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The State of Hawaii has long recognized the need for a more diversified
econamy. One area with excellent potential for new industry is the ocean.
The ocean has great untapped food, energy, and mineral resources. The State
of Hawaii Marine Mining Program was developed in an effort to examine fully
the potential in the area of minerals. Other State programs are similarly
examining ocean energy and mariculture possibilities.

Manganese nodules and crusts as sources of strategic minerals have
generated interest on the part of govermment and industry for many years.
Since 1972, Hawail has been considering the advent of a marine mining
industry in the Pacific early in the 21st century. Such an industry could
use Hawaii as a minerals processing site, a supply base, a research center,
a transshipment point, or any cambination of these activities.

In 1975, the State Legislature provided funding to begin a marganese
nodule program to assess the potential of a nodule processing industry in
Hawaii. The goal of this program was to attract to Hawali a manganese
nodule industry which was envirormentally sound, socially acceptable, and
economically beneficial to the pecple of Hawaii. The program cbjectives
included industry interaction to identify Hawali's resources and the
requirements of a new industry, assessment of environmental, social and
econamic impacts which the industry could have, and the dissemination of
information about this potential new industry to govermment agencies,
private businesses, and the general public.

In 1982, The Feasibility and Potential Impact of Marxanese Nodule
Processing in the Puna and Kohala Districts of Hawaij was released by the
State of Hawaii and the National Oceanic and Atmospheric Administration.
That report reccunted the development of the industry and described several
possible scenarios for a processing industry on the island of Hawaii. To
provide a more detailed assesasment of the potential impacts of a marine
minerals processing industry, a team of researchers was assembled to conduct
specific investigations. These studies were supported by the State of
Hawaii, the County of Hawaii, the University of Hawaii, the University of
Hawaii Sea Grant College Program, and the Ocean Minerals Comparny.

This report is the fifth in a series of environmental monographs
sponsored under the State of Hawaii Marine Mining Program. It is based on
work by Craig Rice completed for the degree of Master of Science from the
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Department of Oceanography at the University of Hawaii. Rice's work, as
mllubahqofscimtificinterestinitsizwatigatimofmatodmiml
effects on manganesa in seawater, is of major significance in its findings
dealing with potential negative effects of dissolved manganese on
microplankton. Apotmtialpmblanwimasurfaeedisd:argeplmefrmtm
li:ﬂ:qormmesorm:sts,mﬁe@eciallyﬂmeoceandisposalot
__unugmmmmhmm;, is the dissclution of contained
mmﬂumarﬂﬂmireffactmmicmplankton.
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INTRODUCTTION

Previous scientific research has revealed interesting properties of
manganese in the marine envirorment. These cbservations include a concen-
tration of manganese in pelagic sediments significantly in excess of that
found in crustal rocks, a hydrothermal supply associated with active
spreading centers, a potential for efficient scavenging of other metals
because of large surface areas of manganese hydroxides, and susceptibility
to reduction and mobilization from the solid phase under only slightly
suboxic conditions. Water column profiles of dissolved Mn in the ocean
generally show surface enrichment and low values at depth in contrast to
other transition metals (such as nickel, copper, cadmium and zinc) that
generally exhibit surface depletion and enrichment at depth. In addition,
manganese oxides are the principal constituents of ferromanganese nocdules
and crusts, a valuable potential mineral rescurce. Future metallurgical
processing of nodules or crusts, particularly if done on or near the ocean,
could produce significant amounts of divalent, water-scluble manganese in
waste streams. The fates and effects of this species in the marine erwviron-
ment are therefore potentially of great practical as well as scientific
interest. Despite a plethora of literature on the subject, the unique
geochemistry of manganese remains for the most part unexplained.

Most research to date has focused on manganese in connection with
sediments, hydrothermal chemistry, or formation of ferromanganese deposits.
This research focuses on the photic zone where divalent Mn predominates
(Klinkhammer and Berder, 1980) and is exchanged rapidly with solid axide
phases (Sunda and Huntsman, 1985). A review of the geochemical literature
indicates two major unresolved problems concerning manganese in the photic
zone. The first concerns the oxidation state and speciation of manganese
and its association with dissolved particulate organic matter and inorganic
particles. The second directly inwvolves marine biota and the role of
divalent manganese as a mitrient or as a toxic substance.

Sampling improvements (Knauer and Martin, 1973; Fitzwater et al., 1982)
canbined with flameless atomic absorption spectrophotometric techniques
(Kingsten et al., 1978), provide improved accuracy ard detail to cur knowl-
edge of the spatial distributions of dissolved manganese concentrations in
seawater. The resultant data base has enabled investigators (Klinkhammer
and Bender, 1980; Pedersen and Price, 1982; Grill, 1982) to propose kinetic
ard thermodynamic models of manganese solubility. The hexaquo manganous
ion, Mn(H;0) gt has been suggested as the most likely form of Mn(II) in
seawater. Other aqueous species might include: [Mn(H0)sOH]T,
[Mn(H20) 3 (CH) 317, [Mn(Ha0)5HCO31h, [Mn(Hp0)5504]°, etc. (Morgan, 1967).
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Turner et al. (1981) proposed a significant (37%) association between
manganous and chloride ions in model seawater. Furthermore, organic ligands
may complex with Mn(II) and effectively keep it in solution. Thermodynamic
considerations, however, favor the tetravalent Mn(IV)=- particulate form
assuming equilibrium at the pH and Pop of oxygenated seawater (Ahrland,
1975). Thus, cne would expect precipitation, adsorption, active uptake and
bicaccumilation processes within the photic zone to enrich the particulate
fraction in Mn(IV) at the expense of the dissolved Mn{II)-pool. Considering
all of these potential removal mechanisms, what kinetic barriers allow
Mn(II) to predominate? Except in limited cases where the oxic-anoxic
interface ocours within the water colum, particulate manganese makes up
less than 10% of the total Mn in seawater (Bischoff and Piper, 1979; Brewer
et al., 1974).

Mn(II) = x/2 O > MnOx (1)
vt + 2H0 > MOCH + 3HY + e~ (la)
Mt + 4Hy0 > Mny04 + 8HY + 2~ (1b)
MOx + Mn(II) > MneMnOx (2)
Mn*MnOx + 4-X/2 O > 2MnOo (3)

Oxidation of divalent, aquecus manganese is known to involve camplex
reaction mechanisms (see Sturm and Morgan, 1981, for a review). Adsorption
(equation 2) and oxidation (eguations 1 and 3} take place simultanecusly at
the interfaces of the solid oxides. The value of x above varies between 1.3
and 1.9 in seawater. Thus, products of manganese oxidation are nonstoichio-
metric, yielding a mixture of ionic species at various degrees of oxidation.
Specifically, equations la and 1b are thought to control marganese sclu-
bility in the oceans (Klinkhammer and Bender, 1980; Grill, 1982). The
reaction is first order with respect to Po; and shows a strong dependence on
pH. As oxidation proceeds, protons are liberated which lower pH and reduce
the reaction rate. Overall, the reaction is autocatalytic. The various
solid oxides that form as products, such as manganite (MnOCH) or hausmanite
(Mn304) , catalyze further oxidation (equatiocn 3). In natural waters, these
reactions may be catalyzed by manganese-oxidizing microorganisms (Emerson et
al., 1982). Also, the presence of detrital organic matter (Martin and
Knauer, 1980; Hunt, 1983) and certain inorganic surfaces, especially
y~FeOOH (lepidocrocite), can significantly increase the rate of scavenging
of divalent manganese by surface catalysis (Sung and Morgan, 1981).

