the phosphorus.
The residual particulate flux of Cd (not including the trap solubilized
fraction) to sediment traps deployed below 1000 m in the North Pacific ranges
between 0.01 and 0.05 nmol/cm 2 /year - less than 10% of the estimated surface
flux (KNAUER and MARTIN, 1981; FISCHER and DYMOND, unpublished). The preservation of Cd in the sediments of the eastern tropical North Pacific is approximately 0.0006 nmol/cm 2 /year (FISCHER and DYMOND, unpublished) roughly equivalent to the estimated river flux. The Cd/P ratio in these sediments is less
than 0.1 x 10- 3 demonstrating that the diagenesis of the residual fractions of
Cd and P is quite different when compared to the upper-ocean cyclic components.
Nickel. The box model geochemical cycle and carrier fluxes for Ni are outlined
in Table 25. Again, the river input estimates are limited and the atmospheric
value is derived from the Atlantic stations of WALLACE and others (1977). EDMOND
and others (1979c) have shown that hydrothermal circulation can act as a source
or sink for Ni and other sulfide-forming transition elements.
-- The box model calculations predict that approximately 90-95% of the total
particulate Ni leaving the surface is regenerated. An inventory of the carrier
fluxes demonstrates that Ni fluxes in CaC0 3 and opal are insignificant.
The
organic flux represented by the bulk plankton Ni/P ratio and the total P flux is
too low to account for the deep-water enrichment. Using a value of 2.5 for 6,
derived from the leaching experiments, brings the total estimated carrier flux in
closer agreement with the box model value. The Ni/P ratio in the material settling into the deep ocean must be higher than the measured plankton values by a
factor of 2-4. Water column profiles of Ni do show a component of shallow regeneration like P, but the surface reservoir r'ecycling must' be significantly
less than that for P.
The site of regeneration of the Ni flux to the deep ocean can be examined
from several independent estimates. The water column profiles and rapid release
of Ni with P in the leaching experiments suggest that Ni begins to be regenerated
calculated for much of the deep reservoir by the application of advection-dlffu-
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Nickel Cycle

- Primary input fluxes:
Rivers(l)

- C

5 pmol/cm 3

VrC r

0.06 nmol/cm 2/yr.

r

Atmospheric(2)

0.04 nmol/cm 2 /yr.

- A

(40% soluble)
- Distribution of dissolved Ni(3):
Surface

Cs

=

2 pmol/cm 3

Deep Atlantic - 7
9 pmol/cm 3
Pacific

-10

- Box model for surface particulate flux:
PNi

(350 cm/yr) x (9 - 2 pmol/cm 3 ) + 0.1 nmol/cm 2/yr.

2.6 nmol/cm2/yr.
- Independent flux estimates:
Using carrier ratios Total organic matter as P flux (0.87

~mol

P/cm 2 /yr);

plankton Ni/P ratio - 0.6-1.1 x 10- 3 :

for S
CaCO. (30

=

Ni flux

0.5-1.0 nmol Ni/cm2/yr.

2.4, Ni flux

1.2-2.3 nmol Ni/cm2/yr.

~mol

Ca/cm 2 /yr);

Ni/Ca ratio in forams - 0.4 x 10- 6 :
Carbonate carrier flux
Opal (45

~mol

0.01 nmol Ni/cm2/yr

Si/cm 2/yr);

Ni/Si ratio (unwashed diatoms) - 1.3 x 10- 6 :
Sediment traps(4)Tropical North Pacific 0.3 - 2 nmol/cm2/yr.
Regeneration (advection-diffusion modeled) in the deep Pacific:
0.6 nmol/cm 2/yr.
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TABLE 25. (continued)
Porewater fluxes(5) into the deep Pacific:

< 0.04 nmol/cm 2 /yr.
Sediment accumulation(4)Eastern tropical north Pacific: 1.0-1.4 nmol/cm 2 /yr.
(1) SCLATER

~

al. (1976); GRANT et al. (1982); SHILLER et al. (1982)

(2) Atlantic, WALLACE
(3)

~

al. (1977)

SCLATER et al. (1976); BRULAND (1980); BOYLE et al. (1981)

(4) FISCHER (1983)
(5) KLINKHAMMER (1980)

sion models ranges from 10 to 50% of the total surface flux. The estimated pore
water flux is less than 5% of the surface flux (KLINKHAMMER, 1980) so the balance
requires that 50-95% of the surface flux must be regenerated above 1500 meters.
Copper. An outline of the biogeochemical cycle of copper is given in Table 26.
Again, the primary input estimates are based on very few data, but these suggest
that the river input is the major source with atmospheric inputs of less than or
equal to one-half of the river flux. Again, the significance of hydrothermal
activity 1s unknown (EDMOND and others, 1979c).
The surface water distribution of Cu generally shows increases of Cu near
the continents (BOYLE and others, 1981; BRULAND, 1980). A lack of covariation
with 210Pb (BRULAND, 1980) suggests that this increase in Cu is not from direct
atmospheric input, and BOYLE and others (1981) have suggested an input from
shelf sediments at the continental margins. The deepwater concentration of Cu
(BOYLE and others, 1977; BRULAND, 1980) generally increases into the bottom and
demonstrates scavenging by particulate matter throughout the water column. This
requires that the site of regeneration of eu accounting for its general deep
enrichment must occur near or within the sediment water interface.
The complexity of the distribution and inputs of Cu in the ocean are
especially difficult to include within the simple two-box model. However, Cu is
depleted in surface water with respect to its deep water concentration, demo~
strating that biogenic particulate matter is a carrier of a significant Cu flux.
The box model requires a particulate flux of 1.2 to 1.6 nmol Cu/cm2/year to
balance the upward mixing of regenerated Cu.
Estimates of this flux, based on the carrier model are given in Table 26.
The leaching experiments demonstrated the unique behavior of Cu as compared to
several other regenerated trace elements. The association of Cu with the particulate organic matter was very strong such that relatively little of it was
released along with P. The expected enrichment (s) of Cu with respect to P in
the remaining (settling) particles was calculated to be 3.4. When applying this
factor to the total organic matter flux we predict a net Cu flux equivalent to
the box model result. The significance of CaC0 3 as a carrier is very small and
opal may carry about 10% of the flux.
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Copper Cycle

- Primary input fluxes:
Rivers(l) - C

23 pmol/cm'

r

0.3 nmol/cm 2/yr.
Atmospheric - A: Atlantic(2)
Pacific(3)

0.15 nmol/cm 2/yr.
.01 nmol/cm 2/yr.

