
Polychlorinated Biphenyls: Transfer from Microparticulates 
to Marine Phytoplankton and the Effects on Photosynthesis 

Abstract. Polychlorinated biphenyls (PCB's) initially associated with micro- 
particulates are incorporated into marine diatom cells. The time course of transfer is 
rapid; equilibrium is attained within several hours. Assays with chlorophyll a fluores- 
cence in vivo indicate that the transferred PCB's reach sites in the photosynthetic 
machinery that are sensitive to the effects of these compounds. 

Polychlorinated biphenyls (PCB's) are 
widespread contaminants of the marine 
environment (1, 2). They are virtually in- 
soluble in seawater and, because of their 
hydrophobic nature, are readily removed 
from solution by adsorption to particu- 
late matter (3-5). The extent of PCB ad- 
sorption to particles depends on the 
area, organic content, and nature of the 
adsorbent surface (4, 6). Phytoplankton 
accumulate substantial amounts of PCB's 
from seawater; this uptake is rapid and 
occurs at the very low concentrations 
(parts per trillion) that have been detect- 
ed in seawater (7-10). The low concen- 
tration of PCB's in seawater is there 
fore related to both their low solubility 
and their high affinity for particulate 
matter. 

The routes of PCB transport into the 
marine environment include the in- 
troduction of sewage and industrial efflu- 
ents and atmospheric fallout of particles, 
rainwater, and runoff (2, 11). Regardless 
of the mode of introduction, most PCB's 
probably enter with, and remain associ- 
ated with, particulate matter. 

Several recent studies have focused on 
the effects of PCB's on the photosynthe- 
sis and cell division of marine phyto- 
plankton (12, 13). The concentrations re- 
quired to elicit detrimental effects on 
these processes are higher than those re- 
ported in seawater in the open ocean but 
similar to the concentrations measured 
in some coastal, estuarine, and fresh- 
water systems (8-10, 14). Earlier investi- 

gators, however, have not considered 
the availability of particle-bound PCB's 
for uptake by phytoplankton. This po- 
tential source of PCB's may provide sig- 
nificant quantities of these compounds to 
algal cells. We report here the transfer of 
PCB's from microparticulates to marine 
phytoplankton, the effects of transferred 
PCB's on photosynthesis, and probable 
mechanisms for the transfer process. 

The three types of particulate matter 
used in these studies were (i) Nuchar- 
Attaclay, (ii) sewage microparticulates 
(SM) collected from the Monterey, Cali- 
fornia, secondary treatment facility just 
prior to chlorination, and (iii) natural 
particulate matter (NPM) collected with 
cartridge-type filters from the seawater 
system of Hopkins Marine Station (15). 
Particles were resuspended in filtered 
seawater (0.45-am Millipore and What- 
man GFA filters) and gravity-filtered 
once through Nitex screens (80-gm pore 
size) and eight to ten times through 26- 
,um Nitex screens. The Coulter counter 
model T was used to determine the par- 
ticle sizes present in these suspensions 
(16). 

The phytoplankton species studied 
were Guinardia flaccida strain 58, Lith- 
odesmium undulatum strain 25, Lau- 
deria borealis strain 14, and Ditylum 
brightwelli strain 64, which were ob- 
tained from the algal culture collection 
of the Food Chain Research Group, 
Scripps Institution of Oceanography. We 
used these species of centric diatoms 

because of their large size and extreme 
sensitivity to PCB's in terms of photo- 
synthesis and growth (13). The medium, 
incubation conditions, and other pro- 
cedures used in algal culture have been 
described elsewhere (13, 17). 

Freundlich adsorption isotherms (18) 
for the four phytoplankton species and 
three microparticulate types were deter- 
mined with methods based on the use of 
2,4,5,2',5'-pentachlorobiphenyl (Mal- 
linckrodt; specific activity = 9.87 mCi/ 
mmole) (7). One establishes these iso- 
therms by measuring the amounts of 
PCB per mass of adsorbent, that is, asso- 
ciated with phytoplankton or particulate 
matter, and the amounts remaining in 
seawater at equilibrium over a range of 
PCB concentrations introduced in solu- 
tion. The use of Freundlich adsorption 
isotherms for the description of PCB up- 
take by various adsorbents has been re- 
ported (4, 5). 