Pacific cpen-ocean surface waters (<20 meters (m) water depth)
contain between 0.031 and 0.1 parts per billion (ppb) (0.57-1.8 nano—
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mole per kilogram (nmol/kg)) dissclved (particle size less than 0.4
micrometers (um)) manganese (Jones and Murray, 1985; Bender et al., 1977;
Landing and Bruland, 1980)., There follows a gradual decrease in dissclved
Mn with depth to abyssal values of about 0.02 ppb. Higher values often
occcur close to the bottom from resuspension of fine-grained sediment-rich
adsorbed manganese. Same investigators find mid-water Mn(II) maxima
associated with zones of low dissolved cxygen {Klinkhammer and Bender,
1980), which might be expected because manganese is susceptible to reduction
in suboxic conditions. This pattern, however, is not consistently observed.
Jones and Murray (1985) detected other subsurface maxima which may be
associated with hydrothermal emanations from the Juan de Fuca seafloor
spreading center, Martin ard Knauver (1982), investigating Mn fluxes in the
Pacific Ocean, fourd maxima in suspended particulate Mn just above axygen
minima with no correlation between dissolved axygen and Mn(IX) concen-
trations. They suggest that manganese dissolves in nearshore sediments
where the oxygen minimm intersects the continental slope. Divalent
manganese is released and advected laterally along isopycnals out into the
deep ocean where it is rapidly scavenged by sinking particles and sub-
sequently accumilates in pelagic sediments. As sinking particles approach
the top of this zane of low oxygen, the proportion of labile Mn associated
with them increases sharply. Microbial activity may control this process
because low O, concentrations favor axidation of manganese by marine
bacteria (Nealson, 1977). Thus, if particle flux is high where oxygen is
low, the mid-water source of Mn(II) within the oxygen minimm zone may
becama depleted. In any case, the net flux is downward and cannot explain
the chserved ubiquitous surface maxima of dissolved manganese in the open
ocean.,

Both light and dissolved organic molecules are fourd in relative
abandance in the photic zone. Many organic molecules such as phenolic
compounds, carbonyl groups and conjugated systems containing aramatic rings
can absorb light energy in agquecus solutions, The energy i=s transformed
into excited electron states. Homolytic bond cleavage may result if suffi-
ciently high energy quanta are absorbed by the molecule. Free radicals are
formed by such molecular fragmentation. A transition metal with miti-
valent bonding characteristics would tend to collect such highly reactive
species as free radicals and became reduced. Sunda et al. (1983) and Sunda
and Hintsman (1985) have shown conclusive evidence for photoreduction of
manganese oxides in seawater. Photoreduction watild shift the thermodynamics
of the system as previously described in favor of increased activity of the
reduced species at redox equilibrium. This process would also delay the
oxidation of Mn(II) species dissolving from aeroeols deposited at the sea



surface. The net effect could explain the chzerved Mn(II) enrichment at the
surface of the ocean.

The activity of divalent manganese that is toxic to natural populations
of marine phytoplankton and bacteria has never been determined. The bio-
chemical role of Mn as an enzyme co-factor and for electron transfer during
photosynthesis is well-known. Manganese is an essential micronutriert for
marine organisms (Vinogradov, 1953), but can also be toxic at high levels
(O'Kelley, 1974). Measurements of total manganese in the organic fraction
of phytoplankton (Martin and Knawer, 1973) show enrichment by as much as
10° over open—-ccean surface concentrations. Nutrient-limited growth of the
giant kelp, Macrocystis pyrifera, occurs in seawater media containing very
low ambient Mn(II) concentrations typical of the deep sea (Kuwabara, 1982).
Other researchers (Harvey, 1947; Sunda et al., 1981) have stimalated
phytoplankton growth by adding small amounts of Mn{II) to algal cultures
growm in deep, nutrient-rich seawater collected and brought to the surface.
It has been hypothesized that, under certain upwelling conditicns, patterns
of production in the ocean may be governed by the availability of Mn(II).

This present study has been designed to provide data on two aspects of
the biogeochemistry of manganese, The first is to find the level of
divalent manganese at which phytoplankton and bacterial growth is inhibited,
ard to characterize the toxic response. From the general literature, my
hypothegis is that this level will be high. The second is to determine
whether light and natural levels of dissolved organics affect the

partitioning of manganese between a solid phase, specifically pelagic
calcite sediment, ard seawater.



MATERTATS AND METHODS

General

Ecquipment and lalware used in productivity experiments were of non-
metallic, in most cases plastic, construction. Pyrex® vessels were sub-
stituted when plastic was not suitable (or not available) and because glass
could be cleaned of all organic contaminants for experiments with 54Mn.

Al]l lalware was cleaned as follows: washed thoroughly in Licquinox®;

soaked for at least one week in separate 10% hydrochloric and 10% nitric
acid baths; and thoroughly rinsed with glass-distilled, deiocnized (Barnstead
Ultrapure®) water (DDW) before and after each soaking period. when
organic-free water was desired, DIW was redistilled under a filtered laminar
flow hood at sub~boiling temperature in a still made entirely of quartz

(QDW) . Productivity bottles were given a final cleaning with 0.25
equivalents per liter (N) sub-boiling distilled HCl, then rinsed with 3.5
milli-mole per liter (mM) NayCO3 in QIW to ensure that no residual nitrate
or acid remained. All chemicals were Baker Analyzed® reagents.

Sample Collection and Manipulation

Samples of seawater were collected in November, February and May, 1982-
83, from stations 8-14 kilometers (km) N.E. of Kaneche Bay, Oalm. On the
first two dates (Experiments I and II), southerly "Kona" wind conditions had
prevailed for 48 hours (hr) prior to sampling and the sea state was calm,
In May, very light trade winds preceded Experiment III, resulting in light
chop. A standard Go Flo bottle (Ocean Dynamics) was lowered on nylon para-
chute chord or polypropylene line, weighted with 20 pounds of plastic-coated
dive weights, to a depth of approximately 60 meters. The umedified bottle
was scrubbed out inside and filled with 10% HCl overnight, then rinsed and
filled with DIOW until just before use. Multiple casts were cambined in a
cleaned polyethylene tank and immediately transported back to the Hawaii
Institute of Marine Biology on Moku o Lo'e Island (Figure 1). Collection of
seawater tock 20-30 minutes and the return trip to HIMB recuired 30-45
minmites (min).

