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PREFACE

This dissertaticn consista of three manuacripts with a common,
introduction, analytical methods and procedure evaluation, sand conciusion.
The first manuecript concerns concentrations of cadmfum, copper and
zinc in oystera, Crasscsthea vinginica, from the major estuaries in the

Southern Chesapeake Bay. It has been publiished in Water Research. The

second manuscript wae published in Proceedinge of a Symposiump on Mineral

Cycling in Scutheastern Ecosystems and invalves concentratiens of copper

and zinc {n bottom sediments and oysters which live on those sedimenta.
The third manuscript concerna concentrations of copper end zine, in
auapended and bottom aediments from the Rappahannock River before,
during and after Tropical Storm Agnes. [t has been published in The

Effecta of Tropical Storm Agnes on the Chesapeake Bay Estuarine System.
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ABSTRACT

Oysters, Crassostrea vinginicad, were collacted from 95 atations
locatad on the weatern side of rhesocutharn Chesapeake Bay. Analvais
of thesa samples for the trace metals, cadmium, copper and zinc
indicated that conceptration gradient exieted for each of tha three
glements, Samplea ceocllected further up-stream {lower salinitias)
usually contained more of the metals than did those down~stveam. The
concentration gradients were utilized succemafully to predict natural
and/or anthropegenic metal cencentrations in eysters from thae study
area.

Oyater samples collectad from the Newport River estuary in
Horth Carolina showed the same metal gradient as had been obhaserved in
the Chesapeake Bay.

Bottom aediments from the York and Rappahannsck Rivers wera
collected and analvzed for copper and zinc by three chemiecal extraction
methode followed by Atomic Absorption Spectrophotometry. Although
trends of sediment-metals were abserved they did not correlats with
thoge present in oysters from the same estuaries,

Analynsis of Rappahannock River boteom and suapsnded sedimantw
bafore, during and after the run-off from Troplcal Storm Agnes showed
that the copper concentration in bottom sediments increased due to the
ptorm. Since suapended sediments were also high, the assumption waa
made that depoaition of the copper rich particulates accounted for the
increase in bettom sediment copper. A deposlition-mixing model wan
formulated and the amounte of deposition in the Rappahannock River
Channel due to Tropical Storm Agnes were calculated,

xi1i



COPPER AND ZINC IN BOTTOM SEDIMENTS AND OYSTERE,

CRASSOSTREA VIRGINICA, FROM VIRGINIA'S ESTUARIES




INTRODUCT ION

Significant effecta of pollutants are ralatad to their
relative potency and the duration of thei{r eximtence. The damage dona
by pollutants is less for thome which have chemical half-lives. An
obvicus example of this 1s the difference in polluticn potential of
organo-phasphate and chlorinated hydrocarbon penticides. Organo-phoaphate
poesticides have short lives in the epvironment, often on the order of
days, and hence are important mainly through local diract acute exposure
{Bendar and Wesztmann, 1976). However, chloerinated hydrocarbone auch as
DDT can exist from between 10 and 15 years depending on the surrounding
physical~chemical conditions and this long life time allows for global
distribution and significance in thea bicsphere {(MacMullan, 1968). The
potantial of ecalogical damage from a pellutant 4s direccly proportional
to ita half-life. Extreme caution aust be exerciszed in the rsleasas
of a substance with an infinite half-l1ife inta the environment. Once
in the enviramment its potential for harm remains untf{l it loses itm
biclogical availability. Trace metals are examples of such pollutants.

Trace metals may be defined as these elemencs, usually the
tranaition ones, which are found in trace guantities in the environment
relative to the more abundant elements such as iron. From a chemieal
atandpoint elements such as tin ara non-metalm but are accepted undaer
the broad category of trace metala. Trace metals exiat naturally in
minerals and therefore there is a natural budget of these elements in

aquegus sEyatems. With the weathering of racke, the elements reach the



rivera, estuaries and eventually the oceans. The accompanyingbiological
aystems have evolved to cope with this natural occurrence. When a
matal's budget is unbalanced by man-influenced augmsntation, ths biota
must randjyat to reach a new equilibrium and in the procses the pro-
ductivity of many organisme may be significantly affected.

Batween 1953 and 1570, 46 perrz 3 died in the vicinicy of
Minamata Bay, Jepan ftrom the consumption of mercury contaminated shell-
Fish {(Nelaon, 1971). More recent evidence indicates that cadmium
contaminated rice crape in northern Japan killed more than 50 persons
{McCaull, 1971}, Impropar waste disposal management wag to blame In
both casse. HNo longer can the axiom, "Diltutfien is the soluticn to
pollucion,™ be uaed in the selection of metal disposal methode and sites.
The chemical and phyaical dynamica of aqueous systems are too complicated
for such a naive approach. Proper management decisions cancsrning
disposal of heavy metals in natural aqueous systems depend upon the
deteyrmination of the gquestions to be anawerad and techniques requirad
to arrive at the answers. The correct approach will b»s one which
integrates the biclegical, chemical, and phyeical aapects ylelding a
meagure of the ecological coste of varicus disposal alternatives. This
information coupled with the sociclogical and economic costs can then
he given to management agencies and 8 deciaion based on an enlightened
coat-benefit analymis can be made. Unfortunately maet of the nscesaary
biological, chemical and physical aspects are unknown. Until the
blological impacts of such additiona can be accurately assessed and
predicted, the scciological and economic ones cannot be datarmined.

The research reported in this manvecript {nvolves attempte

to deternipe the budgets of cadmium, copper and zinc in sediments and



oyaters, Cradsostred virginica from two eastern coastal plain eatuaries,
the York and Rappahannaock (Figure 1).

Botton apdiments are mainly comprised of mineral grains,
bicgenic calcium carbonate, and organic matter, {tha organic mactar
being eitﬁ;r ag discrete particles usually from partial dacompositicn
of dead organiems, or as bacterial or algal coatings on mineral grains).
In noncontaminated estuarine sediments from Virginla, the organic
content as approximated hy loss on ignition, commonly rangem between
1¥ and 15X on & dry weight basis {(Bretmer, 1970; Virginia Institute of
Marine Science, 1972). The moistura content of the sediment, as it
comes up in the pamplen, varies depending on the averaga grain size.
Sandy aediment will often contain between 60X and 80X solide, while
those conprised mostly of silts and clave will have frem 20X co 503
golida. Within &n estuary, the particle sira distribution may changa
greatly from one place to another depending on the current pstterns,
depth of the stream, and gource of detrital material.

The metal content of any eatuarine sediment ig difficult to
generalize because it depends on how the metals are extracted from the
sediment and how the analymses are performed. A widely accepted character-
ization of sediment metals is one formulated by Gibbm (1973) in which
there are four basic metal "locations™ in gediments. One includes
thoee metals which are incorporated into crystalline matricem. Thanme
may be elther a part of the lateica or "trapped”™ in the lattice
atructure of clay or mica minerals. These metals are called crystalline
mecals. Another involves those metals scavenged into iron or manganase
oxide-hydroxide coatings on the particles and area known as scavenged, or

precipitated-coprecipitated, metala, A third type includes those metals



adsorbed to the purface of the mineral grain which are callad admorhed
metalse. The fourth, called organic mutaia, are those incorporated in
organic matrices sither as coatinges on the nineral or as biclogieal
debris. Thras of these four types are directly related to tha aurfaca
area of the sedimant graine and hence, the particle s{ze, With all other
things being equal, one gram of a fine grained sediment will usually
contailn more of A metal than wi'l an equal mase of a coarser cns.

If the metals in untreated sediments are quantified by
activation oy equivalent analyeis, all four "types” of a metal comprise
the resulting value. There are advantages to this kind of analyais
hecausa gsolvent extractions to "atrip" ona type of metal relative to
another are not well defined and undoubtedly extract metals from undeaired
locations., However, due to the expense of activation analyses and the
point that crystalline metals are probably the least jmportant with
respect to their blalogical availabiliey, extractions followed by
atomic absorption apectrophotometric analysees ate usually performed.

The research reported in this manuacript was baped on solvent extractions
or "atripe" followed by atomic absorption apectrophotometric quancicaciva
analyeis.

The organism chosen to compare the levels of cadmium, copper
avd zinc in adeorbed, precipitated-coprecipltated and orgapic phases
in pediments to timsue level wae the Eaatern oyster, Crasdostrea
vitginica. Thism spacieg is abundant in the southern Chesapeake Bay
and compriges a multi-million dollar per year industry {n Virginia
(Haven, 1977). They commonly inhabit waters with salinities batween
7 a/oo and 30 ofoo where the bottom type i sufficiently hard to

support the animals and the aubstrate to which they "set". They are



filtar feeders which can filtar ae much am 5375 litars of wvater a day
through their gills, efficiently removing perticles between 24 and 8y
for food (Haven, 1977). These particles are passed, by undulstions

af tha cil}in on the g1lls ta the mouth and from there on into the
gtomach and gut (Salteteff, 1944). Once in the gut the particles are
subjecced to digestiva fluilds which may have a pH ag low aa 4 (Wilbur
and Yonge, 1966). The potential is there for metala which are bound
to the particlas and labile under reduced pH's to be mobilized under
these conditions and incorporated into the oyster's tiasves. Commonly
oystera from non-polluted waters have metal concentratfens which are
four to five crders of magnitude above those In surrounding watars
{Kopflar and Mayar, 1969) and one tec ten times those in asdimanta
{this manumctript). Therefore their ahility ta concentrate metala
makea them an attractive choice for trace metal studies. Also since
oyaters are seaaile, their metal content reflect levels in thair
immediate environment. This asapect of thelr ecology is esaential 1f
one 1 to rompare concentrations of a substance in the animal with thoae
in other segments of the ecosyatem.