- Distribution of dissolved Cu(4):
Surface

Cs

=

1-1.5 pmol/cm'

Deep Atlantic - 2

4.0 pmol/cm'
Pacific - 4-5
- Box model for surface particulate flux:
PCu

(350 cm/yr) x (2.7 pmol/cm')

0.4 nmol/cm 2/yr.

+

1.2 to 1.5 nmol Cu/cm 2/yr.
- Independent estimates:
Using carrier ratios Total organic matter as P flux (0.87

~mol/cm2/yr);

plankton Cu/P ratio - 0.5-0.6 x 10-':

0.44-0.52 nmol/cm 2/yr.

Cu flux
with 8
CaCO, (30

=

1.5-1.8 nmol Cu/cm 2/yr.

3.4, Cu flux

~mol

Ca/cm 2/yr);

ratio of Cu/Ca in forams - 0.3 x 10-":
Carbonate carrier flux
Opal (45

~mol

=

0.01 nmol Cu/cm 2/yr.

Si/cm 2 /yr);

ratio of Cu/Si in unwashed diatoms - 3.8 x 10-":
Opal carrier flux

=

0.17 nmol Cu/cm 2 /yr.

Sediment Traps(5)Eastern Tropical Pacific, flux through 500m: 0.3-0.5 nmol/cm 2/yr
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TABLE 26. (continued)
Scavenging Fluxes estimated from advection-diffusion models:
Pacific stations range from 0.3 to 1.7 nmol/cm2/yr.
Porewater Fluxes(6)MANOP M,H,S - 1-2 nmol/cm2/yr.
MANOP C - 6 nmol/cm2/yr.
(1) GRANT

~

(2) WALLACE

al. (1982); BOYLE et al. (1982); SHILLER et al. (1982)

~

al. (1977)

(3) Estimated based on DUCE et al. (1982)
(4) BOYLE et al. (1977); MOORE (1978); MANGUM and EDMOND (1979); BRULAND
(1980);
BOYLE

~

al. (1981)

(5) FISCHER (1983)
(6) KLINKHAMMER (1980) personal communication
The flux of Cu through 500 m into sediment traps in the tropical Pacific
ranges between 3 and 5 times less than the box and carrier model estimates but
there is still very little data available (FISCHER and DYMOND, unpublished). The
increase in Cu flux due to scavenging throughout the deep water column accounts
for an additional 1 nmol/cm 2/year. The flux of Cu back into bottom water from
the sediments has been estimated by KLINKHAMMER (1980) based on pore water gradients and it is roughly equivalent to the surface flux estimate (see Table
26).
Two components of the Cu cycle are of particular interest based on the
results of this work - the deep scavenging rate and the preservation of the Cu
particulate carrier in the sediments. This element is one of the better-studied
trace metals in the oceans and very high quality data are available on its distribution, especially in the North Pacific (BOYLE and others, 1977; MANGUM and
EDMOND, 1979; BRULAND, 1980; BOYLE and others, 1981).
The application of
steady-state, one-dimensional (vertical) advection-diffusion models to these
profiles demonstrates systematic differences of scavenging rate which vary by a
factor of 5. It was shown in the plankton leaching experiments that the
association of Cu with the particulate organic matter is very strong - even after
the release of the other metals (Cd, Ni and Mn) is complete.
BALISTRIERI and
others (1981) have suggested, based on equilibrium models, that the scavenging
(adsorption) properties of settling particles in the ocean are controlled by
organic surfaces. The net scavenging flux of Cu should, therefore, be related to
the flux of these particles through the water column. DUESER and ROSS (1980) and
FISCHER and others (1983) have demonstrated variations in particulate organic
carbon fluxes throughout the water column which are very tightly coupled to the
primary productivity. Since we believe this material is the main scavenger, then
the removal of Cu from the water column should vary with the mean regional productivity. In Figure 13, estimates of surface production are compared with the
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values of J/w (the scavenging rate normalized to the net upwelling rate) derived
from the dissolved eu profiles. Assuming that w does not vary widely (approximately 3.5 meters/year), there is a striking correlation between the scavenging
rate
and
production
(and
therefore
flux)
of
organic
particulate
matter. Due to the magnitude of the uncertainties involved in these productivity
data (PETERSON, 1980) and one-dimensional models (FIADERO and CRAIG, 1978;
TOGGWEILER, 1983), it is impossible at this point to further quantify this relationship. However, this result emphasizes the importance of the areas of high
productivity in driving much of the total vertical transport of elements in the
oceans. This is caused by the combination of the rapid vertical mixing of
nutrients which sustain the high rates of net particulate production, the rapid
settling of the original organic carriers, and the increased scavenging of
specific elements throughout the water column by these particles .
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Fig. 13. Estimates of the primary production of carbon in the surface ocean
(I'C-uptake) vs. the relative scavenging rate of Cu in the deep ocean.
Scavenging rates (normalized to the vertical advection parameter, w) were
derived by multiple linear regression
of
a
steady-state
vertical
advection-diffusion model on dissolved Cu, depth, and temperature within the
linear T-S region (BOYLE and others, 1977).
Dissolved distributions from
the North Pacific include: GEOSECS data [numbered stations
BOYLE and
others (1977)J; MANOP data [C,S,R - MANGUM and EDMOND (1979)J; H77 - BRULAND
(1980). Scavenging rate at E (North Atlantic) was estimated from sediment
trap data (BREWER and others, 1980).
Primary productivity estimates are
from: KOBLENTZ-MISHKE and others (1970), BOGOROV (1968), EL SAYED and
TAGUCHI (1979), MOORE and others (1973), BEERS and others (1968), McCOY and
GOERING (1975), LOVE and ALLEN (1974).
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The deepwater distribution of dissolved Cu requires that it must be
regenerated at or near the sediments (BOYLE and others, 1977) and the porewater
distributions (KLINKHAMMER, 1980) suggest a significant flux of Cu out of the
sediments. The eventual preservation of Cu in the sediments is dependent on a
variety of complex diagenetic processes. Many authors have noted a general
correlation of Cu with carbonate-rich sediments (ARRHENIUS, 1963; TUREKIAN and
IMBRIE, 1966; BURNETT, 1971). However, it has been demonstrated here and elsewhere (HARTMANN, MULLER, SUESS and VAN DER WEIJDEN, 1976; BOYLE, 1981) that the
pure biogenic calcium carbonate phase is not the carrier of the Cu flux to the
sediments. The highest porewater flux measured in the North Pacific (see Table
IV-12) is at MANOP Site C - a carbonate sediment (KLINKHAMMER, unpublished).
Several diagenetic processes can be hypothesized which explain many of these
observations.
There is a correlation between the accumulation of organic carbon in sediments and the bulk sedimentation rate (MUELLER and SUESS, 1979). The burial of
organic matter in rapidly accumulating carbonate sediments is a good example of
this relationship. The critical Cu-organic carrieres) might similarly become
buried (mixed) deeper into the sediment column. In other, more slowly accumulating pelagic sediments, the Cu-organic association is probably destroyed
during its relatively long residence time at the sediment water interface within
the "benthic transition layer" (HONJO and others, 1982). DecompOSition of this
carrier does eventually occur, as evidenced by both the porewater distributions
and the lack of direct correlation of Cu and organic carbon in these sediments
(HARTMANN and others, 1976). Therefore, other diagenetiC phases must exist for
Cu in the carbonate sediments to preserve a fraction of that released from its
organic carrier. A variety of such phases are possible including apatite
(KRAUSKOPF, 1956; HARTMANN and others, 1976), manganese carbonates (PEDERSEN and
PRICE, 1982), and hydrous metal-oxide overgrowths (BOYLE, 1981).
The complexity of the Cu sedimentary cycle is probably related to and at
least as complicated as that controlling CaC0 3 preservation (EMERSON and BENDER,
1981). However, since we have not identified the specific Cu-organic carrier or
its diagenetic behavior, we cannot yet constrain these hypotheses. The plankton
composition and leaching experiment reported here serve to emphasize the importance of the Cu-organic carrier in these sedimentary processes.
Manganese. The dissolved distributions and the biogenic particulate components
of the Mn cycle are outlined in Table 27. This trace element is unique among
those discussed so far in that its dissolved profile shows little or no resemblance to the nutrient distributions. Surface concentrations of Mn are almost
always greater than deep water concentrations and, instead of regeneration,
scavenging of Mn throughout the deep water column dominates its distribution
(BENDER and others, 1977; KLINKHAMMER and BENDER, 1980; LANDING and BRULAND,
1980). Another significant difference in the Mn cycle is the major importance
of hydrothermal input to the total budget (EDMOND and others, 1979c).
This
source is injected within the deep ocean and has a short residence time with
respect to scavenging (WEISS, 1977).
The particulate flux predicted by the box model is completely dependent on
the values chosen for the riverine and atmospheric inputs.
As mentioned
earlier, these estimates are still quite crude and therefore so is the box model
estimate of the Mn flux. The organic carrier flux is lower than the box model
estimate by a factor of 2 or 3, but is in the same range as the Mn fluxes in
North Pacific sediment traps (KNAUER and MARTIN, 1980; FISCHER, 1983).
The concentration of dissolved Mn displays a maximum within the oxygen
mlnlmum zone of the tropical Pacific and this has been attributed to: the
regeneration of a Mn-organic particulate carrier; lateral transport from strong
ocean margin inputs; or equilibrium with a mixed-solid manganese oxyhydroxide
phase (KLINKHAMMER and BENDER, 1980). Although the MnlP ratio at some of these
stations is equivalent to that seen in the plankton samples, the range of MnlP
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TABLE 27.