Once in the lab, the sample seawater was screened through Nitex® mesh
directly into clean four-liter polycarbonate bottles (Nalgene 2200). For
the first two experiments, 35 um mesh was used. The mesh size was
Increased to 102 um for Experiment III, and only Experiment III (which was
designed to measure !<C-productivity and *H nuclectide synthesis simulta-
neously) included a dark bottle. The volume of each productivity bottle
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was determined by weight., Control samples received no added manganese while
divalent manganese was added to a duplicate series of 3-4 bottles, from a
concentrated stock solution of non-radicactive MnCly in DOW. The volume of
this first addition varied between 10 microliters (p£) and 5 milliliters
(m#) to provide a wide range of ambient Mn(II) concentrations (1-5212

ppb) for the series of time—course measurements. Between samplings, the
bottles were incubated in the small lagoon cutside the HIMB facility. They
mrekeptmﬂeraﬂoatingdockintheshadearﬂsuspetﬂedabamaw-half
meter below the surface.

Addition of Radionuclides

Immediately after filling and adding Mn(II), all productivity bottles
were spiked with 2.0 m# of a [2-%H] adenine stock solution. The radio—
tracer stock was prepared by diluting one part [2-°H] adenine in sterile
water (1 millicurie per milliliter (mCi/mf), 15 curles per millimole
(Ci/mmol), New England Nuclear) with nine parts filtered (1.22 um pore
size) autoclaved seawater. This stock was stored frozen until use (not
longer than one month). The adenine addition was approximately 3.3 nano-
moles/liter (nM).

During Experiment III, '4C was added as sodium bicarbonate. Dual
radiotracers were used anly during Experiment ITI. Fitzwater et al. (1982)
give conclusive evidence of adverse effects fram trace metal contaminamts
inagvertently added during execution of the procedures of Strickland ard
Parsans (1972) for measuring !4C primary production. Specifically, they
warn against the use of soft glass storage ampoules and the diluted 1+4C
solutions that contain variable and unknown quantities of heavy metals.
Therefore, no stock 4C dilutions were prepared. Instead, 2 x 100 u2
aliguots from an ampoule containing 1 mCi/mf (52.4 mCi/mmol NaHOO;) were
injected just below the surface into each full bottle. The final procedure
was to cap and invert each bottle several times and withdraw 2 mf to
detearmine the total activity initially added. The bottles were then sealed
and incubated as described previously.

Adsorption experiments were spiked in the following manner: To 200 m!
of seawater, 50 uf of a 54MnCl; stock solution were added. This stock was
prepared by diluting 100 a2 of 5¢MnCly (1 mCi/mf, 10 microcuries per
micramole (uCi/umol), New England Nuclear) to exactly 25 mf with
filtered (0.22 um pore size) artificial seawater (Sverdrup et al., 1946}.



tion: cologj tications

Experiments I-IIX were designed to determine the level of divalent
(agueous) manganese at which the growth of microbial populations endemic to
Hawalian waters was affected, and to characterize the response. During time
~course incubations over eight hours, the response of the natural commmity
to added Mn(II) was monitored in terms of changes in concentrations of
adenceine 5'-triphosphate (aTP) associated with the particulate fraction,
ratesoftotalmicn:obial%and%synﬂ:esisam, in Experiment III, 1¢C-
bicarbonate uptake into organic matter.

Samples for ATP analysis (500 m{) were filtered by low vacum (<15
pounds per square inch) through glass fiber filters {(Whatmar® GF/F). As
the top of the meniscus reached the filter, it was immediately removed frem
ﬂnfiltratimmnifoldmﬂextmctedbyplmginghtoatestmbecormin-
ing 5.0 w? of boiling phoephate buffer. The method follows that of Karl
ard Craven (1980). A stock buffer solution was prepared by combining equal
volumes of 0.6 molar KHPO, and 0.6 molar KHFO,. The stock was diluted by
atact:orofSwitthjustpriortoheati:q (PH 6.8). Tubes were kept
stoppered in order to minimize evaporative loss. Hypodermic needles were
used to vent pressure. No subsequent volumetric corrections were made.

After extracting for 5 minutes, needles were removed and the tubes frozen
until assayed.

Samples for “Canalysiswempreparedinacooxdamewithﬂmpm-
cedures for measurement of primary productivity outlined by Strickland and
Parsons (1972) with previously discussed modifications suggestad by
Fitzwater et al. (1982). After at least four hours of incubation, 250 m#
aliquots were vacum fiitered as in the ATP provedure. To remove excess
inorganic !4C, unfiltered seawater left over in the polyethylene tank which
heldﬂmeenti:ewatarcastmsusedtorinseeadlcylﬁﬂerarﬂfﬂterap-
proximately 10 m? of the samples, Instead of acid fuming, filters were
placed inside glass scintillation counting vials to which 1 m¢ of 10%
(volume per volume) hydrochloric acid was added. The vials were left cpen
ard placed under a fume hood at room temperature for 30 mimites, then sealed
ard kept at 4°C.

At least three times during each incubation period duplicate 250 m.2
aligquots were poured cut into separate volumetric flasks and filtered in the
same manner as for ATP and !¢C sampling. The unrinsed filters were frozen
in test tubes and later processed for the isolaticn of 3H-labeled KNA and
INA macromolecules, following the procedure developed by Karl (1979 and
1982}. To ensure efficient recovery of the acid insoluble materials, 200 Y
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of stock solutions containing 5 milligrams per milliliter (mg/m?)

sterile water of yeast RNA and calf thymis INA (Sigma Chemical Comparny)
water were added to each sample tube immediately before extracting the
filters overnight in 5% (weight per volume) trichlorcacetic acid (TCa) at
4°C. All trichlorocacetic acid solutions were mixed from crystalline stock
immediately before use and precautions were taken to ensure that wash
solutions remained near 4°C. These precautions included use of ice baths
during hamogenation, pre-chilling all solutions, and refrigerated centri-
fugation (IEC Centra 7-R). Residual ethanol washes were evaporated in a
water bath (95°C). Nucleic acids were first hydrolyzed in warm (37°C)

1 N sodium hydroxide for aone hour, then acidified with excess HCl in 5% TCA
and chilled (4°C) to separate RNA from [NA (Munro and Fleck, 1966; Karl et
al., 1981). Subseguent hydrolysis of INA was done in boiling 5% TCA for 30
mimites (Karl, 1982).

In order to cbtain a meaningful estimate of the rate of miclelc acid
synthesis, it is necessary to measure the specific activity of the immediate
precursor: intracellular and extracellular pools of structurally related
campounds which serve to dilute the radicactivity of the labeled molecules
incorporated into chemically stable mxclectides (Karl, 1982). In this case,
RNA and DNA are labeled via ATP and deuterated ATP (daTP), respectively.
Activity of [*H]-ATP (nanccuries per milliliter (nCi/m?)) was deter-—
mined by thin layer chromatographic separation of a 10:1 concentrate
(40°C, in vacio) of the 60 oM phosphate buffered ATP extract described
previously. The methodology follows that of Karl et al. (1981), Karl
{1979), and Cachel et al. (1969). A total of 20-50 pf of the concentrate,
alang with a 20 x2 portion of non-radicactive ATP stock (3.3 mg ATP/mf
sclution), was added to a 5 m# teflon beaker. After mixing, two 10 p2
portions were carefully spotted cnto PEI plates (Brinkman Instrumert
Companyy) . The plates were rinsed twice with DDW, air-dried, developed in
0.85 M POy buffer (pH 3.4), visualized under UV and subsequently eluted with
a magnesium chloride solution in a glass scintillaticn vial. Intracellular
specific activity (nanocuries per picamole (nCi/pmel)) of the ATP pools
was then calculated by comparison of these data with corresponding total ATP
concentrations as determined by the method of Karl and Holm-Hansen (1978).