The objsctives of the preasnt study wers to:

a} determine the concentrations of cadmium, copper and zine
in oyaters from Virginia's tributaries enrering the
Cheaaprake Hay;

b) develcp a mechanism to determine whether the conceantrations
cf cadmfium, copper or zinc in oysters from varioum locationm
had been sugmented by man'e activities;

¢) determine whether copper or zinc assoclated with battom

sedi{ments 1s available to oystera that live on those sedimenta,



AMALYTICAL METHODS AND PROCEDURE EVALUATIONS

Virginia pediment and/or oyater samples wers collacrad in
the James, Nanaemond, Elizabech, Back, Poquoson, York, Famunkay,
Mattaponi, Sevarn, Ware, Morth, East, Pilankatank and Rappahanneck
rivers., Oyaters were alec gampled from twe heds in the Newport River
Eetuary and one in Bague Sound, North Carclina {Figurea 1 & 2).

Bottom sediments were sampled with a Ponar Srab Sampler. Upon
reaching the boat, the top 1 cm of sediment was removed from the sampler
with a stainless steel spatula. Care was taken to remove only that
gadinent which was not in direct contact with the gides of the sampler,
The gediment aamplea were then placed in plastic bags and iced until
returnad to the laboratory. 1In the laboratory the samples wera wet
aleved, (['.5. atandard sieve, No, 230, 63 ym openinga) and that portion
passing tha aleve wag saved for metal analyails. Subaequent re~-sieving
resulted in no discernable increase in the concentrations of either
cadmium, copper or zing,

The concentrationa of mecals in botrom sediment are probably
a fupnction of the surface area per unit mass of pediment as was mentioned
in the introduction. Therefore sieving was necessary to normaliza the
surface areas per unit mass between gample locationa., To exemplify tha
importance of sieving, copper and zine concentratjons and percent solida
of bulk, non-aieved sadiment samples taken from noncontaminated areas
throughout the Chesapeake Bay are compared in Figure 3 and 4. BSince

fine grain samples always contain more water than de coarser ones, it



was thought that a linear relationship might exist betwean per cent molida
and metal levels which would allow comparisona of diesimilar sediments,
As can be seen this proved to be the case. The ralatiocnship {s a useful
one when trying to correlate analyses performed on bulk aediment
samples after a atripping technique ham been smployad, 1t does not,
however, allow total normalization of one sampla to ancther basad on
parcent solides alona, Toa, this relationship for copper and zinc may
nat hold for other matals. Diffarences betwesn sampla eurfaca areas
can be partially eliminated by analyzing a given particile size fraction
of the sadiments, thus equating surface areas between samples and
reducing concentration differsnces due to particle surface area alone.
Once the samples were sieved, the €63 | portien was first
air dried, then dried at 10%°C, and savad for future meral extraction
and analyzia.
) The procedures utilized to extract or "strip" metals in
different phases fram the sediments are given below:
A, Total nomrcrystalline metals

1. Place §.500 g of dried, homogeneous sediment in a
nitric acfd waghed centrifuge tube:

2, Add 5.0 ml of concentrated nitric acid and heat to
fuming being careful not to lome gample by eplashing
due to boiiing;

3. After cooling to room temperature an additional 5.0 ml
of concentrated reagent grade nitric acid is added and
the sanple reheated to fuming}

4, The wixture 1s then centrifuged and the supernatant

ie separated and diluted to volume;



5. The diiuted supernatant ie then tesdy for matal
analyeis by Atomic Absorption Spectrophotomstry.
Analysss of 10 fresh replicate samples ashowsd this procadure
to have a prac{aion of + 7Y for coppar and + 5% for zinc. In most
ceaen the sediments from the York and Rappahannock River ayatema
contained cadmium at or near the detection level of the atomic ahsorption
unit but due to high blank levels of cadmium in the nitric acid, cthis
element was not quantiffed.
Thie technique is admittedly harsh and undoubtedly doaa
renove some copper and zinc from crystalline pices. However, tha
procedure yields reprocducible amounts of copper and zinc from fresh
asxples as evidenced by the above mentioned precisicns of +7% and + 3X,
respectively., Extractions and anglyses were parformed for thesa elements
over a 20 month period, in portions from a large compogite of gedimant.
The yields of copper and zfnc were 11¥ and 72, respactivaly {(Tablae 1).
B. Precipitated-Copracipitated Mecalas
1. Place 0.500 g of homegenized, dried gsedimant in a
nitric acid washed cencrifuge tube;
2. Add 25 mwl of 9.10 melar reagent grade hydrochloric
acid;
3. Shake for &0 minutes at toom temperaturae and centrifuge;
%, Save the supernatant liquid for atomiec absorption
analyaes.
This procedure yielded a precision of + 4% for bath copper and
eine on 10 replicate mamples. 1t was found, however, that the reaction
time, {the shaking time), ia Important in the yield. Alsc experimante

indicate that the dilute hydrochloric acid probably attacks some of the
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organic and ecryatalline meatals as well. This is exenmplified in

Figure 5 which sehows the amount of zinc extracted by this mathod on a
Rappahannoek River sample with different extraction timea. After
approximacely 45 to 60 minutes, there is a gradual incrsase which probably
i due tp the acid leaching metals from non-intended phases. Tharefore

a shaking time of 60 minutes was selected.

Cadmivm concentrations in this sedimanc phase were unohtainable
because Teagent blank concentrarions were too high (>50X) relative to
sample concentration.

C. Adsorbed Metals

The adacrbed metals methed was developed hy Gibba (1973} and
involves replacement of copper and ginc adecrbed to sediments by magnesium
chloride, The reaultant mixtutre fa centrifuged and the supaynatant
analyzed by Atomic Absorption Spectrophotometry. Again high blank
cadmiutm levels negated determination of this element.

Organic concentrations were cbtained by subtracting concen-
trationa of precipitated-coprecipitated metals from total non—-crystalline
valuea for each sample.

I, Ovysters

The analyses of oyster samples for cadmium, copper and sinc
involved not only care in the digeation but alse in the opening of the
animal'a shells and draining of the shell liquor. The antire scheme
is given below:

1. Oysters are carefully washed to remove any adhering mud

with particular attention given to the hinge,

2. A stainless ateel oyster knife is inserted into the hinge

and twisted causing the hinge te break. Caution must be



exercised not toc stab or puncture the animal's flesh,

3. The oyeter ias held, hinge down, and shaken three times
to drain ashell liquor which is discarded.

4, The adductor mussel is cut and the oyater neat is placed
into an acid washed and dried, 125 erlenmeyer Flask and
the wet weight recorded,

3. Approximately 20 ml of reagent grade concentrated nitric
gcld fs added and the sample is allowed to digest for
24 houra at room temperature.

6. The sample is then heated to fuming or unitl a clear,
dark red eclution resulcn.

}. The digest is cooled to room temperature and filtered
through acild washed glass wool and the final filrered
volume measured,

2. The sample ie then ready for analysis by Atomic Abgorption
Spectrophotometry.,

| Thia methoed is relatively gimple compared to meat ashing
methods, Sample splits which were sent by the Hational Marine Fisheries
Service, Atlantic Estuarine Fisheries Center in Beaufort, North Carolina
were andlyzed by this procedure and compared to resultse on the aplite
extracted by them utilizing a dry ash method. The results were not
gignificantly different for copper and zinc at the 0.00]1 significance
level. They wera not aet-up to apalyze for cadmium.

The extracts were analyzed for copper and zinc and where

posaible cadmium by Atomlc Adsorption Spectrophotcmetry using a Varian

Ak~5 inetrument. Conditions were as follow:

11l
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Figure 1.

Hap of the Chesapeake Bay,
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Figure 2.

Hap of the Newport Eatuery and Bogue Sound, Nerth

Caralina.
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Flgure 1.

Concentration of copper (nitric acid digescion) In
sediments from noncontaminated areaa throughout the

Chesapeake Bay vs. percent solids.
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Figure 4.

Concentration of z2inc {niltrie acld digast} in sediments
from noncontaminated areas throughout the Chesapeake

Bay wa. percent salids.
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Figure 5.

Yield of 2inc by 0.10 Molar Hydrochloric Acid wa, shaking

timEr
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TABLE 1
ZINC AND COPPER CONCENTRATIONS OBTAINED FROM A COMPOSITE OF
RAFPPAHANNOCK RIVER SERIMENTS ANALYZED BY THE HITRIC ACID

METHOD OVER A 20 MONTH PERIOD.

mp kg'l Dry Welght

Pare of Analysis Zinc Copper
Februayy 1974 60 17
March 1974 Al 18
May 1974 21
Febkruary 1975 64 20
May 1975 62
May 1975 54
June 1975 59 24
September 1875 66 20

54 17
53 17
B4 16
5k 18
55 17

Xted = 58+4  Ktad = 1942
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UTILIZIKG METAL CORCENTRATTON RELATIONSHIPS IN THE EASTERN OYSTER

(CRASSOSTREA VIRGINICA) TO DETECT HEAVY METAL POLLUTION

INTRODUCTICN

The eastern oyster, Crassosinea viaginica, inhabiting areas
having salinities of 7-30 o/og 1s subjected to varying conditions with
respect to both food amd the chemical characteristica of the surrounding
waters {Wilber and Yonge, 1969). The reaponses of these organlisms as
measured in terms of growth rate, survival, etc. to this gradient are
of both commercial and scientific importance. One characteristic of
filter feeding crganisms, especially oyaters, which 18 of censiderable
aignificance in this regard is their abllity te concentrate a variety
of compounds from the aqueous phase. Many substances, while not
necessarlly hamming the organism, are concentrated in the animal’a
tiegues.

