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FOREWORD

The protection of our estuarine and coastal areas from damage caused
by toxic organic pollutants requires that regulations restricting the intro-
duction of these compounds into the environment be formulated on a sound
scientific basis. Accurate information describing dose-response
relationships for organisms and ecosystems under varying conditions is
required. The Environmental Research Laboratory, Gulf Breeze, contributes
to this information through research programs aimed at determining:
. the effects of toxic organic pollutants on individual species
and communities of organisms.
. the effects of toxic organics on ecosystems processes and
components.,
. the significance of chemical carcinogens in the estuarine and
marine environments.
This report summarizes findings on the impact of drilling fluids (muds)
on selected marine organisms and the chemical composition of several fluids.
These data provide needed information on the effects of used drilling fluids

on the clam, Mercenaria mercenaria, and other marine organisms and relates,

where possible, effects to components of the drilling fluid. Results of
this research will provide the regulatory arm of the Agency, and others,
an additional data base on the fate and effects of drilling fluids that

can be applied to the permitting process.

T L

Henr . Enos

Director

Environmental Research Laboratory
iii Gulf Breeze, Florida



ABSTRACT

Chemical charactierization and toxicity of oil drilling fluids were
investigataed by the Edgerton Research Laboratory from 1 October 1979 to
August 1983 as part of a comprehensive research program sponsored by the
U.S. Environmental Protection Agency (EPA) to determine fate and effects of
such fluids in thes marine environment, Drilling muds used in the research
were supplied by the EPA, the Petroleum Equipment Suppliers Association
(PESA), and the American Petroleum Institute (API). The drilling muds were
designatad "May 15," "May 29," "Sept. 4," "Exxon," "Gilson," "Mobile Bay,"
"Jay Field," and "PESA." Investigations during the first year centered on
the chemical composition and the acute toxicity of drilling muds, and the
effects of drilling muds on the recruitment of benthic organisms. In the
second year, studies focused on toxicity testing with planktonic copepods,
chemical characterization of the toxicity test phases, biloaccumulation
studies, and the effects of muds on larval and adult benthic organisms,
Investigations during the third and fourth year examined sublethal effects
of drilling fluids on clam larvae, trace metal and organic constituents in
both drilling fluids and toxicity test-phases, and the preliminary development
of a drilling fluid solid phase toxicity test. Toxic components of the used
drilling muds tested were present as dissolved components or associated with
very slowly settling particles. Some used drillipng muds contained
lipophilic fractions that were similar to hydrocarbons found in #2 fuel oil
in the liquid fraction and suspended particulates fraction and containsd
#2 fuel oil in whole muds. Muds that contained those components were more
toxic than those that did not. Juvenile copepods (Acartia tonsa) wers not
more sensitive to toxic drilling mud solutions than adults of this species.
In general, Cancer irroratus larvae appearad to exhibit toxicity responses
to drilling muds that were similar to the copepods tested. Arrested shell
development induced by exposure to drilling muds appeared to be a sensitive
indicator of stress in bivalve larvae. Total chromium concentration showed
no corrslation to toxicity in the drilling muds that were tested; however,
the highest concentrations of Cr(VI), the most biologically toxic form of
chromium, occurred in the test phases that exhibited the greatest toxicity
to Mercenaria mercenaria larvae, The muds designated "May 15" and "Sept.

4" appeared 10 be relatively non-toxic to Pseudopleuronecties americanus and
to Menidia menidia, although the "May 15" mud was toxic to Neomysis americana
and to Acartia tonsa. A study of the effects of drilling mud on invertebrate
recolonization of defaunated sediment showed that recolonization decreased

in drilling mud layered on top of sediment when the muds were mixed with
sediments. Capitella capitata was much more numerous in recolonization
sediments that contained drilling mud., Test results showed that the methods
used to prepare drilling mud test media affect{ the apparent toxicity of the
muds.

jv
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OVERVIEW - CONCLUSIONS

Drilling muds used in this research were supplied by the Gulf
Breeze E€Environmental Research Labaoratory (EPA) and the Petroleum
fquipment Suppliers Association (PESA), and ty the American Petroleum

Institute (API). The muds were designated as follows: muds from

Mobile Bay were called "May 15", "May 29", and “"Sept. 4"; additional
muds from API and PESA were labelled "Exxon", "Gilson", "Mgbile Bay",
"Jay Field", and "PESA". The conclusions listed belaow are meant to

provide general overview statements concerning the findings of a
series of research projects. Due to the complexity and the diversity
of the tests that were conducted, the final repcrt and progress
reports should be consulted for the specific criteria and conditions
of each test.