Figure IA presents the results for D. 
brightwelli, G. flaccida, and NPM. The 
other diatoms and particle types had sim- 
ilar adsorption isotherms, with the ex- 
ception of the SM; these data for SM did 
not fit the Freundlich adsorption iso- 
therm, perhaps because of the inclusion 
of a nonsedimentable particle fraction in 
the SM. Freundlich constants for the 
phytoplankton species and microparticu- 
lates are given in Table 1. Figure 1B 
presents log-log plots of cell or particle 
dry weight (D) as a function of the equi- 
librium concentration of PCB's associat- 
ed with the phytoplankton cells or parti- 
cles (X/m). The relative affinities of the 
marine phytoplankton species and mi- 
croparticulates for the PCB's in solution 
are similar and may be assessed from 
these plots and the regression equations 
(Table 1) for all algal species and particle 
types studied. In addition, concentration 
factors are also similar for the particles 
and diatom species (Table 1). 

Table 1. Freundlich adsorption isotherm constants log K and 1/n; regression equations for log D versus log Xlm plots, where log D is the abscissa 
in micrograms of dry weight per liter and log X/m is the ordinate in micrograms of PCB per gram of dry weight; and concentration factors in units 
of micrograms of PCB per kilogram (dry weight) of adsorbent divided by the micrograms of PCB per liter. The standard errors are indicated; ND, 
not determined. 

Phytoplankton Freundlich constants Regression equations for Concentration 
or micro- Regression equations for Concentration 

particulate log K l/n log D versus log X/m factors 

Phytoplankton 
Guinardiaflaccida -3.41 + 2.45 2.45 ?+ 1.21 y = 4.13(+ 0.13) - 0.70(+ 0.04)x 4.56 + 0.93 x 105 
Lithodesmium undulatum -2.29 ? 1.76 1.90 ? 0.91 y = 3.29(? 0.24) - 0.56(? 0.07)x 3.55 ? 0.96 x 105 
Ditylum brightwelli -0.19 + 0.30 1.05 ?+ 0.19 y = 4.03(? 0.13) - 0.65(? 0.03)x 8.65 + 1.07 x 105 
Lauderia borealis -0.71 + 0.88 1.48 ? 0.58 y = 4.14(? 0.15) - 0.69(+ 0.04)x 1.42 ? 0.39 x 106 

Microparticulates 
Nuchar-Attaclay 0.35 + 0.36 0.91 + 0.27 y = 4.79(+ 0.18) - 0.85(? 0.04)x 4.60 ? 0.76 x 105 
Sewage microparticulates ND ND y = 4.06(? 0.15) - 0.69(+ 0.04)x 4.60 

+ 

1.62 x 105 
Natural particulate matter -3.00 ? 1.24 2.13 ? 0.62 y = 3.12(+ 0.20) - 0.53(? 0.06)x 3.04 + 0.41 x 105 
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We measured the transfer of 14C-la- 
beled PCB's from microparticulates to 
diatoms, using separation techniques 
similar to those of Malone (19). The ad- 
sorption of 14C-labeled PCB's to parti- 
cles was conducted in Corex centrifuge 
tubes. Labeled PCB was added in nano- 
grade acetone (Matheson Coleman and 
Bell). After an initial 24-hour incubation 
period, the tubes were centrifuged at 
18,000 rev/min (39,100g) for 20 minutes 
in a Sorvall RC2B. The superatants 
were carefully removed and the pellets 
resuspended in filtered seawater. After 
gentle mixing with a Vortex, Jr., these 

samples were recentrifuged, the super- 
natants removed, and the pellets resus- 
pended. These procedures were repeat- 
ed until the activity in the supernatant 
was near background. Four to five wash- 
ings were required. We mixed a 3.0-ml 
portion of the supernatant with 10 ml of 
Aquasol scintillation fluor (New England 
Nuclear) and determined the activity 
with a liquid scintillation spectrometer 
(Nuclear-Chicago Unilux II) using the 
channel ratio method of efficiency deter- 
mination. The initial activity associated 
with the microparticulate pellet was sim- 
ilarly determined. 