The heavy metals, cadmium, copper and zinc are no exception
and have been shown to he concentrated four cta five orders of magnitude
above that of the surrounding water {(Kopfler and Mayer, 1965). Aside
from the obvious public health and encrepreneurial aspecta of this
concentrating ability, the phencomenon may be used to detect pollucion
sources {Schuster and Pringle, 19697}.

Previocus workerg have reasoned that if oysters from a given
aren contaln more of a gubstance than a pre-set "Action-level" then a
nearhy source 18 indicated. Unforrtunaraly, this reasoning can lead to
erronecus concluafons and even at beat can detect unpatural sources only
after gross contamination has occurred.

The work described in this paper ashows that the concentrations

of the heavy metals, cadmium, copper and zinc In oysters are a function

25
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of not only source but alsu the animal's position in the estuary. The
future uge of concentration ratios 1s suggested which allowa:
l. an indication whether metal concentrationa in organiams
be from natural or manmade sources;
2. recagnition of problew areas before they reach nuisance
levels
3. prediccion, with some certainty, of areas which would
be adversely affected by unnatural additicna of metals;
4., prediceion of areas which could besar tolerate unnatural

additions af metals.

METHODS AND PROCEDURES

A total of 495 oysters were collected during the period of
February-May 1971 from the areas indicated In Fig. 1. Salinities at
the sampling locations ranged from 32 ofoo, for the ocean-side, Eastern
Shore to 7 ofcn 1o the astvaries.

Five apecimens from each site were removed from the shall
without puncturing the body of the oyater, and the individual crganisms,
ranging in wet weight from 2 to 35 g, were completely digested in con-
centrated nitric acid {Reagent ACS, Fisgher Sclentific}.

The dissolved samples were analyzed for cadmiuvm, copper and
zine ueilizing a Beckman Model 1301 Atomic Absorptilon System with a

Model NB-G Grating Spectrophotometer.

RESULTS
Examination of the data showed that cysters from the same
sampling locarion often differed in metal concentration as much as 100
per cent and occaaionally 100 per cent. Such variabilicty of metal con-
centrationa in oysteras from the aame lorcation Is not unique to Cheaapeake

Bay. Fitzgerald and Skaven (1963} and Kopfler and Mayer (196%) reparted



like findinges for oyatera collected from various areas along the Atlantic
and Gulf Coaste. These variable concentrations are assumed to be normally
diatributed around some populaticn mean, therefaore the sample mean from
each locacion should approximate the population mean. The use of means,
howaver, weakens the atatiatical computaticn since che degrees of freedom
are reduced and the probability of rejecting a null hypothesis ie greacer.
Before using the means, an attempt was made to find whather or not the
varfahility nf concentraticns from the aame gampling lecation could be
explained by the oyster's age. The individual organism zinc data from
the James River are exprecsed in Fig. 2 and there appeared to be no
correlation between the age of the oyster, ae indicated by weight, and
the metal concentrarion. This indicates that the oysters are in steady
atate equilibrium with reapect to the avallable metals and that sample
mean can be used {f necessary.

In this study, means were used only toc agcertain the aresal
distribution of metals in the various river systems. The meana showed
that a concentratien gradient existed in all aystema and that each
metal increased in concentratlon as fresh water was approached (Figs. 3,
4 and %).

Several assumptions were made at thls point, these were:

1. that the metals (Cu, £d and Zo} avallable to oystere in
non-induatrialized areas are from the natural weathering
of rocks;

2. that the ratio of copper to zlnc in the weathering rochkas
18 relatively constant within a drainage basin;

3. that oysters accumulate a constant percentage of each

element availabhle to them.



If these agsumptions are vaiid then there sheuld be a linear
relationghip between the zine and copper concentrati{ions in oyaters taken
frem areas which have similsr drainage bhasins. To teat this hypotheails,
all samples Erom vivers which extend above the fall line and in which
there is no known zine or copper source are plocted inm Fig. 6.

The method of least squares was employed to obtaln a beat fit
line for chis data with an equation:

¥=-1.9+0.09 X
Preliminary analysis of the cadmium and zlpnc data indicate

that 2 linear relationship exists for these metals aas well.

DISCUSSION
Analyses of these data show that there Is an apparent linear
relationghip between the levels of topper and zinc, and zinc and cadmium
fn uncontaminated oyaters. 1If samples originacing from areas which
have knowm or highly probable unnatural metal aources are from
calculations, then background conditions are approached as in Fig. 6.

Ideally, confidence intervals producing confidence bands would give

inveatigators a statlstical probahlility of whether samples taken elaewhere

are from the same "non-contaminated" population. A sample which falle
ourelde theee bands would Indfcate efther an unnatural aource of zinc

or of copper depending on which side it falls. Unfartunately the use
of normal confidence intervals necegsitates that there be an independent
and a dependent variable. If the assumptiona outlined in the resultes
sectlon arve correct, then both variables are independent, i.e. the

zine concentration does not cantrel che copper levels found in the

oystars.

28
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The atatistical approach should be that of a normal bivariate
diatribution. Thia would allew cenfidence intervals which would form
an ellipse at a glven asignificance level around the mean. The mean of
all sawples, however, {s not realistic since, at least in this atudy,
it 15 weighted due to the mote numerous high salinity sampling areaa.
The authors have placed a band, congisting of two atraight lines, around
the least aquarea line. This band encompasses 95 per cent of the pointe
and can be thought of as an approximate confidence band. The equaticona
for the two linea are !

¥ = =33+ 0.07 X
Y = 430 + 0.11 X

The remaining data from areas of suspected unnatural ipputs,
as well as thoge falling ouvtside the lines in Fig. &, are plocted along
with tha confidence band in Fig. 7. Those points falling outpide rhe
band indicate unnatural contaminatlon and these areas are ghown in
Fig. 8.

It appears that the Elizabeth River and Hampton Roada, both
highly industrialized, are contaminating the oyaters in thie area as
well as the lowet veaches of the James Riwver with zinc. OQOysters from
one atatcfon Iin the Elizaheth River averaged over 6000 ppm in zinc.
Bottom sediments from the Elizabeth confiymed thls source {or scurces)
Fig. 9.

The upper James appears tc have an unnatural source of copper
as Indicated by points falling on the copper alde of the band in Fig. 7.

The cause of the concentration banding i{s, at the writing of
this manuacript, unknown. The concentration of the metals (whatever

the form) may be greater in low salinity waters. We have, however,
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analyzed centrifuged water asmples from the York River, with stations
0.5 mile apart from the mouth to 10 mfles above the salt-freah water

lnterface, and found no significant difference in the concentrations

of metals analyzed (copper, cadmium and lead).

We have alao analyzed bottom sediments from the James and the
levels of metals in these sediments have no relationehip to the levels
in the oysters.

The authors feel that the form of the metal {n solution governs
the concentratlion banding phencmenon. Chelating by humic acide in the
low galinity areas may make the metals more available to the organism
efther directly or through the food chain.

At present laharatory inveatigations are being conducted to

determine the cause of the banding phenomencon.

CONCLUSIONS

The distribution of rthe metals, copper, cadmium and zine, with
raagpect to the malinity regimes, Fige. 3, 4 and 5 allows the prediction
of areas that would be moat affected_by unoatural addiclons of metals.

A source in the low salinlty arcas would be potentially more dangerous
to the oysters and those that consume them than one in high salinity.

It 18 apparent that ne single concentration for an "Action-
level" can be set for cadmfum, copper or zinc in oyatera which will
definitely Indicate pollucicn sourcea. Hewever, the approach described
in this manugcript has been proven valid in the Cheasapeake Bay and may

be of use elpewhere.



Flgure 1,

Location of sampling statlona.
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Figure 2.

Oyater weight vs.

oysCers.

zinc concentration for James River
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Flgure 3.

The dietribution of zinc In oysteras from Virginila's

major rivers.

35



| s

wHonoz < B
wid 0002 - 109t
wid 508 - 02! HER
wid 9021 -108 IR

wid 008 - 1O EX3
wid 00 -0 CT

JNIZ . _

FAPIINE pa,

[
.
B -
i
3



Figure .

The distribution of copper 1n oysters from Virginia's

major tivers.
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Figure 5, The distribution of cadmium in ovsters from Virginia's

major rivers.
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Figure 6.

Relationship between zinc and copper in oysters from

Virpinia's major rivers.
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Figure 7.

{Oyster data Indicating unnatural metal inputs.
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Figure B.

The diatribution of unnarural zinc and copper levels

in ovaters from Virginia.
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Figure 9.