Sample Preparation: 54Mn Sorption Studies

The partitioning of manganese between a solid phase ard the sclvated
divalent state was investigated by methods similar to those of Duursma and
Bosch (1970). Artificial seawater prepared as described previously and
natural surface seawater from Kaneohe Bay served as the experimental test
media. Both solutions were equilibrated with percxide—cleaned reagent
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calcium carbonate (10 per liter (g/£)) to a final pH of 8.2-8.3,
then filtared mil;{ip::m:mp, 0.22 pm pore size) directly into auto-
claved Pyrex® flasks fitted with grarxi-glass stoppers. A suspension
technicuie was enmployed using pelagic carbonate coze (HIG 79-2, EC 09, 580-
600 centimaters (cu) as the solid phase. The sediment was first cleaned
of organic matter by heating to 550°C for several hours, rinsed with QIW,
and then constantly stirred in 30% hydrogen peroxide for two hours in direct
ratural sunlight. analysis by X-ray diffraction following this treatment
showed the sediment to be essentially pure calcite with trace amounts of
quartz. After another QIW rinse, filtering (Millipore® HAWP, 0.45 um pore
size) and oven drying at 105°C; the cleaned sediment was dry-sieved
through Spex® #400 mash ard suspended in artificial seawater to a concen-
tration of 30 mg/f in a 25 m! graduated cylinder. This stock calcium
carbonate suspension was kept sterile by lowering the cylinder inside a
tuibular low pressure mercury vapor ultra-viclet lamp. A 200:1 dilution
(150 mg sediment/kg seawater) was normally used in the reaction flasks.

One set of flasks was kept in a darkened hood. Red light was used for
illumination during sampling. Ancther set was exposed to constant illumi-
nation from a sunlamp (Sylvanis® RSM, 275 watts). The radiation spectrium
of this source closely resembles that of natural sunlight (D. Crosby,
parsonal comunication). A constant-flow water bath fashioned out of a
Pyrex® tray was imposed between the light source and the reaction flasks to
absorb infrared radiation and prevent warming of the flasks above roam
tarperature. A block of insulation 1.5 ca thick separated the flasks from a
for-place multi-magnetic stirrer (Lab-Line Instruments, model 1262).
Diplicate samples were taken immediately before addition of sediment for
measurement of total $4Mn activity. additicnal aliquots were withdrawn cne
hmraftaraddmgsedimmtarﬂatvariwstimeadurmgatmdayperiod.
mmmaqummmaeparatadbyfﬂmtim. Several brards and
types of filters were tried including Millipore® HAWP and HAVP, and
Gelman® metrical. All gave erratic and relatively large blank readings
becauseofadsorptimandmtmtimofvariableamiveannmtsofﬂm
spiked seawater. This problem was campletely eliminated by the use of
Nuclecpore® polycarbcnats membrane filters (0.4 um pore size). After
three mirtes of suction, these filter discs (25 millimeter (mm) diameter)
zetamedlittleofﬂmliquidpmsearﬂmeasuyblotteddrymunm
filtering side. Fach filter was placed inside a glass scintillation vial
along with 0.5 m# of 10% HC1, capped and allowed to stand for 30 mimites
before adding the liquid scintillation cocktail. Blark values using this
pmcemxedidmtemaedmmbac}mﬂmwlofm—zomper
minute. In order to calculate the "radiotracer distribution coefficiemnt®
(Kd),arﬂEOthatamleteIadiOdmimlhwmyomldbekept, samples
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were also prepared fram 1 mf each of the filtrates (activity in sclutiom).
Radiochemical budgets agreed to within +5%.

Sample Analysis

Concentrations of total ATP in the phosphate-buffered cell extracts
were determined by the firefly bioluminescence assay (Holm-Hansen and Booth,
1966; McElrcy, 1947). Refinements in the preparation of cxrude luciferin-
luciferase reagent (FLE-50) developed by researchers Karl and Holm-Hansen
(1978) were adopted. For all samples, a 200 x! portion of extract was
injected into 1 mf of enzyme mixture. Light emission was quantified using
an ATP photameter (SAI Technology, model 2000) by measuring maximm peak
heights on a strip chart recorder (Hewlet- , model 7155B) during
initial (0-3 seconds (sec)) mixing of reactants., The average values
cbtained from three such measurements were compared to mean peak height
values abtained from standard solutions of adencsine 5'~triphosphate (di-
sodium salt, Sigma Chemical Company). These standards were prepared by
quantitative serial dilutions of a stock solution containing 1 ug ATP/uf.
All ailutions were wade up in phosphate buffer identical to that used in the
initial ATP extraction. Concentrations of standards ranged from 1 to 10
nanogram per milliliter (ng/mf), and they were assayed before and after
each set of seawater extracts.

All radiochemical samples (those prepared for measurement of [9H]-
ATP, [*H]-RNA, [*H)-IMNA, !*C-organics arnd $¢Mn) were analyzed with a
scintillation counting system (Packard TriCart®, model 4640). Chamnel
settings pre-programmed by the factory were used for single and dual label
experiments with ®H and !C, Samples containing 54Mn were counted for
ten mimites over a 2-625 KeV energy range. To correct for variations in
quench among samples, a series of 7-10 vials was spiked with equal activity
and a variety of quenching agents added including filters, seawater, 10%
HCl, TCA, etc. an unguenched sample was prepared from high activity stock
ard used to calculate maximm machine efficiency campared to standards of
known activity, Efficiency data were correlated, electronically stored, and
used to correct counts per minte (cpm) to disintegrations per minute
{dpm). A standard for 5*Mn was not available and not considered neces-
sary because the value of Kd depends on the relative proportion of activity
in the solid phase to the activity in solution. Thus, intheczseofnm’
thedatammforqmthwimthemwdmthatmmjng
efficiency remained constant. In all cases, the scintillator used was
Aquasol IT® (New England Nuclear): 10 =¢ into each glassg vial.



Divoky, 1976). advection with surface Qurrents, turbulent dispersion, and

rmalbyzeroorderpmmssesamimhﬂedinmemdelanddescribed
bealow.

order axidaticn and adsorption removal processes. To simplify the book~
keeping, two matrices are used in these calculations, representing the

previmsmﬂpresmtdataomfigumtim. The constants selected to control
thesetrmsfersammal are as follows:

Turbulent dispersion: As discussed in Nihoul (1975), natiwral dig-
persion coefficients are highly variabla, but appear in same studies to be
roughly proportional to same powar of the length scale under consideration.
In particular, Ckubo (1968) notes that A ~ kel.15, where & is the
dispersion coefficient (units of length squared per unit time), k is a pro-
portionality constant, and # is the length scale. Iavelle and Ozturgut
(1981) and Iavelle et al. (1580), in a stidy of dispersion of particles frem
anexperimerrtalde@-seaminimmjectdisdnrge, found that a value of 10
meters squared per second (m2/sec) for A was consistent with cheervations
madeofmjnirgsystmtestswiﬂaalemthacaleotammﬁnlm. This
value, scaled using Okubo's relationship to a 15 length, is used in this
similation (0.08 m2/sec) .