The time course of PCB transfer from 
microparticulates to phytoplankton was 
examined for the three types of particu- 
late matter and the four algal species. 
Suspensions of labeled particles were 
prepared and brought to 12?C. Phyto- 
plankton that had been collected on 26- 
,am Nitex screens and resuspended in 
sterile filtered seawater were added to 
the suspension of labeled particles (20). 
The experimental flasks were placed in 
a constant-temperature, shaking water 
bath. Samples were periodically with- 
drawn from the flasks, and the phyto- 
plankton were separated from the micro- 
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Fig. 1. (A) Freundlich adsorption isotherms (12?C) for D. brightwelli, G. flaccida, and natural particulate matter (NPM). The amounts of PCB 
associated with phytoplankton or natural particulate matter are plotted against the amounts remaining in seawater at equilibrium over a range of 
PCB concentrations introduced in solution; Ceq = equilibrium concentration of PCB's in seawater (nanograms of PCB per liter);X/m = equilibri- 
um concentration of PCB's associated with phytoplankton or microparticulates (micrograms of PCB per gram of dry weight). These data were 
analyzed with least-squares linear regression; the coefficients and their standard errors are presented in Table 1. (B) Logarithmic plots of cell or 
particulate dry weight D (micrograms of dry weight per liter) versus Xlm. These data were also analyzed with least-squares linear regression, and 
the coefficients are presented in Table 1. 
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Fig. 2 (A) The time course of 14C-labeled PCB transfer from microparticulates to phytoplankton. The amount of labeled PCB's associated with the 
algal fraction at the end of each time interval is represented by Xlm (nanograms of PCB per gram of dry weight). (B) The time course of 14C- 
labeled PCB loss from microparticulates. The amount of labeled PCB associated with the microparticulate pellet at the end of each time interval is 
represented by Xlm . 
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particulates with 26-gtm Nitex screens. 
The filtrate was collected in a Corex cen- 
trifuge tube and centrifuged as above. 
The Nitex screen, supernatant, and mi- 
croparticulate pellet were all placed in 
scintillation vials with Aquasol, and their 
activities were determined. Phytoplank- 
ton activity was corrected for the 
amount of labeled PCB retained on the 
26-,im Nitex screens in blanks. This cor- 
rection amounted to approximately 1 to 2 
percent of the total activity associated 
with the algae throughout the course of 
each experiment. 

Figure 2, A and B, presents the results 
of these transfer studies. All four species 
of phytoplankton acquired significant 
amounts of 14C-labeled PCB's from each 
microparticulate type. The time courses 
were similar among species and were al- 
so similar to the time courses of the PCB 
uptake from seawater reported else- 
where (7). Possible mechanisms for the 
transfer process include (i) loss of ad- 
sorbed PCB's from particles to solution 
and their subsequent uptake by phyto- 
plankton, (ii) adsorption of the sus- 
pended microparticulates to the surface 
of phytoplankton cells, and (iii) the 
transfer of PCB's from particles to 
phytoplankton during a transient associ- 
ation. We examined microscopically nu- 
merous phytoplankton cells throughout 
the time course of the transfer and found 
no evidence of particles associated with 
cell surfaces. The data presented in Fig. 
1 and Table 1 indicate that microparticu- 
lates and phytoplankton have similar af- 
finities for PCB's. From these observa- 
tions and experimental evidence, we 
conclude that either a transient associa- 
tion of particles with algae, or a loss of 
adsorbed PCB's to solution and their 
rapid uptake by phytoplankton cells, or 
both, is responsible for the transfer. 
Both processes may occur in the marine 
environment with the net result that PCB 
is transferred into algal cells from the 
particle-bound state. 

The effects of PCB's on both in vivo 
chlorophyll a fluorescence and 14C-bi- 
carbonate assimilation may provide in- 
formation on the movement of trans- 
ferred PCB's into algal cells. These 
methods have been used in examining 
the effects of various toxic agents, in- 
cluding PCB's on photosynthesis (12, 13, 
21, 22). Either reduction or enhancement 
of chlorophyll a fluorescence may reflect 
inhibition of photosynthesis, depending 
upon the site of action of the particular 
inhibitor (22). We assessed the impact or 
effects of PCB's transferred from micro- 
particulates to phytoplankton cells by 
using these techniques. Suspensions of 
Nuchar-Attaclay and SM were prepared 
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as described above with nonlabeled PCB 
(Aroclor 1254 in ethanol; Monsanto). 