Zinc levels in Elizabetlh River sediments.
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BISTRIBUTION OF COPPER AND ZINC TN OYSTERS AND SEDIMENTS

FROM THREE COASTAL-PLAIN ESTUARIES

ABSTRACT

"Copper and zinc were analyrzed in oyaters {(Crasdosiren virginica)
from the Newport River eastuary, North Carolina, and the Rappahannock
River estuary, Virginia. Results Indicated that a concentration gradient
existed, higher concentrations of metals being found in animals living
in fresher watera as was shown previously for oysters {n the Jamea, York,
and Rappahanmock estuaries 1n Virginia. Absorbed, precipitated-copre-
cipltaced, and organic fractions of copper and zinc in the <é3-um portion
of the gediments from the Happahannock and York tivers and estuarieas
ware estimated from collections made in January 1972 apd June 1973,
These sediment data are discnssed for both estuarine systems and are
compared with metal concentracions in oysters. Theae comparisons
indicated that tiie concentration gradlent found {in ovsters does not appear
to be related to the distribution of ceppetr and zinc in the sediments.
Alternative explanations fur the inverse relationshipe between concen-

trations of copper and zinc in ovsterg and salinity are given,

INTRODUCT ION

The transport of trace metals from fresh waters through estuariea
and eventuwally to the oceana hay been atudled by many investigators over
the paast several decades. The relative imporrance of the various
mechanisma postulated has changed as hypothesis and analytical techniques
have {mproved. Originally, calculations were mainly based on the solub{flity
products of the metal aulffdes or hydroxidea, While much calculations
are valid for a pure Incrganic aystem, they may not always apply to

conditions enceuntered In nature. Goldberg {(1957), for lnatance, noted
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the importance of the biosphere in the budgets of metals; subsequently

its role in the concentration, tranaport, and atorage of these elements

was shown. Turekian and Scott (1967) have shown that the role of

Inorganic suspended matter cannot be ignored in the metal budget of
streama, and they suggest that simpie fon-exchange mechanisms for

removing metals fyom golution te suspended sediments are not sufficient

to explain their data but that coprecipitation may be. From the work

of theae men and others, we conclude that nok only the sclution chemistries
but algo the biplogical and surface chemistries must he coneidered 1in

the routes and rates of metal transport in estuarine gystems.

Scientisgts concerned with trace metals aa environmental
contaminants must take into account nat only the tocal natural bhudgets
of the elements but alse, and most Important, the blologically availlable
fractions due to edither nartural or man-made inputs. This requires that
analytical echemes be developed which will selectively identify the
elements 1n queation from individual phases in which they exist.

Gibbs (1973) hzm recently developed a procedure that differentiateg
between merals in adsorhed, precipitated and eoprecipitated, organic
seolids and crystalllne phases. Huggett and Bender (1972) have reported
another method ylelding metals from lnorganic+noncrystalline snd orpantc
sediment phases.

Even though the cation-exchange metal concentration for
suspended matter is low {Tureklan and Scott, 1967; Gibbe, 1973), metals
in thia formare easily mobjilized by low pH. Such filrer~feeding organiema
as oystera eat suspended particles and pass them through their gut,
which has a pH am low as 4 (Wilbur and Yonge, 196&)., A portion of the
agsorbed metal fraction of the ﬂeQiment could be mobilized in the gut

and made available to the animal. In the vpper estuarine portion of



the Rappahannock River in Virginia, oyaters ({rassosirea viaginica) have
zinc concentrations of about 600 ppm (whole beody, wet weight} (Huggett,
Bender, and Slone, 1973)}. A calculation based on a 20-g animal, a
pawping tate of up to 575 liters/day (Haven, 1973), a sumpended-particle
concentratfon of 30 mg/liter (Turekian and Scott, 1967) with an adsorbad
zine concentraticn of 2 ppm {this paper), and a 100¥ stripping efficiency
by the animal ahows that the animal could have reached its present body
burden in about 1 year. Obviocusly the efficlency of stripping and
agsimilation by the animal {s¢ not 100%. However, it does serve to show
that, 1If the adsorbed fracrion fs biclegically available and even though
the adsorbed concentration ia wmal] compared te the total concentration
on the particle, 1t cannot be ignored and may be an important factor

in bioconcentration by these animals since they may live fer 10 years

O MOTEe.

Characterized in this report are copper and zinc in sediments

and oysters from two adjacent rivers and estuaries entering the Chesapeake

Bay, One system, the Rappahannock Rivet, is pristine in nature; the
other, the York, receives acid mine drainage. The relationships between
concentrations of metala In the sediments and thosa in the animals

were lovestigated {n an effort ta define the blologically available
fractiona. Also reperted here 1s research to confirm a previcusly
demonstrated natural metal concentrarlon gradient for oysters living

in watera of different salinity.

METHODS AND PROCEDURES

Oyaters
Samplea of oysters, (nasspstrea virginicd, were collected by

vatious atandard methoda (dredge, rake, tonga), depending on water depth
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and bottem type from the Rappahannock and the Yark River estuyaries in
¥irginia and from the Newport River eatuary and Beogue Scund in Marth
Carolina. All sawmples were analyzed by atomlc absorpticn spectrophotometry;
however, samples analyzed by the Virginla Institute of Marine Science

{VIMS) we;e oxidized by wet digeation with concentrated acid and those
prepared at che Atlantic Estuarine Figheries Center (AEFC) were oxidized

in a high-temperature oven. Specific pteparative methods at each
ingtituticon 1s given by Huggett and Bender (1973) and Croas apnd Brooks

{1973).

Sediments

Bottom sediments were collected from the channels of the
Rappahannock RMlver in 1972 and 1973 and {rom the York River in 1972Z.
The sampley were chtained with a Ponar grab sampler. The top 1 cm of
undigturbed sediments was extracted from each sampler, The samples
were stored In plastic bage on 1ce until returned to the laboratory
{<8 hr), where the samples were immediately wet gileved (U.5. standard
gleve, No. 220, 63-um openings). Subsequent resieving through the
stainless-steel sieve resulted in no discernable 1ncraage of petal
concentrations; therefore contaminatlon from this source was negligiblae.
The <63-um portion of each sample was air dried and saved for analysise.
Since the ceoncentratiop of the precipitated-coprecipitated and adsorbed
fractiona of the metale must be a function of the surface area per unit
maes of the sediment grains and since the bottom sediments are not
uni{form in size distribution, this procedure was necegaary to help
notmalize the samples.

Most mamplea were cxtracted In three ways to differentiate

among the various blologlically avallable fractioma: adacrbed metals,



precipitated-coprecipitated metale, and organic metals. Metals bound
within the crystalline matrixes of minerals were considered unavailable
to the biological community and were nat meagured. The adsorbed metals
wera nbta%ned by extracting the sediments with 1.0N Hgﬂlz {Gibba, 1973).
The precipitated-coprecipitated and adaorbed metals were extracted

wich 0.1M HC1, and the total noncrystalline metals were extracted with
concenkrated HNO4 (Huggert and Bender, 1972). Analysea of replicate
samples showed the nicric acld extraction te have a precisidan of +73%
for copper and +5% for zinc; that of the hydrochloric acid procedure
was 14% for both copper and zinc. These three extraction prcocedures
allow a quantitative eatimate of those metals adsorbed, coated (pre-
clpitated or coprecipitaced}, and organically bound in the bottom
sedimenta. Obviously the reagents mobillze some metala [rom nonintended
phases, but these are conkidered to be negligible on che hasis of
replicate analvses and extraction efficiencles that are 1n turn based

on reextractione of the same sample.

RESULTS

Cysters

In 1971 a survey of metal levels in oysters from the southern
Chasapeake Bay indicated that z natural concentration graldent exists
which is & function of, or is measured by, salinity {Huggett, Bender
and Slone, 19731). Animale living in fresher waters consistently contained
more copper and zinc than those from a more saline enviromment (Fig. 1).
This finding had not been shown previously and has not been teated
aince, 1t ia extremely lmportant, howaver, in light of environmental
ptoblems associated with anthropogenic additiona of metals to the environ-
ment that effects of envirommental warisbles on councentrations of metals

in marine organiems be understood.
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Te confitm earlier findinge of Huggett, Bender, and Slone
{1973) and Huggeit and Bender (1%73) that concentrations of copper and
zinc decrease In oysters with increasing salinity and to compare analytical
techniques between our two leboratories, we collected 50 ovaters in
January lé?ﬁ from each of two oyster beds in the Newport Aiver estuary
and one in Bopue Sound, N. €. Oneo-half of the oyverers from each of
the three heds was asent toe VIMS, and the remaining cvetere were retained
at AEFC and held in the same manner as the samples that were sent to
VIMS. On the same day the oysters were opened by ldentical methods at
each laboratory and then analyzed for concentracions of copper and zinc,

Reaults of these analyses (Fig. 2) show that concentrations
of hath copper and zinc decrease with fncreasing aalinity in the Hewport
Biver estuaripne system ag demcribed previously for the Rappahannock
River estuary (Fig. 1), althouph absolute wvalues are congiderably lower
in the Wewport River estuatine system than in the Rappshannock. Simllar
relat{iopships between concentrations of copper and zinc and salinity
have been reported for the James and York river estuaries {Huggett,
Bender, and Slone, 1973)., In addition, statistical compariscne between
concenctrations of copper and zlnc obtained at each laboratory were not
gignificantly different at the 99.9%% confidence level; thus the data

from both laboratotles are pocled in Fig. 2,

Sediments

The intent of this study was to delineate any trends in the
gediment-metals concentrations which could be explained by natural
estuarine varlables, such as salinity and pH. Once these trends were
established, they could be compared to the concentration trends found

in the blota. The sediment results are given as moving averages between
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three adjacent statlons in Fige., ) te 7. This method was used because
replicrate gsediment samples were not taken at carh site, and no eatimate
of variability of a single station could be obtained. By averaging
adjacent stations (moving averagea), a becter approximaticn is gained.
This type of preaentation does not change the trends but rather amooths

out the dara (Lewis, 196]}.