Qurrent speed: Current speeds in surface waters are also highly
variable, ard would have to be measured extensively at any specific site for

adequate prediction of discharge plume dispersal. A speed of 0.1 m/sec is
typical in many open ocean sites and selected for use here.

Removal of Mn(II): As discussed above, the detailed fate and effects
of Mn(II) in marine surface waters are not fully understood. It is clear
that large inputs from terrestrial run—off (e.q. Riley and Chester, 1971
Ch.4, Martin and Knauer, 1982) and hydrothermal sources (Jones and Murray,
1985) are rapidly removed in some marmer to result in the low ambient levels
abserved in marine waters. In an irnvestigation of a fjord pycnocline,
Emerson et al. (1982) fourd that the Mn(II) mixed upwards from below the
pycnocline was removed fram the oxygenated surface waters at a rate of 60 X
10-% mol/m?-day (3.82 x 105 g/m2-sec). Thagh this rate is likely to
be much lower than that which would occur in relatively well-mixed and
oxygen—supersaturated open ccean surface waters, it is used in this simu-
lation to provide a conservative first estimate.

In taking conservative values for current speed and Mn(II) removal
coupled with high values for Mn(II) influx, the resulting model will terd to
err an the side of overestimating the amount of Mn(II) which would be
intreduced into marine waters.



Field Incubations with Added Manganese

The time-course measurements of RNA, DNA, and ATP are summarized indi-
vidually by experiment in Tables 1-3. Synthesis rates are extrapolated from
incorporation of *H-label and specific activity data, and represent mean
productionofm@arﬂﬂihbythemicmbialcmmmityoverthetimeirﬂi-
cated. In general, the data show that high concentrations of Mn(II) can be
tolerated by oceanic microbial populations without significantly affecting
either total or bicmass-specific (not shown) rates of polyruclectide
synthesis durirg exposure pericds as long as eight hours. Only the highest
ambient Mn concentration (5212 ppb, 9.5 X 10-5 M, Table 2, Bottle IV)
shows a marked decrease in growth by this method. The lower Mn(IT)
additions fram 1 to 485 ppb (1.8 % 10°% to 8.8 X 107¢ M) either have no
effect or slightly stimlate the rates of RNA synthesis. Syntheses of IMA
seantopmceedatamifommtedespitethepreserweofmneseorthe
absence of light (Table 3, Bottle V). Intermediate values of added Mn(II)
result either in a synthesis rate reduction at latter time points (1042
ppb, Table 2, Bottle III) or show virtually no difference from the control
(Table 3, compare Bottles I and IV). The general trend of the INA/RNA rate
ratios (expressed as percent) is increasing throughout the course of each
experiment. Ratios that range from 0.1-0.2, increase by 30-50% after 5-8
hours. The "dark bottle" in Experiment ITI exhibits a marked increase in
the rate ratio values, the result of a reduction in the RNA rates while
rates of INA synthesis are not affected. Manganese additions have little
effect on these ratios relative to control samples.

Despite an order of magnitude variation in the range of total label
incorporated between experiments, individual experiments show a remarkably
constant uptake rate. All but the most Mn-enriched sample take up %H-
adenine into RNA and DNA pools in a linear mamner. Figures 2 and 3 are
shown as examples. Production of 3HyO (Figure 4), a metabolic by-product,
is also linear. This pattern is dbserved during all SH-labeling experi-
ments and indicates that turnover rates of adenine are much greater than the
time of the incubations.

Fnough 3H-radiotracer stock was added initially to spike the working
solutions in all experiments to a calculated activity of approximately 50
uCi/f. If this initial spike becomes exhausted, a drop in specific
activity would occur; however, no such phenomenon was chserved. Actual
measurements of total activity were lowest during Experiment IT (25-31)

14
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nCi/2), whereas bottles in Experiments I and III contained 60-70
mCi/2. This low level of activity during Experiment IT caused problems
with measurements of *H-ATP and SH-INA. Measured counts from the purified
ATP extracts ard hydrolyzed INA solutions were often so low (less than 100
ard less than 1000 cpm respectively) as not to be considered reliable.
Unfortunately, the duplicate RNA and INA sample set was lost during sample
processing. The specific activity and DNA data from Experiment IT should
therefore be interpreted with caution. Iabeling of all samples proceeded
rapidly during the pericd between adding radiotracer stock and the first
time-course sampling. For the control samples (Tables 1-3, Bottle I), sub-
sequent specific activities remained essentially constant, The specific
activities of bottles with added manganese were more variable and tended to
increase during the incubation such that by the last sampling period, values
for the controls were generally lower than the Mn-treated replicates. The
bottlewimtlnhighestbmwntmtmcreaseddrmticauyinspeciﬁc
activity between five and eight hours after adiing label.

There appears to be no significant pattern to the ATP values other than
that they are low amd typical of previous data from oceanic envirans (Karl
and Wimn, 1984). Concentrations of ATP remain relatively constant during
the first experiment, show a steady decrease at the higher Mn additions made
during Experiment II, and in most cases, increase very slightly during the
final experiment. No influence is dbserved on ATP until more than 1000 ppb
Mn(II) is added.

Dual radiclabels were added during Experiment III to compare production
based on autotrophic carbon fixation to total microbial growth estimates
extrapolated from rates of DNA synthesis (Table 4). A linear regression of
the three time-course INA measurements (Table 3) yields an hourly rate of
adenine incorporation into DA per liter. This value is then multiplied by
afactorofG.GleO"todmrgethemitstomicrogramofmrbmper
liter per hour (ugC/i/hr), and again by 24 to abtain a daily rate of
cammnity carbon production (ac). The <C-uptake data (in nCi/f) are
corverted to carbon production by linear regression as above, divided by
4.4 x 10* nCi/2 (the amount of 14C label initially added) and then
miltiplied by 2.0 x 10-* M, the natural concentration of inorganic carbon
assumed to be present. Inorganic carbon addition from the label (8.4 x
10-7 M) is negligible in camparison to natural levels. The product is
then miltiplied by an isotopic discrimination factor of 1.05 (Strickland and
Parscns, 1972) and units converted to ugC/i/hr. No correction for
respiratory loss was made. A factor of twelve was used to cbtain daily
L4C-production (aC). For biamass estimates (Co}, the three corre-
sponding ATP concentration measurements from Table 3 are averaged and
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canverted to carbon based an a C/ATP ratio of 250. Commmity specific
specific growth rates (day-?) are then calculated according to the
formila:

5 =1n [(Co + AC)/Co)

To abtain "doublings per day" (not listed), two is used as the logaritimic
base.

carbmpmdtx:timvaluesforﬂncmtmlarﬂfartheleastmadditim
(Table4,Bctt1esIarﬂII)areessartia11yttmsmoverﬂzemmof
Experiment III. Estimatesbasedmﬂlhsynﬂ:esismgmmllyabmtuo%
greater than estimates based on !<¢C-uptake. The bottle containing 485 ppb
M(II),hmever,slmsahigharmteofpmdmtimbasedm“Guptakeman
the rate based on INA synthesis, For this bottle, ¢C-counts are signifi-
cmtlylmuerthancmtmlvalmsattlmfam—hmraanplhgperiodand
significantly higher after eight hours. Unlike the INA data, no duplicate
1*C-sanplesweretahenandthehighermtesofpmdmtiminthismsamy
be an experimental artifact. In general, !4C-productivity data show more
deviatimfrunthelinearpattemdmmcteristicofmﬂadaﬁneuptakem
DNA cver time. 'Ihelaxgestmadditimslmadecmasemmtctrq:hic
growth while total microbial production increases. Of particular interest
amtlndarkpmmctimvaltmmﬁmhﬂicatetlntmicnbialpmdmtimof
redmedcarbmbasedmextrapolatiasfmmSynthesisisthesamasin
the light while, at the same time, no inorganic carbon fixation occurs.