Algal cultures were incubated with 
these particle suspensions. Controls re- 
ceived equivalent amounts of particles 
without adsorbed PCB (23). Portions 
were withdrawn periodically for mea- 
surements of chlorophyll a fluorescence 
with a fluorometer (Turner model 111 
equipped with Corning 5-60 and 2-64 ex- 
citation and emission filters, respective- 
ly, and modified with a red-sensitive 
R446 photomultiplier). Labeled bicarbo- 
nate (14C, 3.0 ,iCi/100 ml) was added to 
each flask and to dark controls for the 
measurement of photosynthetic carbon 
assimilation. The methods used have 
been described elsewhere (13). Both D. 
brightwelli and L. borealis showed sub- 
stantial inhibition of in vivo chlorophyll a 
fluorescence (Fig. 3). These results in- 
dicate an effective transfer of PCB's 
from microparticulates to algal cells. 
However, there were no significant dif- 
ferences (Student's t-test, P > .05) in 
14C-bicarbonate assimilation between 
control cultures and those receiving par- 
ticle-bound PCB's at the concentrations 
of PCB transferred in these studies. It 
has been demonstrated that, at PCB con- 
centrations that have been shown to in- 
hibit phytoplankton photosynthesis and 
cell division (12, 13), in vivo chlorophyll 
a fluorescence is significantly reduced 
(21). That study indicated that PCB- 
induced reduction of chlorophyll a fluo- 
rescence provides a sensitive assay of 
the effects of these compounds on phy- 
toplankton photosynthesis. Therefore, 
these results indicate that transferred 
PCB's reach sensitive sites in the photo- 
synthetic apparatus and do not merely 
remain associated with the cell surface. 

The transfer of PCB's from suspended 
microparticulates to phytoplankton cells 
provides another mechanism for the 
movement of these compounds into ma- 
rine food webs, and one of paramount 
significance. Because of the low solubili- 

Control * Fig. 3. In vivo chlorophyll a 
PC B's fluorescence assays for the ef- 

fect of PCB's transferred from 

PContB 
* 

microparticulates to phyto- 
plankton. Control and experi- 
mental chlorophyll a fluores- 
cence values were significant- 
ly different for both D. bright- 

* welli and L. borealis (Stu- 
dent's t-test, P < .05) with 
the exception of the 2-hour 
values forD. brightwelli. Each 
point represents the mean of 
fluorescence values for three 
or four separate cultures with 

60 8Q0 Q standard errors indicated as 
vertical bars. 

ty of PCB's in seawater and the rapid up- 
take by particles, the amounts of PCB's 
actually present in solution represent 
equilibrium concentrations and not the 
quantities of PCB's available for uptake 
and transport. The ability of phytoplank- 
ton to acquire particle-bound PCB's in- 
dicates that the measurement of dis- 
solved PCB concentrations alone pro- 
vides little insight into the relationship 
between phytoplankton and these inhib- 
itory compounds. 

In addition, the residence time of 
PCB's in the euphotic zone and the avail- 
ability of these compounds for uptake by 
marine organisms are limited because of 
the rapid removal of PCB's by adsorp- 
tion to particles and subsequent sedi- 
mentation (9, 24). The rapidity with 
which phytoplankton cells can obtain 
PCB's from particles greatly decreases 
the significance of this removal process 
and demonstrates that particle-bound 
PCB's are of great biological impor- 
tance. Coastal and estuarine areas repre- 
sent the most productive of marine sys- 
tems and also have higher concentra- 
tions of suspended particulate matter 
than the open ocean. This spatial coinci- 
dence of high particle loads with high 
phytoplankton production makes PCB 
transfer from particles to algae of partic- 
ular significance in these systems. 

LAWRENCE W. HARDING, JR.* 
JOHN H. PHILLIPS, JR. 