Rappahannock River and Estuary
Copper

The precipitated-coprecipitated mecal concentrations In
gediments (Fig. 1) from both sampling periods are almost identical from
the mouth of the estuary up to the salt water-freshwater interface (nor-
mally between 55 aad 70 km). The levels vary between 10 and 15 ppm from
the mouth to 55 km. From 35 to 100 km from the mouth, the 1972 samples
show an increase of approximately 100X over downstream wsamplea. The
1971 samples show such an increase hetween 70 and 88 km from the mouth.
The reason far these Iincreases ls unclear, but two posslibilities arise:

1. The sorption reactiuna are controlled by saliniry.

2, The result from sedimentation due to the flecculation

at the tnrbidity maximum which occcura in thls segment
of the river (Nichols, 1974},
In addition, the organic copper concentrations (Flg, 3) are nearly
constant (10 ppm} throughout the eptire river and estuary sampled.

The adsorbed phase, as {ndicated by magnesium chloridae
pxtraccion, shows that in the estuary the adsorbed fraction of copper
ia low compared to the other two fractions {Fig. 4), Because magneeium
i@ an abundant element in seawater, estuarine sediments have already
been "atripped" of scome absorbed metallic {fons. The variaticna in

adaorhed concentrations in the freshwater porctlons {55 km upatteam)
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are prohably due to elther asurface area or mineralogical changes in

the sedimenta am & result of sedimentation parameters (particle deoaity,
flocculation, current velocity, etc.). This is somewhat confirmed by the
lower concentrations found in aamples taken in areas of acour in the
river, Tﬁe Increase in copper toward the mouth of the eatuary is
probably due to particle-aize differencea, smaller particles being

deposited downstream,

Zinc

The precipltated-coprecipitated zinc concentrations increased
toward the mouth of the estuary while the erganic phages decreased (Fig.
3}, The range of concentraticna was spproximately the same for both
sampling periods.

Tec our knowledge there are no man-made sources of zine in the
Rappahannock River. The cthree-fold increase in preciplitated-ceprecipitated
zinc [rom freshwater to the estuary mouth may be explained, in part,
by the particle aizes of the hortom gediments. Under normal conditions
the carrylng capaclty of an estuary for suspended sediments decrpases
with increasing salinity. This should result in the downstream depoaition
of finer grained sediments. If the concentrating mechanisms for inorganic
zinc is dependent on sediment surface area, then the increasse may be
expected.

The decrease in organic zinc may he a result of one or more
of the following:

1. Zine's being bound inorganically and hence made unavallable

to be bound organically.

2. A decreasing concentration of organlc material toward the

moiuth of the estuary.



The decreaaing trend follows that found for zinc in oysters from this
atream (Huggett, Bender, and Slone, 1973).

The adsorbed fraction follows the same trend as that of copper
and la geperally slightly higher in concentration, suggesting this element
to be more favored in adsorption teactions or more abundant in the

incoming watera. (Fig. 4}).

York River

The York River fa situated between the James and Rappahannock
tivers and 1ia unigque 1n that it hi{Furcates approximately 45 km upgtream
from i1ts moauth, the Pamunkey River being the southern tributary and the
Mattaponl River the northern t#ibutary. Under normal conditions the
freshwater—-salt water interface {s located approximately 7.5 km above
the bifurcation poftnt., The two tributaries are almest ldentical in zize,
drainage basin, and bordering vegetation. One exception, however, is that
the Pamunkey River receiver mine drainage from abandoned pyrite mines
that were operated from the middle of the last century up until the
early 19008. This dralnage enters Che stream approximately 130 km above
the bifurcation point. As will be shown, this abandoned mine has affected

the metals budgets of the stream and that of the parent river.

Copper
The distribution of precipltated-coprecipitated copper in the
York riverine and estuarine sediments does not resemble that in the
Rappahannock River {(Flg. 6). There appears to be an unnatural source
of copper between 7.5 and 22 km from the mouth. At this segment of the
rivar, the concentrations are cthree to four times higher than those on

efither salide. Within this area there are at least two poasible mourcens

for this mectal. One scurce is s primary sewage outfall located approximately
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£ kn upstresm, apnd the cother iw the Haval Weapons Starion located
approximately 16 km upattream. In addition, the effect of the abandoned
mines dralning into the Pamunkey River is evident. The concentratfons
are 100 to 200X higher in this stream relative to ite coumterpart, the
Mattaponi River.

The organic copper concentratlons reflect the unmaturzl input
into the lower rivey but otherwise do not appear greatly different than
the Rappahannock River sediments (Fig. 6). The levels in the Matraponi
and Pamunkey rivers are similar, indicating that the inorganic copper

from mine drainage is not preally manifested in the organic phases.

Zlnc

The preclpitated-coprecipitated zi{nc levels in rhie system are
greatly elevated over those of the Rappahannmock (Fig. 7). This is
apparently due to the input from the previcusly mentioned abandoned
mines. The c¢oncentrations decrease in s linear manner from the most
upstream station on the Pamunkey River to the meouth of the York River,
The lower stations on Ehe York River have nearly the same concentrations
as do rthose at the mouth of the Rappahannock {40 to &0 ppm). The levels
in the Marrtaponi River increasc downstrcam as did those in the unpolluced
Rappahannock.

The organilc zinc concentratlonse are similar to those found in
the Rappahannock except that the Pamunkey levels are apparently belng
affected by the mipe drainage (Fig. 7). The general trend is a decreaae
in organic zinc with increasing salinity to about 10 ppt (32 km upatream)

and then ateady to the mouth of the York River.
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DISCUSSION

A concentration gradient exlsts In the oyster samples from
the Mewport River estuarine system, with progressively higher concentrations
of elither copper or zinc being found in progreaaively fresher watera.
This gradient, which also haes been shewn in the Rappahannock and Yerk
estuariea, suggests that a natural phenomenon ls tesponaible. One
explanation might be that those animzls In fresher watera are clasar
to the source, If the metals are supplled from the natural weathering
of rocka., Thus a gradlent should exist for concentrations of copper
and zinc in golucion in che river waters similar to that found in oyeters.
The efforta at VIMS to analyze the copper and zinc content of Rappahannock
River water, passed through 0.45 um membrane filters, have not been
satisfFying. Two methods were tried, each with limlted succesa: anlodic
stripping voltametry and organic chelation and extraction. Each has
the limiration of matrix Ilnterferences as salinitles change. Even so
the limited data obtained do not show a concentration gradient for
copper, cadmium, or zinc., Recently Cronin et al. (1974) reported on
metal-water data from samples collected in the vpper Chesapeake Bay.
A in the case of the Rappahannock River samples, no consistent metal
trenda were ahown Lo these samples 43 a function of salinity. Similarly,
{ross, Duke, and Willia (1970) report that concentratlons of zinc in
unfileered water samples were conastent throughout the Newport estuary,
North Carolina. These data imply that the concentration gradients found
in the oyaters are not a recult of a aimilar gradient in the water.

Another pedalble explanation ig that sediments serve am A aource

of copper and zilnc to oysters, and thus sediments may contrel directly
the levels of metals foupnd in these filter-feeding crpaniema. The

sediment data presented in this paper, however, tend to dispute this
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hypothesis. Even though the gedimenta were extracced by several techaiques
and concentraticn trends were noeted, they were not similar te those found
in the oygters except for organic zinec In sediments from cthe Rappahanmock
eatuary. Concentrationsa of copper in thie fraction, however, remsined
constant throughout the estuary. If thie fraction was controlling

directly the availability of copper and zinc to the oysters, we would
expect hoth metalas to decrease in sediments with zalinity, as is shown

for oveters.

The preclipitated-coprecipitated zinc concentrations in the Rappahannock
River gediments decreaged with decreasing salinity, and the same phase of
copper remained relatively constant {n the estuarine porrion of the
river. But the copper and zinc concentration in oysters from the sRame
river increased wich decreasing salinity. Comparison of all the various
sadiment ﬁetal fractdons with the metals in oysters in this manner showed
no conalstent relarionships. (ronin et al. (1974) conelude that trace-
metal crmcentrationa in ovsters do not depend on the concentration of
the metals on suspended material. This conf{rma our findings 1if the
asgumption ims made that suspended material {s asimilar in nature and
composition to the fine aurface sediments at any point 1o an estuarine
system.

If gradients in concentrations of dissolved and particular copper
and zinc are eliminated as possible factoys contrelling the inverse
telationship between Balinity and concentrations of copper and zinc in
oysters, we are left with the following explanations:

1. 1In his attempt to explain the high concentrationa of zinc
found in oysters Telative te other marine organisme, Wolfe (1970) poastulated
that zine may be amsimilated from the environmentalong with calcium by

a relatively nonspecific lon-transport mechanism to satisfy the organisma’



large calcium requirements for shell depositlon. Because concentraticns
of calciurm in seawater are dependent on salinity, oysters may have to
extract calclum from geawater more efficlently ar lower salinities and
may alao concentrate greater quantities of other imorganic cations such
aa copper and zinc during this process of maintaining adequate calcium
reserves for shell deposition {(Wolfe and Stillinga, 1975).