Manganese Cycle

- Primary input fluxes:
Rivers(l) -

Cr
VrC r

Atmospheric(2) - A

0.13 pmol/cm'
1.7 nmollcm 2/yr.

0.3-0.8 nmol/cm 2/yr.
(30-50% soluble)

Hydrothermal(') - Vh Ch

16-40 nmol/cm2/yr.

- Distribution of dissolved Mn(4):
Surface

Cs

0.8=3.0 pmol/cm'

Cd

0.5-1.2 pmol/cm

Deep Atlantic - 1.8

3

Pacific - 0.2-1.0
- Box model for surface particulate flux:
PMn

(350 cm/yr) x (-0.5 to -1.0 pmol/cm')
2 nmol/cm2/yr.

+

2 to 2.5 nmol/cm 2/yr.

(estimate completely driven by surface input choices)

- Independent estimates:
Using carrier ratios Total organic matter as P flux (0.87

~mol

P/cm 2/yr);

plankton Mn/P ratios - 0.35-0.43 x 10-':
Mn flux
with

a=

CaCO, (30

0.3 to 0.4 nmol/cm 2/yr.

2, Mn flux = 0.6 to 0.8 nmol/cm 2/yr.

~mol

Ca/cm2/yr);

ratio of Mn/Ca in forams - 0.4 x 10- 6
Carbonate carrier flux = 0.01 nmol/cm 2/yr.
Sediment traps North Pacific(5), fluxes through 500 m: 0.1 to 1 nmol/cm2/yr.
(1)
(2)
(3)
(4)
(5)