1. Toxic compcnents of the muds that were tested were present as
very slowly settling species. For most of the elements analyzed
(8a, Cd, Cr, Clu, Fe, Hg, Mn, Ni, Pb, Zn) suspended/dissclvad
concentrations following slow speed centrifugation (600 x gravity
(G3) for 15 min) and six days of further settling were greater
than those observed in samples that were centrifuged far 15 min
at 30,000 x G.

2. Bgcth nigh and low speed centrifugation of drilling mud
suspensions yielded supernatants with barium concentrations in
excess of those expected based on the solubility of BaSJ, in
sea water; narium concentrations significantly above background
occurred in mixtures (1 ppm mud concentratian) of tne m=adium
density lignosulfonate muds tested ("Sept. 4" and "Gilson").

Se2a water suspensions (10 miL mud in 992 mbL sea water) of tne
three muds labelled "May 15", "May 29", and "Sept. 4" contained
no detectable amounts of cadmium, mercury, nickel, leac, or
aluminum., Results from the measurements of trace metals in
drilling fluid - sea water mixtures snowed that the average
concentrations of the detectable elements decreased in the order
Ba>Cr>Mn>Zn>Cu (in drilling fluids obtained from ZPA, API, and
PESA that were labelled: M"AN31"," MIBLKAS1", "Sy74", "PI1", "P2%,
llP}H’ HPAH, HPSH’ "Psﬂ’ HP?'I, HPBH, aﬂO HSeDt. aﬂ.)‘

xi



Early comparisons of drilling mud tcxicity data with the total
chromium content of tne muds revealed no clear correlation
relationship. However, metal speciation is an important factor
in bioavailability and toxicity. An analysis of cnromiun
speciation showed taat the liguid phase of the muc designated
SV-76 had the highest concentration of Cr(VvI), the most
biologically toxiz form of chromium, This pnase was also one of
the most toxic to Mercenaria mercenaria larvae.

The drilling muds lapelled "Gilson", "May 15", "May 29", and
"Sept. 4" contained lipophilic fractlons that were similar to #2
fuel o0il. The "Sent. 4" mud contained approximately 1.15 ng of
hydrocarbons per gram of mud that were similar to #2 fuel o0il
hydrocarbons. ©DOrilling muds that contained organic components
similar to #2 fuel oil were more toxic than those that dia not.

In acute toxicity tests with the ccpepod Acartia tonsa, "Exxon"
was the least toxic mud wnile "May 15" was the most taoxic,
Toxicity of the muds to A. tonsa showed an inverse relaticnship
with the amount of time that the test suspensions were allcowed to
settle prior to the assay. Filtration of the test suspensians
greatly decreas=d the toxicity of the "May 29" mud but not the
"Sept. 4" mud, suggesting tnat the former contained toxic agents
that were associated with the drilling mud particulates while the
latter 3apparently ccntained dissolved or colloidal toxicants.
Lignosulfonates did not by themselves appear to be the principal
toxicants to A. tconsa. Centropages typicus was equally as
sensitive as Acartia tonsa to "May 15" and "Sept. 4" test
suspensinns that had settled for 3 days, although C. typicus was
mor2 sensitivs to filtered "Sept. 4" mud and to water soluble
components of #2 fuel oil than was A. tonsa.

Test results indicated that juvenile A. tonsa were not more
sensitive to texic drilling mud solutions than adults of the same
species, and that dscreased fecundity occured among adult A.

tonsa at concantrations of arilling muds which were only sllghtly
below those that zaused mortality.