2. At higher salinities the more abundant catlions 1n seawater
{magnesium, calcium, etc.) may be ocutcompeting the less abupdant metsals such
as copper of zinc for binding sites In the soft tigegue. Although copper and
zinc form more stable chelatos with protelns than do maphnesium, tanganese,
or caleiem (Fringle et al., 1968), the greater concentraticna of these less
abundant ione at higher salinities may overwhelm thie relationship.

Romeril {1971} showed, for example, that the uprake of 65zn 1n the oyeter,
Ostnea edufis, was decreased by the addition of {iran and cobalt.

3. Another explanation for the observed metal concentracion
gradients in oyaters could ke that chelatlon or complexation of the metals
in solution by natural organics, such 23 fulvic acids, make the clements
more available to oysters. These humic substances are belleved to be
derived frowm decaving plant materlals on land and are leached and washed
away hy surface or subsurface waters, eventually reaching the estuaries
(Swanson and Palacas, 1965). This means that the concentraticne of fulvic
acids should decrease with increasing salinicy {because of dilution)
as do the levela of zinc and copper in the oysters, Metal complexes and
chelates of humic substances have been feound and actudied by many inveati-
gatoras (Jenne, 1968; Shapiro, 1964), and an excellent review on the
subject was written by Schnftzer and Khan (1972). One logical mode of
uptake of the organcmetals by the oyatera would be by direct partiticning

of the subatances from sclution into the bhody mucus and then into the



tissues. Without further research, however, none of these three hypotheaes
can he proved,

This digcuasion illustrates our lack of knowledge of fhe
environmental processes controlling the availability of trace metals
to estuarlne bicta. Yet this aspect of estuarine bicpgeochemistry is
recalving very lictle effort at the present time. This 1a an unfoertupate
Bltuation becauae our eatuarine systems are being subjected to environ-

mental wodifications {dredging, filliag, etc.) and anthropogenic inputs

of contaminants.

Witheurt adequate basic information on bicavallabllity of metala
to arganisme, rthe congequences of increased releases of metals Into estuarine
systema cannot be predicted by management agencies, and hence the proper

management of estuwarine ecosystems is impossible,
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Figura 1.

Mean concentration + 2 standard crrors of copper and
zinc In oysters collected from the Rappaharnmock River
Estuary. The number 1in parentheses repreasents the

individyals analyzed act each statlon.
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Figure 2.

Mean concentrations + 2 standard errors of copper and

zine in oyslers vollected from Hewport River Estuary

(12 and 28 ofan) and Bopue Scund (33 ofoo). Each set

of valuar represents the analysis nf 50 individuals.
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Figure 3.

Moving averages (1) of concentrations of precipitated-
caprecipltated and organic copper in the <63 um fractlon
of pediments from the Rappahannock River and estuary
collected in January 1972 ( ® ) and June 1973 { m® }.

Zero kllometers represent the mouth of the eatuary.
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Figure 4.

Moving averages (J) of concentrations of adeorbed copper
and zinc in the <63 um fraction of sedimencs from the
Rappahannock River and estuary collected in January 1%72.

Zero kilemeters rvepresent the mourth of the estuary,
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Figure 5.

Moving averages (3} of concentrations of precipitated-
coprecipitated and organic zinc in the <63 um fraction
of sediments from the Rappahanmeock River and estuary
collected in January 1973 (») and June 1973 (m), Zero

kilometers represent Lthe mouth of the sstuary.
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Figure 6.

Moving averages (3} of concentrations of precipitated-
coprecipltated and organic copper in cthe £63 ym fraction
af sediments from the York River and eatuvary collected
in June 1973: + , York River. - , Martaponi River.

w , Pamunkey River.
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Figure 7.

Moving averages (3) of concentrations of precipitated-
coprecipitated and orpanic zinc in the <63 um fraction
of sediments from the York River and estuary collected
in June 1973: ¢, York River. <, Mattaponi River.

@ , Pamunkey River.
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THE EFFECTS OF TROPICAL STORM AGNES ON THE COPPER AND ZINC

BUDGETS OF THE RAPPAHANNOCK RIVER

Abptract

"The metals copper and zinc were analyzed in kBottom medimants
(top 1 cm) from the Rappshannock River before and after Tropical Storm
Agnes. By extracting the sediments with various techniquea {Hﬂﬂj. HC1)
the nature of the metal speciation can be eptimated., Data show that
the inorganic copper was Increased by a factor of 2 to 3 In the normally
saline porrion of the river as a reault of Agnea hut returned to bafore-
Agnesa levels within one year.

Metal analyses of suspended sedimente collected during the
Agnea flooding allows an estimate of sedimentation Indicating at least
7.5 mm of new sediments at mile 40, decreasing nearly linearly to 1 mm

at mile 15.

Introduction

The Rappahannock River is a coastal plane estuary located on
the Cheaapeake Bay {(Fipgure 1). It ie tidal for approximately 100
nautical miles {185 kilometers) with the first 45 miles {BD kilometers)
at narmal river flows beilng estuarine hawving salinities greater than
0.4 parta per thousand. This system 1s relatively pristine in nature
in 1ts estuarine portion with occasional agricultural development along
ita banks, To the authors knowledpge there are no man—induced trace
metal sourcea In the river with the poselble exception of drainage
and sewage from Frederickaburg, Virginia, located ar the fall line,

185 kilometers upatreamn.

A1
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In an attempt to define and understand the trace metal budgets
of large coastal plane estuaries, the Rappahannock River was extensively
sampled in 1972 and 1973, Duricg this period three major sampling
runs were conducted: one in January 1972, one in October 1972 and one
in June lé?l. The firat mampling was approximately six montha before
Tropical Stotm Agnea passed over the system, the second was two months
and the third was 12 months after.

The work reported here was originally intended teo describe
the background levels of copper and zine 1n the top 1 cm of Rappahannock
River bottom sediments and to correlate the concentrations feund to the
normally analyzed estuarine varlableg of the pH and salinity. S§ix
montha afFter such a background study Ttoplcal Stott Agnea paased through
the aystem.

To ascertain the effects of this deluge on the sediment metals
budget on the Rappahannock River for which we had geod backgtround daca,
the aystem was resampled and analyzed. Since some changes were noted,
the syetem was sampled again 12 months after the storm to note recovery
if any.

The authors wish to acknowledge the assistance of H. D. Slona
and J. Lunz of the Virginia Institute of Marine Science In thilg protect
and Dr. B. Nelson of the Univeryi{cty of South Carolina and Dr. M. Wichels
of the Virginia Institute of Marine Science who graciously supplied
suapended sediment samples for this project,
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Methoda and Procedures

The original sampling was in January 1972 and consisted of
samplesa taken in the channel at 0.5 nautical mile intervals from the
mocuth te 20 miles above the freshwater-saltwater interface. In all,

63 milea of the stream were sampled, vielding a total of 126 samples.
After Agnes in October 1972, the samplea were taken at 2 mile intervals
from the mouth te approximately 30 milema upstream and then at 1 mile
intervals up to mile 80. The last sampling was conducted in June 1973,
approximarely one yvear after Agnes and coneisted of samples caken at

3 mile intervals from the mouth to mile 35 and then at 2 mile intervals
up to mile 63. The sampling intervals increased with each subseguent
sampling becauge we were initially unawate of the natural variations;
therefore as many samples as we could analyze were taken. As mere was
learned about the system, fewer samples were taken.

The samples were collected with a ponar grab sampler which
was lowered slowly to the botrom., When tengilon was released on the
wite, the sampler clesed and was returned to the beoat, opened and the
top 1 centimeter of sedimenr was removed, being careful not to collect
material which had come in contact with the sampler's sides.

Each sample was wet aleved and only the less-than or equal=to
63 micron portion was saved for analyais. Since the concentrations
of merals sorbed or coated to sediment gralna {s a function of the
surface area per unit mass of the gralne, the sfeving was necesgary to
help normalize the samples.

After the <63 u fractions were obtained from the samples,
they were dried first i{n air and then at 105%c. Each dried sample was

then eplit and one portion was extracted with O.1H HCl  at room tempera-
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ture for one hour and another portion was extracted with fuming (not
boiling) concentrated HNQy. The extact detafla of the extractions are
given by Huggett, Bender and Slone {(1972).

_The various tiethods of extractlon yileld two distinct metal
fractions: the HCL pghould release non-cryetalline metals which are
bound te rhe sediments by absorption, precipitation and co-precipitation
reactione. The HNO,; extraction should release these metals aa well
ag those bound within organic matricea. The difference between the
HROq and HC1 wylelds should approximare the corganic metals,

The extracts were all analyzed by standard Atomic Absorption

techniques.

Sugpended sediments were obtained from Dr. B. Nelgon (University

of South Carclina)and Dr. M. Nichols {Virginia Institute of Marine
Sclience) who collected them from the Rappahannock River during the
Agnes flooding, The suspended sediments werc separated on 0.45 micron
membrane filters by filtration.

The suspended matter was scraped From the Filters with a
glags rod and extracted for copper by the previously mentioned HNO,
pracedure. Sfince the suapended sediments had been stored approximately
18 months hefore analvsls, 1t was feared that the samples may have lost
their integrity with respect te organic-~Inorganic copper phases.

Therefore the HNO5 extract, which shouwld extract both, was used.