Hopkins Marine Station, 
Stanford University, 
Pacific Grove, California 93950 
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weight) of particles was used. Since about 50 
percent of the particle-bound PCB is transferred 
(see Fig. 2), the dose at equilibrium would be 
about 0.068 ,g of PCB per microgram of phyto- 
plankton carbon. This value is similar in magni- 
tude to the 50 percent effect dose (ED50) for 
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haps in a more erratic manner. 

I know of no report of definitive perid- 
otitic and associated pyroxenitic koma- 
tiites (1) from Phanerozoic rocks. With 
the exception of two alleged Proterozoic 
occurrences in Manitoba and Quebec (2, 
3), all such komatiites are confined to 
various shield areas of Archean age (3- 
9). This observation has led some scien- 
tists (10) to postulate that certain unique 
geotectonic conditions must have pre- 
vailed during the early part of the earth's 
history. I present here evidence for the 
existence of peridotitic and high-Mg py- 
roxenitic komatiites from an Ordovician 
ophiolite suite exposed at Betts Cove 
(55047'46"W, 49049'11"N) in the New- 
foundland Appalachians and suggest that 
the komatiite-based argument for the 
geotectonic uniqueness of the Archean 
may no longer be tenable. 

The komatiites reported herein occur 
as thin dikes and pillow lavas within the 
Betts Cove ophiolite suite, which con- 
sists of four well-developed members: 
ultramafite, gabbro, sheeted dike, and 
pillow lava. This suite has been de- 
scribed and interpreted as a remnant Ap- 
palachian oceanic crust-mantle sequence 
(11). The sheeted dikes consist of dia- 
base and less commonly clinopyroxenite 
and peridotite. Field and petrochemical 
evidence shows that the dikes acted as 
feeders to the overlying pillow lavas. 
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photosynthetic inhibition when PCB is present 
in solution (13). 
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The ophiolite is known to be of Early Or- 
dovician age (12). The entire suite has 
undergone greenschist metamorphism 
without any significant obliteration of ig- 
neous textures. The komatiites of Betts 
Cove represent a complete composition- 
al spectrum ranging from peridotitic 
through pyroxenitic to basaltic varieties. 
The compositions of four peridotitic and 
three high-Mg pyroxenitic types are pre- 
sented in Table 1 (columns 2 through 8); 
three selected Archean peridotitic koma- 
tiites are also listed for comparison (col- 
umns 9 through 11) (13). The peridotitic 
and pyroxenitic komatiites consist 
chiefly of clinopyroxene with variable 
amounts of serpentinized olivine. Chro- 
mite occurs in all specimens although the 
content varies. The five pillowed sam- 
ples possess sparse globules consisting 
chiefly of high-Mg, devitrified glass with 
or without minor amounts of quartz and 
other silicic material; similar glass and si- 
licic material also occur in the matrix of 
these pillow lavas (14). Crystalline pla- 
gioclase is extremely rare or absent in 
these samples. 

All the Betts Cove komatiites dis- 
cussed here contain subequant or bladed 
skeletal crystals of olivine or clinopyrox- 
ene, or both. The two most magnesian 
samples (samples 70S168 and 70S215) 
possess very sparse subequant skeletal 
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Phanerozoic Peridotitic and Pyroxenitic Komatiites 

from Newfoundland 

Abstract. Peridotitic and highly magnesian pyroxenitic komatiites, thus far known 
to occur almost exclusively in the Archean (before 2.5 x 109 years ago) terranes, are 
reported from an Ordovician (0.5 x 109 years) ophiolite suite in Newfoundland. 
Their occurrence as pillow lavas or as chilled dikes, their possession of quench tex- 
tures and geochemical parameters such as high contents of magnesium oxide, nick- 
el, and chromium and low contents of titanium dioxide and potassium monoxide, low 
ratios of iron to iron plus magnesium, and values of the ratio of calcium oxide to 
aluminum oxide of close to unity demonstrate that they were formed through the 
rapid cooling of a highly mobile komatiitic melt. These features resemble those of 
many Archean peridotitic-pyroxenitic komatiites and indicate that the Archean-type 
magmatism did prevail in the younger segments of the earth's history although per- 
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