A 48 n =2xposure to as little as ! mL/L of the "Seot. 4" mud
praoduced a significant mortality of sea scallop larvae
(Placogecten magellanicus); exposure to 3 mL/L of this mud causad
100% mortality of these larvae. The "Exxon" mud had no
measurable effect cn survival or shell develogpment of P.
magellanicus larvae. Shell development was arrested in sea
scallop larvae that were exposed for 96 n to: >0C.1 mL/L of the
"Sept. 4" mud; 0.3 mL/L of the "May 29" mud; or >1 m./L of
the "May 15" mud. Arrested shell development appeared to be a
sensitive indicator of toxicity in bivalve larvae induced by
exposure to drilling muds.

In "liquid phase™ (settled 72 h prior to use) toxicity tests witn
larvae of tne quahog M=rcenaria mercenaria, no fertilized eggs
devzloped to the =zarliest shelled larval stage ("straight-
hinge") when exposed for 48 h to concentrations of 500 mL/L cr
greater af the "Sept 4" mud, while at a concentraticn of 150 mbL/L
of this mud 68% of the fertilized eggs developed to shelled
larvae).

xii



10.

11.

In studies on the toxicity of the drilling muds to crab larvae
(Cancer irroratus), no significant differences in mortality or
numder of molts was evident between any gf the treatments and the
controls, even at mud concentrations that produced abnormal shell
development in scallcp larvae (P. magellanicus). Exposure of
crab larvae to the "Sept. 4" mud at a concentration of 100 ulL per
liter of sea water temporarily inhibited feeding. In general,
crab larvae appeared to exhibit the same general toxicity
responses as the copepods.

Toxicity tests showed that none of the four muds labelled
"Exxon", "Gilson", "May 15", and "Sspt. 4" exhibited acute
toxicity to young flounder (Pseudopleuronectes americanus) when
8.7 ml mud was mixed with 1 L sea water, allowed to settle 30
min, decanted and the supernatant mixed with sea water to yield
test suspensions of 30, 10, 3, and 1% supernatant. No flounder
died during the 48 h test or during a 48 h recavery period. In
addition, exposure of P. americanus eggs to "Exxon", "Gilson",
ard "Sept. 4" mud suspensions had no detectable effect on
fertilizatian, although the drilling muds appeared to have an
agglutinating effect on the sperm.

In additional toxicity tests, the "Sept. 4" and the "May 15" muds
were relatively non-toxic to the Atlantic silverside minnow,
Menidia menidia. All minnows survived when exposed to the
undiluted, settled test suspensions of these muds. Howaver, the
"May 15" mud was toxic to the mysid shrimp Neomysis americana

(96 h LCgg 0.81 mL/L), and the copepod Acartia tonsa

(96 h L:SO Q.39 mL mud/L).

In studies to analyze the effects of drilling muds on the
recglonization aof defaunated sediments, the presence of drilling
mud either layered on top or mixed with reference sediment
inhibited recolonizatian. The presence of drilling mud also
affected the distribution of species that successfully
recolonized the mud/sediment test phases. .n the recolonization
studies, Capitella capitata was much more num=2rous in sediments
that contained drilling mud.

In general, data showed that 3 used PESA orilling mud decreased
recolonizaticn when layered (0.4 cm) on top of defaunatzd
referencz szdiment (3.6 cm), but not when mixed (l:4) witn i%.
The deposition of a new layer of cetrital material on top c¢f
drilling mud seemed to reduce or reverse these effects; after
four to six weeks exposure of cefaunated test sediments in the
field, the =2ffects were no longer obvious. Greater numbers cf
animals occurred in fielid recolonization experiments than in 2
lab-hased, flow-through recolonization set-up. Recolonization
studies, although lenathv, were generallv found to bte an 1mquvem?nt over
traditional solid-nhase toxicity tests as a method for neasurina the imnact
c< contaminated sedinent on the benthic environment.

xiii
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Results showed that the msthods used for preparing drilling mud
test media affect the apparent toxicity of the muds. In "liquid
phases"” of drilling muds (i.e., mixtures of mud and sea water
that were allowed to settle for some period of time) toxicity was
generally found to decrease with increased settling time.
Filtration further decreased the toxicity of the "May 29" and the
"Gilson" muds. Settling for as little as 1 hour reduced the
toxicity of the "May 15" mud, while settling was found to yield
only slignt reductions in the toxicity of the "Sept. 4" mud.