Reaults and Discussion

The precipitated-co-precipitated zinc data are graphically
displayed in Figure 2. The concentrations at a mtation are nearly the
same for all three gampling perioda. In the notmally freahwater portiom

of the river {(above mile 45}, the concentrations are relatively conatant
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at approximately 18 ppm. From mile 45 downstream to mile 10 there is

an increagse to between 50 and 60 ppm, This increase may be due to
elther an {ncrease in pare-water pH towards the mouth of the eatuary
{Nelson, 1973) or an increaee in surface area of the downstream gediment
graina. .If such a aediment graln surface area increase is true, 1t musat
he for particles belew 1 u since nearly the same size distribution for
particles greater than 1 u exist in the estuarine porticn of the stream
{(Nelaon and Nichols, 1971). From mile 10 to the mouth of the estuary
the concentrations vary between 50 and 60 ppm.

The organic zine roncentrations are given in Figure 1, As in
the caae of the precipitated-co-precipitated zinc fraction, the levels
of organde zinc are nearly the same for all three sampling periods.
From mile 45 to mile 60, the values range between 40 and 50 ppm but
decresse from about 45 pptm beginning at mile 45 toe 20 ppm at the mouth
ef the eatuary at mile 0. This decrease ia gradual but guite linear
and opposite the trend observed for the precipitated-co-precipitated
zinc fraction., This suggests that the metal bound Inoryganically is
not available for organic reaccicns.

The precipitated-co~precipitated copper data are pregented
in Figure 4. Thesae data clearly shew that shorcly after Troplcal
Storm Agnea passed over the Rappahannock River, the precipitated-
co-precipitated copper waa a facter of 2 to 3 times higher in the
normally saltwater portion of the river tanan either six menths before
or one year after. In the normaliy freshwater section the values did
not aignificantly change during che elghteen months of study. It i=
the author's bellef that the increase was due direccly to Troplical
Storm Agnee. The estuarine sectien of the river was turned nearly

fresh by the deluge and since this section showed elevated copper
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but the normally freshwater portien did not, a salinity controlled
reaction for the precipitated-co-preci{pitated copper appeara possible.
However, rhe investigatore did not note such a phenomencn even after
subjecting Rappahannock River sediments to various salinities and
disﬂulveé copper concentrations in the laberatory. Another poasibility
is that eleavated dissolyed copper waa brought into the oystem from
upatream runoff. This appears upnlikely since the concentrationa did
not change at the upatream statlons. The likelihood that the copper
was transported into the estuary from the Chesapeake Bay aleo appears
unlikely since the net flow of the stream was into the Bay durlng this
peried,

The Final and wmnst likely explanation of the increase 1is
that new sedimenta high in copper were transported from the land to
the river during the storms' rain and runcff and were dapoaited in the
eatuaty. This hypothesis 1s substantiated by the studiles of Nichols,
Heison and Thompson (1974} which showed masslve amounts of aresional
products belng swept intoc the Rappahanncck eatuary by Tropical Storm
Agnes runoff, Furcher substantiaction will be presented later in the
diacussion of copper analysis of gusepended sediments collected after
Agnes in the Rappahancock River.

The organjc copper concentratlons are given in Flgure 5. The
levels are nearly the same for all sampling periods ranging between
18 and 15 ppm, The elevated precipitated-co-precipitated copper
previously mentioned was not evident in the ocrganlec fractlon suggpesting
that the inorganfcally bound metals are not readily avallable for

orpanic reactions.
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The asuspended sediments collected during the Agnea runoff
reriod were analyzed for organic copper (Table T). Due to the extremely
amall sample gilzes only this fraction could be extracted and analyzed,
The data in Table 1 show that the copper concentrations tend to increase
for sampleas taken cloger to the estuary's mouth, This is explained
by the fact that the suspended sediments ahould have a greater surface
area the further downstream they travel aince larger particles would
be settling out.

If the hypothesis that the elavated copper cgncentratlons
{Fig. 4), were due to Agnes - {ndnced new sediments 1s true, then by
comparing the pre-Agnes sediment copper concentrations with the after-
Agnea values and the suaspended gedIment copper levela, an estimate of
sedimentation <an be obtained. In order to do this several assumptions
must be made;

1} That all the guspended materials were of the same or
similar origin with respect to thelr precipitated-co-
precipifated copper concentrations.

2) That the copper ceoncentratlona did not significantly
change from time of deposition until sampling.

1) That the suspended sediments collected at any one
place were aimilay with respect to copper as thoese
depoaicad at that point.

4} That the new sediments were not mixed belew 1 cm by
efther biological or physlcal factora.

Asaumption one appears valld since samples collected on differ-

ent days from the same locat{ons had similar copper concentrations.

The second asasumption may not be entirely valid. Since samples



tollected one vear after the atorm showed copper levels to have returned
to normal {t {8 logicral rthat the re-equilibration started soon after

the watera returned to normal (~1 month before the October gsampling).
This wauld result in the sedimentatlion eatimates being low. The third
ageumpticn ia probabkly valild since the river 1g tidal and therefore the
suspended sedimenta move up and downecream depending en the cide scage,
Thia assumption would probably not be true 1f the system were non—-tidal.
The fourth assumption, if not true, would again result in a lower
eatimare of sedimentation. 7The authors know of no way to check thie
assumpt ion.

Wich thess assumptions, the before-Agnea and afrer-aAgnes
battom sediment copper data and the suspended sediment copper values,
the percent of the toep 1 cm of bottem gediment due to Agnea can he
calculated ar each location for which all these values are known by

the fellowing formula:

xng:l:.-l_ﬂ
a-b

It must be noted that this formula {8 valld only if the teop I cm of
bottom sediment 1s ssmpled. In thls equation "x" 1s the millimeters
of new sediment in the top 1 cm of the bottom material after-Agnea; "a"
ie before-Agnes aediment concentration; "b" iz the suspended sediment
concentration and "¢" is the after-Agnes sediment concentration.

The data used for these calculations were the raw sediment
rather than the moving averages pregented in the previous figures.
The moving average technique was used to emonth out "noise" in the data
but still show trenda. The un-averaged data must be used in the

sedimentation calculations to assure accurate satimates at esch location.

The results are preaented in Figure 6. In this figure the range of



values ag well as the meane are given for each location in which there
were suspended sediment samplea. The data show that at least 7.5
millimetera of new sediment were deposited in the channel at mile 39.
The amount of new material decreases nearly linearly to about 1
millimeter at mile 15. This trend is8 logical and may be thought of as
a proof of the calculacriona hecause more sediments should have been
deposited upstream since thege areas are closer to the mource of the
auepended sediments.

A year after the atorm the sediment copper levels were back
to normal. This could be due to: migration of the sediments upstream
on the eastuarine ealt wedge;, bottom aedimentsa being reauspended and
carried seaward in the surfare warerg; nixing of the new sediments
with cld underlying material by burrowing animals or chemical re-
equilibration of copper to normal with the return of stable salinity
and pR styucture. The authors do not know the exact mechanlsm; perhaps

a comblnation of all.

Conclusicns

Troplcal Storm Agnes caused a 2 to ] fold Increase in cthe
precipitated~co=precipitated copper content of the estuarine surface
gediments of the Rappahannock River. The sedimenta did, however,
reture to "normal" within one year afrer the storm. The organic copper
and zlhc and the precipitated-ro-precipitated zinc levels were not
affected by the storm.

A ralculation based on the depeaition of suspended material,
high in precipitated-co-precipitated copper on material relatively low
in this copper phase, resulting in & sediment with a copper content

batween the twn, shows that at least 7.5 millimeters of new aediment



was depoaited at mile 39 with amounts decreasing downstream te about
1 millimerer at mile 153, This technique appears extremely gansitive

tc small sedimentation amounte and may prove useful to other investigators.
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Figure 1.

Map of the Chesapeake Bay.
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Figure 2.

Precipjitated-coprecipitated zine 1n Rappahannock River

sediments.
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Figure 3.

Organic zine in Rappabannock River sediments.
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Flgure 4.

Precipltated-coprecipitated copper in Rappashannock River

sediments.
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Figure 5,

Organic copper in Rappahannock River sediments.
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Figure 6. Sedimentation in the Rappahannock River due to Tropical

Storm Agnos.
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CONCLUSTOMNS

Data herein show that concentration gradiencs of cadmium,

copper and zinc exist in oysters Crassostrea virglnica from Virginia

and North Carolina estuaries. Recently MacKay, et al., (1973) reported

a similar gradient for oysters, Cragsostres commercialis in estuariea

of New South Wales, Australla. These gradients allow a erude predictive
mechanlsm of metal concentrations in oysters as & function of cheir
position in the estuary. Animals living further upstream (i.e., in
lower salinities) have higher concentratlons of cadmium copper and

zinc than those downstream. Therefore, since thls relatlonship has

been shown for animals from a =slpnificant portion of the Atlantic

foast of the United States as well as from Austcralia, it appears that
the relationship {5 fundamental! in the ecolegy of estuaries.

Many investigators have attempted to determine the average
concentratlon of a meLal Iin ovsters from an estuary for pubhlie health
rogulatory purpeses. In doing so sampleg have been taken from through-
out the estuary or in some cases Lhe reginn and results averaged
{Preceedinges of the 7th Natinnal Shellfish Sanitation Workshep, 1971).
The reaults reported here clearly show thac this procedure L= rishky
in that the obtalned averages will not be realistic hecause the natural
concentration gradients have heen lgnored. A better indication of
oysters contaminated hy cadmium, copper and zlnc is ohtained by

utilizing the concept of natural concentration gradients and the
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resulting linear relationship between copper and zlne, cadmium and

zinc, and cadmium and copper concentratlons in oysters from the same
location. The use of the copper-zinc relatlonship te detect heavy

metal pollution is documented in this manuscript and Bendetr and Huggett,
(1977) 5h6wed that aimilar use of copper-cadmium and cadmium-zine is
poasible.