Measuranentsofthepartitiaﬂngof“minasystanofsmterarﬁ
fine calcite sediment show that dissclved Mn(II) has a high affinity for
these particles. Previous literature has documernted the particle-reactive
belmviorofammmemmmfacess&xhassﬂioaousclays,mtal
oxides and hydroxides, especially those rich in iron (Wilson, 1980). The
distribution coefficients (Kd) cbtained for calcium carbonate also show a
strong pattern of adsorption, where:

Kd = actjvity in solid phase x F
activity in sclution

Fisafactarthatmtmlizesﬂnneasum“m-activitiespermitvolm
to mass go that the units of Kd are dimensionless. The measired values of
Kd cbtained in the dark are ghown in Figure 5. In the natural seawater
treatment, dark sarption occurs more rapidly over the first hours of the
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experiment. A period characterized by a more gradual linear uptake follows
for approximately 5 days. At this point, the value of Kd is greater than

4 x 10° without any evidence to indicate that equilibrium has occurred.

The same general pattern was cbserved for artificial seawater treatments

except for an apparent lag in uptake.

A marked shift in the distribution coefficient occurs when the system
is exposed to continuous artificial sunlight. The effect is most pronounced
on the natural seawater treatment (Figure 6). Under light conditions, the
value of Kd rises to just over 1.3 x 10° and remains fairly constant during
the remainder of the experiment while after ten days in the dark, the value
of Kd for the natural seawater system is over 4.4 x 10°. A less pro-
nounced but significant effect is also cbserved on dark vs. light treatments
in the artificial seawater-calcite system (Figure 7). In both cases, values
of Kd in the dark significantly exceed those obtained in the light.

After ten days in the dark, artificial and natural seawater suspensions
adsorbed 43(+1.9)% and 41(*2.1)% of the 5‘Mn-spike, respectively. Thus,
there was essentially no difference between adsorption of divalent manganese
fraom artificial and natural seawater onto susperded calcite sediment in the
dark. For samples exposed to contimous illumination, however, adsorption
of Mn(II) both from the natural seawater-calcite system ard, to a lesser
extent in the artificial seawater treatment, was inhibited. At the con-
clusion of the light experiment, only 16(+1.4)% of the initial 5‘Mn-spike
in natural seawater had been removed by adscrption while counts removed from
the artificial seawater suspensions averaged 30(*3.4)%.

The salinity of Kaneche Bay seawater averages 3.5% (Smith et al.,
1981), compared to 3.43%., for the artificial seawater. Measured pH values
were all between 8.2 arnd 8.3 and temperatures in the dark averaged 3°C
less than in the light treatments that were maintained at 25°C. Both
seawater samples were analyzed for total dissolved organic carbon (DOC)
after equilibration with peroxide-cleaned reagent calcite but before
addition of the 5*Mn-spike. The seawater frcm Kaneche Bay cantained
0.64(+0.1)mgC/2 and the artificial seawater contained 0.23(+0.1)
milligrams-carbon per liter (mgC/2).

Dispersion Model

Figure 8 represents an essentially steady-state dispersion plume
generated using the finite-element algorithm described above. In this rum,
a time increment of 1.5 minutes was used for 85 iterations (total duration
21.25 hr). Runs of 600 iterations produced virtually identical results.
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DISPERSION MODEL RESULTS
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Figure 8. Dispersion Model Results
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The discharge point in this figure is in the upper left-hand corner and the
0.1 m/sec current moves diagonally toward the lower right-hand corner.
There is a slight elongation of the plct in the y-direction (up~down) due to

a limitation on the lineprinter pitch and line-spacing controls. The ratio
of the x to y increments in the plot is 0,898,
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DISCUSSION AND CONCIUSIONS

Franklin and Morse (1983) measured the adsorptive uptake of mangencus
jons onto pure calcite surfaces at concentrations of Mn(II) from 10°5 to
m-oﬁindistilledwaterarﬂseamter at saturation with respect to
Catds. They determined that variations in initial Mn(II) concentrations &id
not affect the percent of Mn(II) adsorbed over time, Concentrations of
adscrbate ranged from 2.5 to 10 grams of CaC0; per liter of suspension, mch
more than the 150 mg/2 calcite sediment used in this study. Neverthelees,
the data are closely ommparable. Such agreement supports the conclusion
that the percentage of manganese removed from seawater is independent of the
initial Mn(II) concentration (approximately 10°7 M in this study) and of
the amamt of solid calcite added over at least two orders of magnitude.
Adsmptimmseawaterdiffersfrmw-mtakeindistilledwaterinthattm
latter adsorption isotherm is affected by the ratio of adsorbate to solution
volume (McBride, 1979). A close similarity in adsorption characteristics
between reagent calcite and pelagic carbonate sediment is alse recognized.

Adscrption of Mn(II) onto the mineral surface presumably ocaurs by
coordination bonding between the metal ion and surface hydroxyl ligands. A
study by Wilson (1980) determined that a variety of surfaces, including
a-Fe(XH, particulate organic matter and silicecus clays, all catalyzed the
oxidation of manganese in natural waters to soame extent. Surface complexa~
tion purportedly satisfies the electronic (valence) requirements of a
metastable oxy-hydroxide intermediate species (perhaps MnOCH) that, under
favorable conditions, may undergo further oxidation. Alternmatively, Mn{1I)
mry substitute for Ca(IT} in the rhambohedral calcite lattice. Solid
solutions of MrCat0y are known to occur during co-precipitation of these
spacies in seawater (Garrels and Christ, 1965; Pedersen and Price, 1982).
These two mechanisms are not mitually exclusive, however, and probably ocour
similtanecusly. In any case, competition with Mg(II) for available bonding
sites slows the reaction in seawater by factor of 4x10° campared to
adsorption rates measured in distilled water (Frarklin and Morse, 1983).