xiv



INTRODUCTION

DRILLING FLUID STUDIES AT THE
EDGERTON RESEARCH LABORATORY, NEW ENGLAND AQUARIUM

Several studies have been conducted in our laboratory to investigate
the chemistry and marine toxicology of a number of drilling fluids,
including "Mobile Bay" ("May 15," "May 29," and “Sept. 4"), "Jay Field,"
"Gilson," "Exxon," and "PESA" ("AN31", "MIBLKAS1," "SvV76," "P1," "P2,"
"p3," "pP4," "P5," "ps," "P7," and "P8"), A brief discussion of the
results of the early studies is appropriate at the start of this report
to allow a synthesis of both the chronology and the evolution of our
research program on the toxicity and chemical composition of used oil
drilling fluids. The terms "drilling fluid" and "drilling mud" are used
interchangeably throughout this report, as are the labels ppm (parts per
million) and pL/L (microliters per liter). The names of the drilling
muds used in this research program are introduced here in quotations to
indicate their use as code names for specific specimens provided by EPA,
API, or PESA; throughout the remainder of this report, quotations are
used only where their omission could lead to confusion.

tudies conducted from the fall of 1979 to the summer of 1980 dealt
with: (1) the physical and chemical composition of Mobils Bav, Exxon,
ard Gilson drilling muds; (2) acute toxicity ilesting using a number of
different marine animal species; (3) fertilization efficiency, egg and
larval development of flounder; and (4) benthic recruitment studies (New

England Aquarium, 1980).



The results cf our trace metal characterization studies indicated
that drilling mud suspensions prepared by slow centrifugaticn (600 x
gravity (G); 15 min) to simulate actual oceanic discharges, had higher
metal concentrations than samples prepared by high speed
centrifugation (30,000 x G; 30 min). In particular, suspensions of
medium density mud at a concentration of 1 ppm yielded barium |
concentrations that were significantly above background. Organic
analysis indicated that four of th2 drilling muds which we tested
contained lipophilic fractions that ware similar in composition to #7Z
fuel oil.

Azyte toxicity studies using the estuarine copepod, Acartia tonsa,

showed that three of the Mapile 33y muds (Sept. 4, May 15 and May 29)
arocduced toxic effects, and that the technigues used in the
preparation of mucd ohases affected their toxicity (i.e., time of
settling after mixing; filtered vs. non-filtered; filtration with
extraction; and dilute phass preparation mstrad). The May 15 mud was
tested under only twg trzatmert conditicns, ncn-settled and settled
for 1 hour (1), with respective 96 n LZS0 valuzs 2f 0.C3 and 0.329 =L
mud/L sea water. LCS0 (96 h) values “or the May 29 mud ranged from
0.09 to 25.0 mL mud/L with the highest toxicity related to the
presence of solids that initially wsre in tne suspension., Tre 36 n
LC50 values for the Sept. 4 mud (0.63 tc 1.74 m_/L) indicated a
possible effect from dissolved or collcical soecies. further analysis
indicsted that lignosulfonate-solubilized hydrocarscns coulc 2e 3
nossible toxic agent in drilling mucs.

Toxicity studies were conducted also o1 ths mysid shrimp, Neomysis

anericana, and the Atlantic silverside, Menidia menidia., The results

cf these tests incicated that both the Sept. 4 and May 15 muds were



relatively non-toxic to M. menicia, although mortality was observed
with the mysid, N. americana, for which a 96 h LT50 value of
0.81 mL mud/L was obtained. In additional tests, juvenile winter

flounder, Pseudopleuronectes americanus, shaowed no acute toxicity

following a 96-h exposure to the May 29 drilling mud at 8.7 mL mud/L
(mixed 30 min, settled 1 h).
Tasts were conaucted to measure the effects of drilling muds on

the fertilization efficiency of P. americanus. Exposure to the liquid

and the suspended solid phases (8.7 mL mud/L) of Exxon, Gilson, and
Mobile Bay May 15 muds showed no apparent adverse effects on
fertilization efficiency. However, microscopical observations
indicatad that sperm motility seemed to be affected after exposure to
drilling muds at a concentration of 1.0 mL mud/L for 2all of the muds
that were tested. The =xposure of fertilized eggs to the liquid phase
and the suspended solid phase (1.0 mL mud/L) indicated that apparently
normal development ogccurred through the gastrulation stage. Further
testing on egg develapment was prevented by the ending of the P.
americanus spawning seasaon.