Another consideration aften omitted in the design of sampling
atrateglies for determining metals in oysters involves the natural
varablility of metal concentrations within a given population ar sampling
station. Concentrationa of «adnfum, copper and zinc In oysters from
Virginia which are collected iram the same locatlon or bed commonly
differ by factors of 1 te 3. Therefore to determine the mean concen-
trations for a given lecatlon one musat elther callect and analyze a
number of replicates or blend a number of replicates cogether and then
analyze the blepnd (Shellfish Sanitacion, 1976}, The problem with the
fatcer alternative 18 thar there is no measure of variation thus no
statlstical tests of sipnificance can br made. [If, however, the
obiective of a survey of metals In oysters from an area 1a opnly to
nbtain a general idea of concentrations with minimum cost, a few
replicates or hlenda can he used (Colby, Cress and Huggett, 16977).

The available data on cadmium, copper or zinc levels In
splution in coastal plaln-estuarine systems do not indicate that there
are concentration gradlents similar to those found In oyaters. These
analvses were hased on the aspumption that a constictuent in solution
was une which was present in the water after filcering chrough a 0.45
um filter. Tie procedures were such that only total coocentration of

a "dissolved" metal was analyzed. Therefore it 12 possible that metals
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in sclution, defined by these constraints could have been assoclated
with collodial particles less than (.45 ym or that they existed in
deveral speclated forms Iin true solution ({.e. hydrated, complexed,
ate, ). Yet, since no total solution metal gradient was evident it
s probable that the concentratlons of cadmium, copper, and zinc in
oysteres are not directly due to total digsolvod seralg,

Analyses of bottom sediments from two estuaries, the York
and Rappahannock Riwvers, for the trace metals cepper and zine were
cofnducted te determine whether similar gradients of metal concentrations
exiar In zediments and vysters 1iving on those gediments. Sediment
sanples were extracted for metals In several ways to obtain the fractions
assoclated with orpanlc, oxide coatings and ahsorbed phases in or on
the sediments. The resulis of these analyses showed that gradients did
exist bnt that they were different than those observed Iin the oyaters.
For instance, the concentrations of zinc associated with oxide-tydroxzide
caabings In Rappahannocek River soediments dnctreased with dncreasing
ralinity while copper associaced with this phase remained almostc
vonatant throughout the saline portion of the river. The oyster
"metal' gradient EFor this river decreased with increasing salinity.
The fractions of copper and zine which was adsorbed to the surface of
the particles decreased preatly at the freshwakter-salt water interface
from as high as & mgkg'l in fresh water to near 1 mgkg'l In low salinity
waters., In the sallne portiun of the river the levels Inereased towards
the mouth. Theae changes can be attributcd ko two basic phenomenon
in estuar{ea. The sharp decrease from fresh to salt water is likely
due to the abundance of magnesium ions in sedwater, which replace the

adsorbed capper and 2inc, The following increase towards Ehe mouth of
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the estuary may be due to increasing surface area per unilt mass of the

<61 um fraction of the sediment because of finer particles being deposited
further downstream. WNichols (1977), however, has found that the average
particle sizes in this portion of the Rappahannock River te be nearly
constant. These "adsorbed" trends were eopposite from rhose encountered

in oysrers from the tiver.

The sediment 2lpc which was organle In nature decreased roward
the mouth of the estuary while "organic' copper remzlned almest constant.
This zinc fraction showed the unlv trend which correaponded to the
gradients in oystera. Howes- siner the nyster gradients exist over
large geographlesal areas and for cadmium, copper and zinc, it fs logical
that if sediments serve as the direct source to oysters of these metals
then the same metal gradients for oysters and sediments should exist
for all the metals. This {5 not the case,

The sediment metals in the York-TFamunkey-Mattaponl system
showed different gradlenta than did the Rappahannock. As in the
Rappahannock the rrends were inconsistent with those observed in ovsters.
The York-Pamunkey-Mattaponi system clearly showed the Influence of acid
mline drainage entering the system in the upper Pamunkey River. The
concentrations of copper and zing in sediments were 2 to 10 times higher
in the Pamunkevy Riwver than in tlhe Mattaponi. Since, both the rivers
drajn mimlilar strata and have similar sized drainage basins che meral
levels should be simdlar if {t were not for the acid mine drainage.

This authropogenic source has also aupgmented the copper and zine In
the aediments of the York River. This can be roncluded since there is
continuity Iin sediment copper and zinc concentratlons from the York to

the Pamunkey wherear therr appears to be dicontinuity from York to



the Martaponl. The data alse show an unexplained abundance of copper
in sediments of rthe York I[rom 7 tp 22 km From the mouth. The oyater
pamples taken In thias segment of the river do not indicate above normal
levels of copper which suppurte the hypothesls that, at least for
copper, aediment metal concentratlons deo not directly control the

metal concentrations in ovsters.

Therefore it appears thac little relatlonshlp exists between
the concentratieon gradiencs observed in ovsters, and the concentrations
of total dissolved metals andfor metals In sedimenta. Seweral other
poasibilities are apparent. Jnce of these is that since concentratlons
of dissoelved calclum in estuarine waters are dependent on salinity and
since oysters must obtain calelium for shell deposltlon, those animals
living in freshetr waters must ef{ther pump mere water than animals in
saltier water to remove needed calcium, or ke more efficient tham Lthose
1iving 1o higher salinities at removing calclum from the same amount
of water. FEither of these mechaniams for caleium uptake could result
in concurrent incteases Iin other dissalved cations such as cadmium,
copper, or zine (Wolf and Sediltinpgs, 1975).

Another paseible explanation for the oyster gradients {s that
1f the dissolved concentrations of copper, tadmium and zinc are nearly
constant throughout the estuary they may bhe putcompeted For hinding
sltes by more abundant cations from seawater {(magnesium, calclum, etc.)
at hipher salinities.

A third possibility involves chelation and/for complexation
of the dissoclved metals by humic substancen, particularly fulvic acids.
It has been ghown thar fulwiec acids are efficient complexing and
chelacing agents For cationa (Jenne, 1968; Shapiro, 1964; Hair and

Rasmrett, 1973). Since these substances originate from decaying plant
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material on land it is probahle that their concentrations would increase
with decreasing salinity. This trend was noted by Hair, et al. (1973},
Therefore 1f the dissolved metal concentrations for copper, cadmium

and zinc are constant throughout the estuary but the fulvic arcid
decreases from fresh water-seaward due to dilution by the humate poor
seawater, then there should be 2 gradlent of complexed or chelated
metald decreasing In a seaward direccion. This would he the same type
of gradient as abeerved In oysters Erom the estuaries. It {s possihle
that hy cemplexing or cheloting the metals their bieleogical availability
iz increaged by direct partiticirys of the substances from estuarine
water inta the body mucus of the ovsters.

During the periocd of Lhis research, Tropical Sterm Agnes
passed over the dralnage hasin of the Rappahannock Kiver and the resulting
rains washed large quantities of sediments intoc the estuary. Analysis
of the bottom sediments of the Happahannock Hlver dpon after the deluge
showed that the precipftated—coprecipitated copper concentratlons of
the estuarine sediments wers elevated by a factor of 3 ro 4 relative
te hefore the storm. Subsequenc analyses of the sediments approximately
twelve months later indicated that the copper concentraticona had returned
to pre-Agnes levels. Suspended scdiment samples collected In the
Rappahannock River during the Agnes run-off poricd were analyzed for
ropper and showed concentrations as much as 40 times those observed in
Lhe underlying bottom sedimences, By assuming that the increage ln
sediment copper, immediately after Apnes was due to deposition of
crosion products (auspended sediments) a 1:) mixing model was used
ko calculate the amcunt of sediments deposited in the Rappahannock

Fstuary as a result of the tropical storm, The calculatiena indicared
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that approximately 7.5 mm of new sediments were deposited in the channel
at kllometer 38 on the Rappahannock decreasing almost linearly towards
the mouth of the estuvary to about 1 mm 4t kileomecer 15. These
Estim&tiqns of deposition are supported by measurements of suspended
sediment concentrations obtained by Nichols and Nelson during the
run-off period (Nichols, 1975}.

In summary, vysters from non-contaminated estuaries in Virginia
and North Caralina bhave concentrations uf cadmlum, copper and zinc which
can vary depending thelr position in the estuary, Animals living in
less sallne waters will contain more of the metal than those living
downstream. These gradients can be used bto detect unnatural levels
of thesc metals Iin oystera and Eo determlne anthropogenic sources,

Analyses of copper and zinc concentratrions in bottom sediments
yleld data which when interpreted suggest that the abundance of these
meftals does not cortelate with che levels of these elements in oysters.
Thaerefere, the reason for the trace element gradients In oysterg may
be either related to the bilologleal funcrtlons of the animals as a
function of salinity ar the speciation or chemistry of the metal in
solution as a4 funcrion of sallnity.

Metal analysis of bottom and suspended sediment before and
after major erpsiconal events may be used to cstimate deposition of

new sediments In the estuary resultlng from the event.
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