BENDER et al. (1977)
WALLACE-et-al. (1977); DUCE et al. (1982)
EDMOND e~a~ (1979c)
KLINKHAMME~and BENDER (1980); LANDING and BRULAND (1980)
MARTIN and KNAUER (1980); FISCHER (1983)
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ratios between stations suggests that the organic carrier is not the sole factor
determining the subsurface maximum of Mn. The pure CaC0 3 carrier was shown to
be insignificant to these fluxes.
Barium. Barium has been studied for many years as a chemical analog for 226Ra
and was the first systematically determined trace element whose distribution
indicated involvement in biological cycling (CHOW and GOLDBERG, 1960; TUREKIAN
and JOHNSON, 1966; BACON and EDMOND, 1972; CHAN, EDMOND, STALLARD, BROECKER,
CHUNG, WEISS and KU, 1976; CHAN, DRUMMOND, EDMOND and GRANT, 1977). The primary
input fluxes and distribution of Ba used in the box mOdel are given in Table 28.
The box model presented here is essentially identical (in form) to that of LI,
KU, MATHIEU and WOLGEMUTH (1973) except we use a higher estimate for the deep
ocean concentration of Ba, a somewhat higher vertical mixing rate, and modified
estimates of primary inputs. These Ba inputs are slightly higher due to the
process of desorption from suspended material in estuaries (HANOR and CHAN,
1977; EDMOND, BOYLE, DRUMMOND, GRANT and MISLICK, 1978; GRANT, HU, BOYLE and
EDMOND, 1982) and to new estimates of hydrothermal inputs to the deep oceans (1
to 2 nmol/cm2/year - EDMOND and others 1979b). In spite of the higher primary
input estimates, the cyclic flux required by the deep enrichment completely
dominates the total surface particulate flux. Examination of all of the known
carriers, outlined in Table IV-14, indicates a serious deficit in accounting for
the magnitude of the deep Ba enrichment.
This unique situation requires a
closer examination of the various carrier estimates.
The flux of Ba with particulate organic matter was estimated based on the
bulk plankton ratio (Ba/P = 1.4 to 1.8 x 10- 3 ) and a cyclic enrichment factor (8
= 6) based on its
relatively refractory behavior in the plankton leaching
experiments. The resulting flux estimate accounts for no more than 25% of the
required Ba flux. The form of Ba within this carrier is not resolved by these
plankton experiments, but it has been demonstrated that barite (BaSO.) may
account for a significant fraction (DEHAIRS, CHESSELET and JEDWAB, 1980).
This
specific carrier will be discussed in more detail below.
Strong organic complexes with Ba are very unlikely in the presence of nearly any other divalent
cation (HUGHES,1972), however, simple ion exchange of cations (electrostatic)
frequently favors this weakly-hydrated element. Some fraction of the total Ba
in surface particulate matter may be bound by ion exchange as is the case for Ca
and Sr (BISHOP and others, 1977). These same authors showed an increase in the
total ion exchange capacity of fine particles «53~m) with increasing depth. As
these particles fall into the thermocline (where the dissolved Ba concentration
increases) they would become relati vely enr iched in Ba wi th respect to othel'
adsorbed cations (esp. Ca and Sr). However, this effect is not likely to change
the composition by more than a factor of two, and another major carrier phase or
a dramatic change in the surface properties of the particles is required to
carry enough Ba to supply the deep enrichment.
Examination of pure biogenic calcite phases (foraminifera
this study,
BOYLE, 1981; coccoliths - GOLDBERG and ARRHENIUS, 1958) demonstrate Ba/Ca ratios
less than 10- 5 • All other reports of higher values are from sediments where the
separation of the pure calcite is in doubt. At these low ratios, biogenic calcite can account for no more than a few percent of the required flux.
The general correlation of dissolved Ba with Si in the oceans has suggested
its possible involvement in the uptake and regeneration of opal.
However,
several investigations have failed to directly identify sufficient Ba in biogenic Si phases to account for the ratio of 7 x 10-' seen in the water column
correlations (MARTIN and KNAUER, 1973; Ng, 1975; LIBICKI, 1976; DEHAIRS and
others, 1980). The data presented in this work further support this and demonstrate that a significant fraction of the Ba which is present in the particles
does not co-vary with Si during leaching. The Ba/S~ratio in the bulk and HCIwashed Antarctic diatom samples was 1.5 x 10- 5 and 0.2 x 10- 5 , respectively.
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Barium Cycle

- Primary input fluxes:
Rivers(l) - C

0.3 - 0.45 nmol/ cm 3

r

4 - 6 nmol Ba/cm 2/yr.

VrC r

- Distribution of dissolved Ba(2):
Surface

C

s

35 pmol/cm 3

Deep Atlantic - 70
135 pmol/cm 3
Pacific -150
- Box model for surface particulate flux:
PBa

(350 cm/yr) x (100 pmol/cm 3 )

4 to 6 nmol/cm 2 /yr.

+

40 nmol Ba/cm 2/yr.
- Independent estimates:
Using carrier ratios ~mol

Total organic matter as P (0.87

P/cm 2 /yr);

ratio of Ba/P in plankton - 1.4-1.8 x 10- 3 :
Ba flux
with B

6, Ba flux

1.2-1.6 nmol/cm 2 /yr.
7-10

Barite (3 )
Atlantic production estimate - 5.8 nmol Ba/cm2/yr
CaCO. (30

~mol

Ca/cm 2/yr);

ratio of Ba/Ca in forams - 3 x 10- 6 :
Carbonate carrier flux
Opal (45

~mol

=

0.1 nmol Ba/cm 2/yr.

Si/cm 2 /yr);

ratio of Ba/Si in diatoms - 1.5-5.0 x 10- 5
Opal carrier flux

=

:

0.7-2.3 nmol Ba/cm2/yr.

Acantharia (SrSO. - 220 nmol Sr/cm 2 /yr)(4);
ratio of Ba/Sr(5)- 7 X 10- 3 :
Celestite carrier flux 1.5 nmol Ba/cm 2/yr.
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TABLE 28. (continued)
Sediment traps Eastern Tropical Pacific(6), flux through 500 m: 5-7 nmol
Ba/cm2/yr.
Tropical Atlantic(7), flux through 900 m: 9 nmol Ba/cm2/yr.
Deep-water regeneration (from advection-diffusion models),
Pacific GEOSECS stations(2): 4-11 nmol Ba/cm2/yr.
Pore water fluxes Tropical Pacific(8) 1 nmol Ba/cm2/yr. (minimum estimate)
South Pacific, Antarctic(9) 5--12 nmol Ba/cm 2/yr.
(1) HANOR and CHAN (1977); EDMOND et al. (1978); GRANT et al. (1982)
(2) CHAN et al. (1977); EDMOND
(3)

~

al. (1978)

DEHAIRS et al. (1980)

(4) BRASS (1 980 )