Similar fertilization efficiency studies were attempted by using

the yellowtail flounder, Limanda ferruginea, and tne gray sale,

Glyptocephalus cymnoglossus. Species availability during spawning

season and the constraints associated with snipboard experiments
oroved insurmountable for extensive testing with both of these
species. Ultimately, further experimentation with gametes and larvae
of fish was terminated in favor of the more promising area of
invertebrate toxicolegical assessment.

A field study of recruitment and recoleonizatian was canducted

using layered fractions of Exxon drilling muds over natural sediment



in a sheltered embayment. Preliminary results, although inconclusive,
indicated a suppression of overall pooulation size and a general
decrease in species diversity in the treatment with drilling mud,
compared to the rtecolonization and recruitment seen in the control
sediment.

Research from the summer of 1980 to the spring of 1981 centered on
further investigations of the chemistry and toxicity of spent drilling
fluids, including: (1) toxicity testing with two species of copepods;
(2) chemical characterization of the test-phase preparations used In
toxicity bioassays; (3) bioaccumulatian of trace elements in organisms
exposed to drilling muds; (4) distribution of trace elements in
sediments anc water; (5) effects of drilling muds on larval

developmert cf sea szcallops (Placopecten Magellanicus) and rock crabs

(Cancer irroratus); and (6) effects of drilling muds on colonization

by benthic organisms (New England Agaarium, 1981).

Acute toxicity tests were continued by using Acartia tonsa and a

second caopepod species, Centrapages typicus, which is comnmon on

Georges Bank. As found in the zarlier studies, the methaod of test
phase oreparation affected the cbserved toxicity. Among the phases
prepared from the May 15 and the May 29 Mobile Bay mud, toxicity to A.
tonsa decreased with increased muc settling time. In adcition, the
Sept. 4 Mobils Bay mud displayed greater toxicity when the individual
concentrations in the test series were prepared separately, as opposed
to the preparation of the same concentration series by sequentially
diluting a primary stock suspension. Tne atner soecies of copepad
tested (C. typicus) was 3s sensitive as A. tonsa (0.49 - 1.5 mL mud/L
= 96 h LC50 value) to phases of the Sept. 4 ana May 15 mud suspensions

which were allowed to settls for three days.



Results cf fecundity and juvenile exposure studies on A. tonsa
indicate that decreased fecundity occured amang adults at expcsure
concentrations only just below those which caused mortality, and that
juveniles exhibited responses to drilling muds that were similar to
adults of the same soecies.

A study was initiated to determine which chemicals may
contribute to the toxicity of some drilling muds. Test phases used
in the toxicity tests were analyzed for botn trace metal ancd organic
compenents. Chromium was targeted as a possible toxic component
tecause nigh concentrations of this metal were found in sea water
suspensions of Mobile Bay drilling mud. Early results from toxicity
tests with toth of the copepod species indicated that chromium did
rot appear to play a dominant role in determining drilling mud
toxicity. However, metal speciation is an important factor in
biocavailability and toxicity, and further invastigation of chromium
speciation showed that the liquid phase of the mud labelled SV-76 had
the highest concentration of Cr(vI), the maost ciologically taxic farm

of chromium. This phase was also one a2f the most toxic to Mercenaria

mercenaria larvae. Further analyses are nzeded to determine the
speciation, and metal-binding properties of drilling mud components.
The measurement of sea water-soluble and acid-soluble slements in the
‘ten cdrilling muds that were tested showad detectaple concentraticns
apove background for barium and chromium, as well as the release of
aluminum, iron and manganese. Aluminum, iron and manganese occurred
at concentrations likely to be minimal in impact cocnsidering
dispersion and dilution factors. Organic analysis indicated that all
test bhasz2s c2atain tritutyl phosphate, alkyl-substituted catechols

and polycyclic aromatic hydrocarbons. In addition, the test phase
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populations exposed ta all concentrations of Sept. 4 mud and to the
highest concentrations of May 15 and May 29 muds. A 96 n exposure to
either 1 mL/L of the May !5 mud or 0.3 mL/L of the May 29 mud
significantly inhipited shell formation. The Sept. 4 mud was
considerably maore toxic; it almost completely arresteg shell
formatian at 0.1 mL/L.