An initial period of relatively rapid uptake was chserved in the
present study. It is assumed that this represents adsorption of Mn(Il) onto
the surface of the susperded sediment. In natural waters below pH 8.5, the
kinetics of wanganese axidation (equatiml)aretooslwtoacmmtfarthe
cbeerved ptake rate (Stumm and Morgan, 1981). In the dark, this adsorption
phase lasted approximately five days and resulted in the removal of 40% of
the ‘Mr-spike. Illuminated samples adsorbed only about 20%, although this
varied between artificial and natural seawater treatments (see RESULIS) amd
the duration of the first phase was approximately one day in the lignt

30




treatments. Thereafter, values of Kd in all cases increased very mach more
slowly. A reduction in the reaction rate may be due to precipitation of
manganese oxides (equations 1 and 3) after initial adsorption of Mn(II) oto
the mineral surfaces. This second rhase lasted throughout the remairder of
the experiment arnd removed about 1% of the initial spike per day.

Similar work with dilute solutions of Mi(II) and calcite (McBride,
1979) suggested that the system may take on different solubility character-
istics with respect to both manganese and calcium carbxnate depending on the
relative proportions of aquecus manganese and calcite surface area. If the
latter greatly predominates, Mn(II) concentrations may fall below values
calculated from pure mineral equilibria., When Mn(II) concemtrations are
high relative to calcite surface area, the surface bonding sites, once
occupied, become coated with the forming cxide and are thus effectively
isslated from the system. Onca all the calcite crystals are coated in this
manner, the system may becowe under— or over-saturated with respect to
Cat03. Surface complexation with organic matter allows the latter condition
to exist in most surface seawater (Chave, 1965; Chave ard Suess, 1970).
Ultimately, the amount of Mn(II) that remains in solution is controlled, in
part, by the solution chemistry of the incipient mineral phase. Other
physico—chemical variables affecting manganese solubility and oxidation rate
are temperature, pressure, pH and Pop. The data presented in this stady
indicate that light may also play a significant role in determining the
partitioning of manganese in the photic zone.

An enormous amount of energy flux in the form of electromagnetic
radiation enters the ccean throush the air-sea interface and is more than
90% absorbed within the photic zone. This energy interacts with agueous
molecules and is converted to other forms of energy such as heat.
Individual radiation quanta possess energies in estcess of the activation
energies required for most relevant chemical reactions (Zafiriou, 1977).
For example, photosynthesis, the most extensively studied photochemical
process in the sea, has had a profound effect on the biclogy and chemistry
of the biosphere and yet photosynthesis involves only a miniscule fraction
of organic matter that is livirng., The ocean contains vast quantities of
dissolved organic and inorganic molecules capable of interacting with light.
Despite the cbvious potential significance of photochemistry in the marine
erviroment, however, the canrent literature contains no exsmples (aside
fram photosynthesis) of well-understood organic photochemical systems. Even
ndimentary knowledge of the spatial and temporal variability of the marine
light field (especially in the ultravioclet) is lacking, although interest in
remote sensing may soon change this situation. As a necessary prerequisite
to the interpretation of satellite data, the optical properties of seawater
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mhmjnghetta-urdemtoodwimtlnaidofmtermdeling. Algo-
riﬂ-ﬂnudu'ivadmmltlymployedtorelatemltibarﬂspectmldata
miwmmmolqimlmrmmstasmrfacadﬂommyncmmtmim
(Wilson gt al., 1978; Wilson and Kiefer, 1979). Compourding the problem is
ﬂnmﬁmuﬂﬂnhmofmﬁnmcmﬂmmﬁttoberesolvedinw
rigorous chwmical way. These campounds are often termed "Gelbstoffe" or
Mm",atmbwmmsoﬂscim,mamhmml-
lactively by their presumed effects rather than by quantitative scientific
imvestigation. MOm,bmmeotthahndequaciesinmrpicmraoftm
muamm,mmt}nfieldofmarhnmoto-
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In the context of the present study, it appears that natural levels of
dissolvedorganicmtterinitiallyservatohmeaseﬂm dark adsorption
rate of Mn(II) anto calcite surfaces (Figure 5). If adsorption kinetics
generally follow a first-order heterogeneous and autocatalytic rate equation
for mancanese oxidation in natural waters (at constant piHd arnd Fop) as
darived by Morgan (1967) of the form:

—dMnt21 = kg [Mt2) + k) (Mnt2] (Mnox)
dt

merekoisthefimt-oxderrateomstantmﬁkltheheten:gamemsrate
constant, then complexation between DOC and agquecus manganese, partially
mh'gsmeofthefraametalimfrmttnsysten,vmldtendtoredma
the overall reacticn rate. An inverse dependence of the reaction rate on
organic ligand concentration was observed by Wilson (1980) when uncharacter-
ized "humic acidg extracted from soils was added to suspensians of clay
minerals in borate buffered solutions (P 9) of low ionic stremgth

{0.01 M). 'Ihesereaﬂtsmaymtbevalidv&mappliedto seawater systems,
Ithasbeenahamﬂmtcalcitesuspensim:sinseawaterselectivelyadsom
surface-active organic compounds such as amino acids, proteins, lipids,
fatty alcahwls, esters and polypeptides (Suess, 1970). The method of
mlciteequilibmtimenployedinﬂ:epresmtsuﬂymytheretomhave
rewvedasm@asu%oftheorganicsfrmtlnmterpriortoaddj:q
$4Mn (Suess, 1970). I.ossofmcismggastedbytherelativalylw
concentration (0.64 parts per million (ppm) meamumed in the surface sea-
water fram Kaneche Bay following equilibration with cleaned calcite compared
to typical values of 1-1.5 ppm (T. Walsh, personal cammnication), In this
regazd,mendmngmgﬂmeqmlityorqmmityofmtxmlmcismﬂmirable,
a better method of achieving CatD3 saturation might be by alkalinity adjust-
ment with HCl and atmospheric 0, (Frarklin and Morse, 1983). Tt should
alsobemtedtlntﬂleartificial"orgmﬁc—ﬁﬁe“mterusadinthissudy
didcmtainmeamrableamnmsofnoc,presmablyascmtminantsimd-
vertentlyaddedalm:g&dﬂuthevarimi:nrganicreag@nts. The quality of
these organic contaminants was not determined.

Ihedatapresamedhemhﬂicateadjmtmlatiashiphemm
mtter and rate of adsorption. The evidence suggests that higher rates of
adsorpthxmnamralseanateramduetoagreatarahnﬂancaofo:gmn-
metallic complexes with strong affinity for calcite surfaces. The measured
M'sinbothartificialarﬂmmralseawatertmamezmslcq;tjnﬂnm
ultimately attained approximately the same value in both cases, the
incipient mineral phases appear to have equivalent solubilities. This is
mtezpmtedasevidemeﬂntmitherﬂnmmemrtheabmﬂarmofmfma
bonding sites was significantly altered relative to the potertial for Mn(II)
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adscrption in the artificial treatments. It is also possible that complexa-
tion takes placa while manganese is in the solution phase (the Mn-spike was
added 15~30 mimutes prior to adding sediment).