(5) ARRHENIUS (1963)
(6) FISCHER and DYMOND, unpublished
(7) BREWER et al. (1980)
(8 ) CHURCH and WOLGEMUTH (1972 )
(9 ) SUESS et al. (1980); SUESS, unpublished
These phases, coupled with the surface biogenic Si flux, fall short of providing
the required particulate Ba flux by at least an order of magnitude.
The only
estimate of Ba in the opaline tests of Radiolaria are those given in Table
111-9. These were handpicked from Pacific (Eocene) sediments and carefully
cleaned. The Ba/Si ratio was equivalent to that in the Antarctic diatoms.
Assuming that the relative production of Radiolaria with respect to diatoms is
equivalent to their relative preservation in sediments (less than 10% of
diatoms, LISITZIN, 1972; TAKAHASHI and HONJO, 1980) then Radiolarian opal cannot
be a significant carrier of Ba.
The celestite (SrSO.) skeleton of Acantharia has also been suggested as a
possible carrier of Ba (MARTIN and KNAUER, 1973; BRASS, 1980). The total production estimate of celestite (220 nmol Sr/cm2/year, BRASS, 1980) coupled with a
Ba/SrSO. analysis (5400 ppm) reported by ARRHENIUS (1963) still accounts for
less than 5% of the required flux.
In summary, the surface production of particulate Ba by the carriers outlined above is insufficient, by at least a factor of two, to account for the
flux maintaining the upper ocean depletion of dissolved Ba.
Several possible
resolutions exist. We do not feel that our estimates of the composition or flux
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of the major biogenic carriers could be in sufficient error to account for this
difference. However, our sampling techniques for the biogenic particulate
matter (44 ~m net) do not sample an important component of the nano- and picoplankton which might be responsible for production of the small barite crystals
(0.5 - 1.5 ~m) reported by DEHAIRS and others (1980). Finally, there is evidence in the dissolved Ba distributions (CHAN and others, 1977; CHAN and EDMOND,
unpublished) and in suspended particulate matter distributions (DEHAIRS and
others, 1980; and presented below) that a significant uptake of Ba from the
water column occurs below the surface zone of nutrient depletion by an uncharacterized (active or passive) enrichment process.
Particulate barite (BaSO.) has been identified in suspended material
(CHESSELET and others, 1976; DEHAIRS and others, 1980) throughout the water
column, even though the water is clearly undersaturated with respect to that
phase (CHURCH and WOLGEMUTH, 1972). The particulate Ba concentrations determined on 0.4 ~m filters by DEHAIRS and others (1980) and BREWER and SPENCER
(unpublished GEOSECS data) frequently show subsurface maxima. Even more dramatic is the relative enrichment of Ba over other components of the particles.
Figure 14 shows a set of particulate and dissolved data from GEOSECS station 331
(Eastern Tropical Pacific). The striking features of the particulate data are
the near-absence of Ba in the mixed layer and its dramatic increase in the upper
thermocline. There is not sufficient Ba in the surface material to create this
Ba enrichment simply by the loss of other regenerated components. This can be
checked by normalizing Ba to Al which, assuming a steady state input, should be
conservative through this settling/regeneration process. The Ba/Al ratio still
displays the same distinct maximum demonstrating that the Ba enrichment represents a significant Ba uptake.
The dissolved distributions at this station further demonstrate that Ba is
not removed from surface waters in parallel to any of the "biolimiting" nutrients. The dissolved Ba concentration is nearly constant from the surface down
to 200 meters depth, while the nutricline is well developed by 100 meters.
The
distinct difference between the surface cycle of Ba and the nutrients (in this
case Si) is clearly seen in the pronounced "hook" in the near-surface dissolved
Ba-Si plot and is also seen in many of the Atlantic GEOSECS stations (CHAN et
a1.,1977).
These particulate materials are collected from 30 liter water samples on
0.4 ~m filters and may not represent a significant settling flux (BISHOP and
others, 1977). However, we have now determined particulate Ba in >53 ~m particulate matter and can estimate the vertical flux of these particles. Figure 15
shows the total suspended Ba data from a profile collected in the Eastern Equatorial Pacific in 1976 (BISHOP and others, 1980) and again in 1979 (COLLIER and
others, in preparation). The same increase in total suspended Ba is seen and
the Ba content of the deeper particles increases by a factor of 5 in the 1976
data and by 30 in 1979. Fluxes through 500 meters are estimated to be between
30 and 50 mol Ba/cm2/year in 1976 (1979 flux estimates are not yet available).
Other Ba fluxes can be estimated for the Cape Basin off S.W. Africa (BISHOP and
others, 1978; KURZ, unpublished) and those range between 20 and 50 nmol
Ba/cm2/year through 400 meters depth. These fluxes are much closer to those
predicted by the box model, and if significant over larger areas, may resolve
the apparent anomaly. Still, the exact carrier of this Ba remains unresolved
is it an unknown biogenic carrier or do barites form within decomposing biogenic
debris as originally proposed by CHOW and GOLDBERG (1963)?
There is evidence of Ba regeneration in both the deep water column and the
sediments. If the carrier phase is barite then subsequent exposure of the barite, possibly through the oxidation of protective organic coatings, will allow
dissolution to begin. DEHAIRS and others(1980) noted barite grains from deep
samples which displayed significant signs of dissolution.
The regeneration fluxes predicted within the linear T-S sections of the
deep water column by the advection-diffusion models range from 4 to 11 nmol
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Fig. 14. Particulate and dissolved distributions of Ba at GEOSECS station 331
(4°3S'S,12S 0 10'W). Dissolved data from CHAN and others (1976) and
BROECKER and others (1982). Particulate data from BREWER and SPENCER,
unpublished

Sa/cm2/year. The maximum value is at site 331 and the increased regeneration
here could be related to the increased flux of settling particles which, in the
case of Ba, are slowly dissolving.
Independent flux estimates from sediment traps (BREWER and others, 1980;
DYMOND and FISCHER, unpublished) vary with the productivity of waters above them
and fluxes in the upper 1000 meters generally range between 4 and 10 nmol
Sa/cm2/year.
A pore water profile of Ba was reported by CHURCH and WOLGEMUTH (1972) from
a core taken in the Eastern Tropical Pacific. It shows a gradient of Sa, implying a flux into the bottom water. Their coarse sampling interval (30 cm) would
obscure any sharp concentration gradients which might have been present (similar
to those seen for Cu in the upper 3 cm of other cores). Therefore, the estimated flux (approximately 1 nmol Sa/cm2/year) represents only a minimum value.
The porewaters in Pacific sediments south of New Zealand have been analyzed
with much more detailed sampling and sensitive methods (SUESS and others, 1980
SUESS, unpublished). These samples always have an excess of Sa in the pore
waters of the upper-most core section (0-2 cm). These data suggest a flux to
bottom water ranging between 5 and 12 nmol Sa/cm2/year. The release of Ba to
these porewaters appears to be more closely related to the nitrification of
sedimentary organic matter than to the dissolution of opaline skeletal phases
(SUESS, personal communication).
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In summary, portions of the biogeochemical cycle of Ba are constrained by
the large amount of available data - more so than any other trace element.
However, this cycle is unique and in many ways more complex. The surface ocean
is depleted by 100 nmol/kg with respect to water upwelled from the deep ocean.
We have not yet been able to fully account for the biogenic particulate carriers
providing the large vertical flux necessary to maintain this depletion.
Zinc. The biogeochemcial fluxes of Zn are outlined in Table 29.
Among the
elements discussed here, Zn is one of the most prone to contamination and very
little quality data exists to constrain its cycle. All available river input
estimates yield Zn residence times which are less than 1000 years. As discussed
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Fig. 15. Particulate (>53~m) Ba distributions in the eastern equatorial Pacific
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Zinc Cycle

- Primary input fluxes:
Rivers(l) - C

unknown, probably <0.1 nmol/cm 3

r

Atmospheric - A, Atlantic(2)

0.33 nmol/cm 2/yr.

=

Pacific(3) = 0.2 nmol/cm2/yr.
(sum of primary surface inputs probably <0.5 nmol Zn/cm2/yr.
- Distribution of dissolved Zn(l):
Surface

C

0.8 pmol/ cm 3

s

Deep Atlantic - (1.6)
7 pmol/cm'
Pacific - 8.2
- Box model for surface particulate flux:
PZn

(350 cm/yr) x (7 pmol/cm')

+ (

<0.5 nmol/cm2/yr)

2.5 to 3.0 nmol/cm 2/yr.
- Independent estimates:
Using carrier ratios Total organic matter as P flux (0.87

~mol/cm2/yr);

plankton Zn/P ratio - 2-5 x 10-':
Zn flux
with 8 = 6, Zn flux
CaCO, (30

~mol

1.7-4.4 nmol/cm 2/yr.
10 - 25 nmol Zn/cm2/yr.

Ca/cm2/yr);

ratio of Zn/Ca in forams - 0.5 x 10- 6 :
Carbonate carrier flux
Opal (45

~mol

0.02 nmol Zn/cm2/yr.

Si/cm 2/yr);

ratio of Zn/Si in diatoms - 1.9-2.6 x 10- 5 :
Opal carrier flux

0.9-1.2 nmol Zn/cm2/yr.

Sediment traps Eastern Tropical Pacific(4), flux through 500 m: 5 nmol Zn/cm2/yr.
(1) BRULAND (1980)
(2) WALLACE et al. (1977) (3) Estimated from DUCE et al. (1982) (4) FISCHER and
DYMOND, unpublished
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by BRULAND (1980), this is inconsistent with an element which shows significant
regeneration along with organic material within the deep ocean, further emphasizing that these river data should not be used for primary input estimates.
Output flux estimates based on sediment inventories (TUREKIAN and WED EPOHL,
1961) range between 0.2 and 0.4 nmol Zn/cm2/year which would result in more
reasonable residence times of at least several thousand years. The net output
term includes the unknown hydrothermal flux (+ or -) and, therefore, does help
in estimating the primary surface inputs.
The box model is based on high
quality dissolved distributions - but from only four stations in the N.E.
Pacific (BRULAND and others, 1978; BRULAND, 1980). The value chosen for the
deep Atlantic Zn is based on the Pacific Zn-Si relationship and the Si concentration in the deep Atlantic. The box model calculation requires a surface flux
of approxiamtely 2-3 nmol Zn/cm2/year.
Application of the carrier model using the P flux is difficult because
there is essentially no relationship between P and Zn in the plankton samples
(in contrast to the behavior of Cu, Ni, Mn and Cd figures 8, 9).
The initial
flux predicted based on the range of Zn/P ratios is between 2 and 5 nmol
Zn/cm2/year. In the plankton leaching experiments, very little of the Zn was
released along with P which would suggest a relatively high regenerative enrichment factor (S - 6). When we include this factor in the Zn flux, we calculate a
value which is nearly an order of magnitude larger than the box model flux.
This problem cannot be reconciled within the current model and the possibility
of Zn contamination of the bulk plankton samples cannot yet be dismissed.
The hand picked and cleaned foraminifera (Table 14) give very low Zn/Ca
ratios (0.5 x 10- 6 ) which yield carrier flux estimates equivalent to only 1% of
the box model values. BOYLE (1981) has measured Zn in cleaned forams from sedi6

ment cores and calculates Zn/Ca ratios between less than 10 to 70xlO- •
These
would suggest that CaCO o may be a significant carrier of Zn.
The Zn/Si ratio
in the Antarctic diatoms (Table 15), coupled with the opal flux suggest a Zn flux
of approximately 1 nmol/cm 2 /year. This is equivalent to 20-50% of the box model
value. Sediment trap collections from the Eastern Tropical Pacific
(FISCHER
and DYMOND, unpublished) predict a flux of approximately 5 nmol Zn/cm 2 /year. This
is also somewhat higher than the box model flux.
Considering all these data and
understanding the possibilities of contamination that exist, we are still not
able to uniquely identify the specific carrier of Zn in the oceans.

Iron. The biogeochemical cycle of iron is even less well constrained.
Very
little quality data exists on its distribution or primary inputs.
One of the
most difficult elements analytically due to contamination, it also has a complex
redox-chemistry, organic chemical functions, and colloidal properties.
All of
these factors have worked together to obscure the validity or systematics of
most data or models on the marine distribution of Fe. Recent work by LANDING
and BRULAND (1981, 1982) and GORDON, MARTIN and KNAUER (in press) shows very low
concentrations of dissolved iron with a surface depletion over deep water
values. A unique feature of the distribution of this trace metal is that
particulate iron concentrations are several times higher than the dissolved
concentrations.
From examination of the box model presented in Table 30, it is immediately
clear that the total flux of iron out of the surface ocean is dominated by the
primary inputs as opposed to the upwelling flux of "regenerated" iron.
These
inputs are largely atmospheric particulate matter and are introduced at crustal
Fe/AI ratios (DUCE and others, 1982). The relatively refractory nature of this
material and the variability of its input are supported by the plankton compositions and leaching experiments. The range of fluxes predicted from the plankton
data are consistent with these input fluxes. The fluxes of Fe collected by
sediment traps generally support the lower end of the box model estimates for
open-ocean regions. As expected, much higher fluxes of iron are seen near the
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TABLE 30.

Iron Cycle

- Primary input fluxes:
Rivers(l) - Cr <1 nmol Fe/cm2/yr. (dissolved)
VrC r <13 nmol Fe/cm 2/yr.
Atmospheric(2) - A = 20-60 nmol/cm 2/yr.
Hydrothermal - maximum estimate based on 21°N data(3) VhC h <70 nmol/cm2/yr.
- Distribution of dissolved Fe (N.E. Pacific)(4):
Cs - 0.1 to 0.4 nmol/kg
Cd - 1 to 3 nmol/kg
- Box model for surface particulate flux:
PFe

(350 cm/yr) x (0.6 to 2.9 nmol/kg)

=

(20 to 70 nmol Fe/cm2/yr)

+

- Independent estimates:
Using carrier flux ratios Total organic matter flux as P (0.87

~mol

P/cm 2/yr);

plankton Fe/P ratios - 5-15 x 10- 3 :
Fe flux
with 6

=

6, Fe flux

4-13 nmol Fe/cm2/yr.
25-80 nmol/cm2/yr.