In the light (Figures 6 and 7), a significant shift is cbserved in the
values of Ki. The magnitude of the light effect appears to be related to
DOC conoantrations althoush the data are not sufficient to resolve the
natire of tha relationship. Adsorptive uptake is significantly inhibited in
both natural and artificial treatments relative to parallel samples
maintained in the dark. Sunda et al. (1983) and Swuda and Huntsman (1985)
clearly demonstrate that exposure to sunlight greatly enhances the dis-
solution of manganese oxides in laboratory experiments performed with
offshore ard coastal near-surface seawater, Dissolution rates were fourd to
incresse in proportion to light intensity and with additions of isolated
marineg "humic acid". The data presented in the 1983 study support the
hypothesis that photo~activation of organic campounds found in seawatar
results in reduction of manganese to the divalent state. Photochemical
machanizsons for reduction of other transition metals such as Cu(II) and
Fe(III) have been proposed (langford et al., 1973; Miles and Brezonik,
1981). Poesible mechanisms of photo-activated reduction may include ligand-
to-metal charge transfer within a photo-excited organametallic complex
(Balzani and Carassjiti, 1970) or perhaps indirectly by means of redox
reactions between the transition metal and the dissociation products of the
initial excitation such as free radicals (Zafiriou, 1977) or solvated
electrong (Swallow, 1969). From the data presently available, it camnot be
determined whether these reactions occur at the calcite—seawater interface
or in sclution.

Manganese enters the surface ocean from riverine influx (Turekian,
1971; Gibbs, 1977) by atmospheric fallout (Klinkhammer and Bender, 1980) and
hydrothermal imputs (Jones and Murray, 1985). The relative contributions of
these scurces are still in debate (Landing and Bruland, 1980; Jones and
Muxray, 1985). The atmospheric input is significant, especially in
locations remote fram land (Klinkhammer and Bender, 1980). Hodge and others
(1978) have shown that perhaps 50% of the manganese associated with aeclian
particles is in a labile form that readily leaches into seawater as Mn(II).
Divalent manganese is removed fram the photic zane by relatively rapid
adsorption onto particles of all kinds followed by much slower oxidation as
they transit the water column. Where a well-developed oxygen minimm ie
encountered, rembilization may oocur. The relatively high particulate flux
characteristic of surface waters would be expected to reduce Mn({II) concen-
trations were it not for the presence of light and DOC that appear to
interact in such a way that adsorption is inhibited while dissolution is
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erhanced (Surkla et al., 1983). Abalamaammgumpﬂmj_pal sources and
ainks serves to maintain the relatively high concentrations of dissolved
manganese ubiquitously measured within the photic zone,

nmlreactimmbymanmyperb.mbthisdynmicsym. If seafloor
mimldepositsammj:nda:ﬂpmcaasedfortheiremmmuymﬂ
strategically important metals, wastes high in dissclved and particulate
manganese could be created (Haynes and Law, 1982}, Disposal scenarics for
these wastes could include ocean dumping (Keith, 1979). Substantial
depositsarehmtoe:dstnearthelhwaiianhrdﬁpelago (Craig et al.,
1982; Wenzel, 1987; U.S. Dept of the Intericr, 1987). If waste slurries of
processing plant tailings are simply pumped into oceanic surface waters,
Mn(II) concentrations might become significantly enriched, perhape long
au;ghtoiﬂlibitthagrwthmﬁproductimo!mmralphytoplmﬂctm&ni
bacterial populations. It was therefore cansidered worthvhile to
investigate the toxic effects of elevated concentrations of divalent manga-~
nese on aquatic microbial commmnities endemic to Hawaiian waters.

In critically evaluating these results, it should be noted that the
mmOfm(II)addedtoeamNoductivitybottlemsdetmhndby
stmﬂardmethndsofﬂame-atmicabsorptimsmctrqtmuymﬂmm—
tmtedmzstodcsolutimarﬂttmmectadbyamlwtricdjlutim
fwtm(seemsmmﬁnrmtoyieldthemmﬁmﬁ!mm
Tebles 1-4. The effective activity of divalent manganese actually present
inmebcttlesolutimsmsmtdiractlymmmtmmﬂmbtedlyless
than the concentrations listed. Turner et al. (1981) calculated that 58% of
ﬂ:etotalaquecusmanganeseinmdelmter@dstsastlnmnnplemad
manganous ion, Measured total activity coefficients for Mn(II} in seawater
average approximately 0.25 (Klinkhammer, 1980; Morgan, 1967).

The stock was also analyzed for possible Qu, Ni, and Fe impurities.
Niclmlmﬂirmweramtdetectadbygm;hiteﬁmmcemsklppb). A very
mllammtofoapper(sswb)mayhavebeenpmsentinthestockm
ﬂneffectsumldbemgligibleafterdilutirgtoﬂnmtratia-s
actually present during the incubation. In addition, Ortrner et al. (1983)
and Stauber and Florence (mas)dnervedthatelevatedcammticxuof
Mn(II) ameliorate copper toxicity at low copper concentrations.

The productivity data (Tables 1-4) do not clearly delineate a discrete
level at which Mn(IT) becames irhibitery. The data appear to indicate that
concentrations of Mn(II) less than 500 ppb (9.1 X 10°¢ M) do not
adversely affect total production of the microbial commmities sampled in
Hewaiian waters, however, exposure periods of several hours to Mn(IT)
concentrations above 2000 ppb (3.6 x 10-5 M) may inhibit camunity growth
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as measured in this study.

Because of the low *H-activity in the only experiment (II) that
clearly indicates Mn—toxicity and the lack of duplicate samples in this
case, these data provide anly an approximation of manganese toxicity in the
pea. Future investigations should be undertaken in an effort to determine
i ity levels of divalent manganese that significantly inhibit marine
nicroblal growth. '

The dispersion model used to produce Figure 8 has an initial concenr-
txation of 7080 ppb Mn(II), determined by the 15 m matrix element size, the
fived input Flux (266 g/sec) and the 1.5 mirute time increment. In a real
discharge situation, this initial concentration would be carefully con-
trolled by pre-dilution and proper discharge configuration. If the wasta
stream consists anly of process water with no pre-discharge dilution (5.4 %
108 metric tons/year; Harvey and Ammarn, 1987, p. 205), the entire autfall
flux would be 0.17 n3/sec, and the initial dilution assumed with this
particular set of model assumptions would be about 1:220. This is a
consexvative estimate for initial dilution, given the vigorous mixing
processes found in most marine surface waters., More sophisticated means of
egtimating injtial dilution (cf. Brandsma and Diveky, 1976) in similar
situations characteristically produce similar or higher initial dilutions.

If the above model is a reascnable estimate of a real discharge, it

implies the following:

1. Surface blota drifting with the current along the axis of tha
discharge plume will be exposed to Mn(II) levels above the
inmhibitery level of 5000 ppb for less than 5 mimites.

2. Surface biota drifting with the current along the axis of the
discharge plume will be exposed o Mn(II) concentrations above the
2000 ppb level for about 30 mirutes.

3. These drifting organisms will be in the intermediate zone between
2000 and 500 ppb for about 380 mimutes (6.4 hours).

4. The total surface area in the ocean subject to concentrations of
Mn(II) in the intermediate zone or greater would be 0.4 im?.

Tius, based upon these first-order estimates,it appears that the

near-fisld, short-term effects of Mn(II) from a ferrcmanganese crust metal-
lurgical processing plant would be virtually insignificant. Mach work
remains to be campleted, however, before long-term chronic effects can be
evaluated confidently and before an adequate biogeochemical explanation of
Mn(1Y) behavior in surface waters is achieved.
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