Sediment traps(5)From upper 1000 meters (pelagic) - 10 to 35 nmol Fe/cm2/yr.
Other values range over 100 nmol Fe/cm2/yr.

(1) BOYLE, EDMOND and SHOLKOVITZ (1977).
(2) Atlantic, WALLACE
(3) EDMOND

~

~

al. (1977); Pacific, DUCE et al. (1982)

al. (1982)

(4) LANDING and BRULAND (1981), (1982); GORDON et al. (in press)
(5) BREWER et al. (1980); LANDING and BRULAND (1982); FISCHER (1983).
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continents where the atmospheric inputs and horizontal transport are stronger.
In all cases, the flux of iron increases with increasing depth, suggesting scavenging and/or additional horizontally-derived inputs at depth.
A great deal more work must be done on the chemistry of iron in the oceans
before we can truly constrain its cycle.
Iron is an extremely important
nutrient for the metabolism of marine organisms and its availability in the open
ocean may have as much ecological significance as the depletion of the major
plant nutrients.
Aluminum. It was suggested in section 4.2.4 that most of the Al in these and
other reported plankton samples was associated with included lithogenous
material. However, a small fraction of the total Al was identified that was
associated with the biogenic material formed in situ. Here we will examine the
possible significance of this biogenic fraction with respect to the geochemical
cycle of dissolved Al in seawater. It is essential, in using these box models,
to separate the biogenic (autochthonous) particulate component from the lithogenous material. Among the trace elements studied, it was shown that this distinction was only quantitatively important for particulate Al and perhaps Fe.
The non-critical use of bulk plankton compositions will seriously over-estimate
the biogenic flux of particulate Al (and hence the uptake of dissolved AI).
Details of the dissolved distribution of Al and its primary inputs are
outlined in Table 31. As with the other trace metals, the inputs of Al are not
well known. Reported river water concentrations vary and its behavior during
estuarine mixing is not well characterized (ECKERT and SHOLKOVITZ, 1976).
The
dissolution of Al in surface seawater from the large input flux of terrigenous
material is also not known. Although it is expected that very little of this
refractory material will dissolve (less than 1%, HODGE and others, 1978) the
maxima of dissolved Al in surface waters observed by HYDES (1979) suggest this
is occurring.
The dissolved distribution of Al in open-ocean surface seawater does not
show any systematic depletion with respect to the deep ocean and frequently
shows an enrichment. Scavenging of Al throughout the deep water column is also
indicated. Maximum limits on the biogenic flux can be set using the carrier
model and the box model. Taking the sum of the biogenic carrier fluxes estimated in Table 31 (2 to 5 nmol AI/cm2/year) and neglecting the primary inputs of
dissolved Al to the surface ocean, we calculate a maximum depletion of 3 to 15
nmol/kg. The lower end of this range is barely detectable by the current techniques. The biogenic fraction (non-opal) of Al carried by the plankton was
estimated based on the HCI-soluble fraction, and is a maximum estimate.
Inclusion of any primary inputs of dissolved Al in the box model further lowers the
predicted surface depletion. Although there is clearly some fraction of Al
associated with biological cycles, its dissolved distribution is largely controlled by other processes.
Summary of biogenic trace element fluxes. A summary of the results from the
organic matter carrier model is presented in Table 32. These are also compared
to the fluxes predicted by the box model. In cases where the regenerated component of the biogenic flux is a large fraction of the total flux (leading to a
surface-depletion and deep-enrichment of the dissolved element) the carrier
model and the box model predictions are similar. Elements whose total flux is
dominated by their primary inputs to the surface ocean (especially those
associated with terrigenous materials) are not described well by either model.
In any case, these simplified global ocean models can only roughly quantify
these complex biogenic particulate matter cycles. They have been constructed
here taking advantage of this new data set on the major and minor element
compositions of plankton and the increasing availability of high-quality
dissolved distribituons of trace elements.
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Aluminum

- Primary input fluxes:
Rivers(1) - C

0.5 to 2 nmol Al/cm 3

r

VrC r

=

5 to 25 nmol Al/cm 2/yr.

Atmospheric(2) Terrigenous particulate matter

=

10 to 200 nmol Al/cm 2/yr.;

Less than 1% soluble: A < 0.1 to 2 nmol soluble Al/cm 2/yr.
- Distribution of dissolved AI(3):
20-50 nmol/kg (no systematic depletion; more often a surface
enrichment)
20-40 nmol/kg
- Independent flux estimates:
Using carrier ratios Total organic matter as P flux (0.87

~mol

plankton ratio of HCI-soluble AI/EP

a=

CaC0 3 (30

1X10- 3 :

0.9 nmol Al/cm 2/yr.

Al flux
with

=

P/cm 2 /yr);

5 nmol Al/cm 2 /yr.

6, Al flux

~mol/cm2/yr);

ratio of AI/Ca in forams - 3.5 x 10- 6 :
Al flux
Opal (45

=

0.1 nmol Al/cm 2/yr.

~mol/cm2/yr)

ratio of AI/Si in diatoms - 3.3 x 10- 5 :
Al flux

=

1.5 nmol Al/cm 2 /yr.

Sediment traps - Mostly terrigenous material consistent with atmospheric
inputs. Horizontal transport causes increase in flux
wi th depth.
(1) MARTIN and MEYBECK (1979); STALLARD (1980)
(2) WALLACE et al. (1977); BUAT-MENARD and CHESSELET (1979); DUCE et al.
1982; HODGE et al. (1978)
(3) HYDES (1979); STOFFYN and MACKENZIE (1982)

00
00

TABLE 32.

Carrier Model, Box Model Results
Flux Estimates
(nmol/cm 2 /yr)
Metal/P

Cyclic

(measured) X enrichment
Element

x 10- 3

factor(e)

Metal/P
(settling)
x 10- 3

P

via organic
carrier

C (1)
Cd
s
(nmol/kg)
50

box model
estimate

?"
(')

0
r
r

2500

870

m

)<:l
~

Cd

0.4-0.7

1.6

0.6-1.1

0.0

0.9

0.5-1.0

0.34

::s
Q.

Ni

0.6-1.1

2.4

1.4-2.6

2

9

1.2-2.3

2.6

0

:-tT'I

3::

Cu

0.5-0.6

3.4

1. 7-2.0

1.2

4

1.5-1.8

1.2-1.5

0

z

0

Mn

0.35-0.43

2

0.7-0.9

Ba

1.4-1.8

6

8-11

Zn

2-5

6

12-30

Fe

5-15

6

30-90

0.8-3.0

0.5-1.2

0.6-0.8

135

7-10

0.8

7

10-25

0.1-0.4

1-3

25-80

35

2
40
2.5-3.0
20-70
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The carrier model has allowed us to specifically examine the relative significance of skeletal versus organic components in the biogenic flux. Extension
of this model will allow us to estimate plankton compositions and biogenic
fluxes as a function of the large range of productivity in specific environments. Further, it provides a conceptual framework to couple the production of
particulate matter (and its required uptake of dissolved materials) to the flux
of these elements collected by sediment traps.
8.

CONCLUSIONS - MARINE BIOGEOCHEMISTRY OF TRACE ELEMENTS

Surface ocean plankton samples have been carefully collected and analyzed
for major and trace element composition. It was shown that significant fractions of some elements are very weakly associated with the plankton and that
their loss during sampling is very likely. Unless extreme care is taken to
contain all fractions and avoid washing the sample, errors will result in estimating the role of plankton in the surface cycles of these elements.
Relationships between the dissolved and particulate trace elements in surface
waters. Systematic variations in the surface water concentrations of nutrients
and trace elements have been noted (BOYLE and EDMOND, 1975; BRULAND, 1980; BOYLE
et al., 1981). Plankton samples taken from the Antarctic upwelling regions
demonstrated a decrease in their total trace element concentrations as the dissolved concentration of nutrients and trace elements increased. The concentrations of the non-terrigenous trace elements were relatively constant in the
Pacific plankton, when normalized to P as compared to the same ratios in surface
water. These particulate compositions are primarily determined and limited by
the properties of the organic materials and metabolism of the plankton and do
not appear to be very sensitive to the dissolved concentrations in the surface
water. This emphasizes the importance of specific metal-organic complexes as
carriers.
Variations in the dissolved concentrations in surface waters as a function
of the production of the biogenic material were also noted. The concentrations
of Zn and Cd are depleted to very low levels in surface waters along with P.
The ratios of these metals to P in the plankton samples are always greater than,
or equal to, the surface water values. In the case of Cd, this may be responsible for its rapid depletion (before that of P) as upwelled waters evolve into
nutrient-depleted surface waters. The metal/P ratios for the "biointermediate"
elements (eg. Cu, Ni, Ba) in the plankton are always much less than the surface
water ratios. The dissolved concentrations of these metals are never totally
depleted.
Biogenic Carriers. The primary carrier for most of the elements studied was the
non-skeletal organic fraction of the particulate material.
Direct examination
of CaCO, and opal demonstrated that these phases contained only small percentages of the trace elements in the plankton.
The organic association included an extremely labile fraction containing P,
Cd, Ni, and Mn which was rapidly released into sea water and distilled water.
Cell lysis, active excretion, and bacterial decomposition effect the rapid release of 40 to 60% of the initial concentration of these elements.
The box
models for these elements suggest that this recycling must occur very near to,
or within the surface reservoir, and results in a change in the ratio of metal/P
in the settling particles. Near-surface sediment trap experiments and suspended
particulate sampling should detect this process. The ratio of Ni and Cu to P
should increase by a factor of 2-4 and the Cd/P ratio should be 60-90% of the
ratio determined in the fresh surface plankton. Since bacterial activity and
osmotic shock have been identified as variables in this process, special care
must be taken to determine the effects of trap poisoning, length of deployment,
and the loss of cell fluids during collection or storage.
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The other major biogenic fraction of the trace elements in the plankton
samples was more strongly bound to fixed organic sites.
The regeneration of
this fraction appears to be more metal-specific and related to the stability of
the organic complexes involved. The nature of these specific metal-organic
complexes needs to be investigated. Although the metal-organic biochemistry is
still poorly characterized, the carrier relationships can still be used to quantify trace element fluxes and identify major processes affecting their distribution.
Terrigenous Carriers. The refractory behavior and element ratios of Al and Fe
demonstrated the presence of an aluminosilicate phase within the plankton samples. This was present in all samples - even from the more remote regions of
the central equatorial Pacific and Antarctic. In no case did this refractory
phase contribute significantly to the other trace elements in the samples.
The
flux estimate for terrigenous Al carried within the biogenic samples ranged
between 0.005 and 0.1 ~mol Al/cm 2/year, based on the range of compositions detected. This variation was a function of the input flux of terrigenous materials and of the biological production rate at the sampling site.
A trace level of Al was detected that was directly associated with the
biogenic material. This was identified by its solubility in dilute HCl and most
likely was derived from dissolved Al in the surface water.
The flux of this
phase was estimated to be on the order of 1-5 nmol Al/cm2/year
significantly
less than the estimated river input of dissolved AI. To quantify the complete
geochemical cycle of AI, particulate trace element studies need to determine the
chemical nature of the total particulate Al before it is simply assigned to
silicate phases.
Geochemical cycles. The trace element-major element ratios determined in the
plankton samples and their regeneration products have provided a basis for outlining the marine geochemical cycles of these elements. A simple, two-reservoir
box model has been used to predict the averge flux of each element out of the
surface ocean and those were compared to fluxes estimated by a carrier model.
Several specific experiments need to be pursued in support of the predictions made by the carrier models. There are differences between the ratios of
Cd, Cu and Ni to P measured in surface plankton compared to those predicted by
the carrier-box mOdel. These have been interpreted as evidence of rapid cyclic
regeneration of the organic material within the surface ocean which results in
changes in the element/P ratios in the residual settling material.
These
changes should be measurable in carefully-collected, near-surface settling particles.
The depletion of Cd and P in the eastern North Pacific suggests that there
should be a Significantly lower Cd/P ratio in plankton sampled from surface
waters in oligotrophic environments. Again, a series of plankton and water
samples collected on transect between an upwelling region and central gyre are
needed.
The production of a sub-surface Sa carrier, such as barite or an increase
in surface-exchanged Sa is necessary to balance the magnitude of that element's
deep enrichment. The eastern equatorial Pacific displays a dramatic increase in
particulate Sa within the upper thermocline and appears to be one of the best
places to study this process.
The average fluxes estimated by the carrier-box model must now be supported
by direct suspended-matter and sediment-trap measurements in the near-surface
and deep ocean. The release of labile elements continues to occur within the
sediment traps, and this must be considered in their design, handling and in
data interpretation. The flux of biogenic material to sediment traps is directly dependent on the magnitude of the total surface productivity. This varies by
more than a factor of ten between different surface-ocean environments.
Until
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many more trap experiments can quantify these variations, available trap results
must still be extrapolated using carrier models to describe the total fluxes of
trace elements to the deep ocean and sediments.
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