Test populatiasns held for 6 days in clean sea water following a
96 n exposure ta Sept. 4 mud exhibited an inapility to recover fram
arrested shell formation. None of the organisms exposed toc 3 mL/L or
10 mL/L filtered phases of this mud survived. Jrganisms exposed to
liquid phases of the two May muds wsre also unable to reccver oJver a
6-day period in clean sea water following exposure tc tne Sept. 4
mud.

The results of the 96 h exposures indicate that the Gilson mud
was as toxic to the larvae as the May muds from Mobile Bay, although
it was less toxic than the Sept. 4 mud. The filtered test phase of
the Exxon mud had no measurable effect on survival ar on shell
develooment.

Arrested shell formation in bivalve larvae appears to oe a
sensitive indicator of stress induced by drilling muds. The results
af 96 n tests in which a variety of marine fauna were 2xposed to
filtered mud suspensions indicated that copspods were the most
sensitive of the species tested. .CS50 values (96 h) for Acartia
tonsa exposed to filtered ohases of the Seot. 4 dJilling mud were
between 1 and 2 alL/L. However, considering sub-lethal =ffects, a 96
h exposure to 0.1 mL/L arrested shell develgpment in sea scallop

larvae.



Twenty-day larval develooment experiments wer2 conducted witn

the bracnhyuran crab, Zancer irroratus. The larvae were exdgsed far

24, 48, or 72 hrs to 5, 10, and 100 uL/L concentrations of Sept. 4
dilling mud. Both mortality and the number of molts were recorded
over the 20-day test period. Results indicated no significant
differsnces netween any 2f the treatments and the control for both
mortality and number of mclts, even at concentrations that produced
apnarmal shell dsvelopment in the sea scallap.

Feeding experiments with the crab larvae indicated that exposure
to a 100 yL/L test phase af Sept. 4 drilling mud can temporarily
inhibit their feeding. Howevar, the effect did not persist once
the exposure ended, and tnere did not appear to te any .ong-term
effect on crab larval growtn.

More concentrated suspensions of “he Sept. 4 drilling nud were
acutely toxic to 5-day-old crab larvae. The 96 h LC50 value was 1.02
m- of settled, decanted 1iquid phase per liter of sea water. This
resuylt suggests that the larvas we-2 3s sensitive to toxic drilling
Tuds as the copepods that w2 have tested.

The recruitment and recolonization studies centered on the
testing of a variety of laboratory designs to cevelop a functional
year-round experimental system. Two systems trat were evaluated
included a longitudinal trough design ard 3 system utilizing a
circular tank, After several modificatinns, tre circular tark cgesign
provided a reliable lasoratory system with a uniform water
circulation pattern. In additian, a field-based system was designec
o augment the laboratory studiss with sav=ral abjectives in mina.
Tre first cojective was to document any effects of crilling mud on

gither the rate of colonization of defaurated sediment cr the species



composition of the recolonizing peopulaticnr. Secondly, we intended to
determine what time pa2riad was most critical during the
recolonization process. Finally, we compared results of concurrent
laborataory- and field-based experiments. For a more detailed
cescription of these studies, refer to New England Aguarium Progress
Report #2 (198l), and the results of these studies which are
contained in Part IV of this report.

Research conducted between May 1981 and February 1982 dealt with
two major areas of interest. The first was the construction and
gevelopment of a mariculture facility to allow year-round larval

production of the hard clam, Mercenaria mercenaria, for drilling mud

tests. The second dealt with the results of both laboratory and
fielo studies on the effects of drilling fluids on benthic
recclonization (New England Agquarium, 1982).

The operation of the mariculture system over a four-month period
proved tnat the system is capable of maintaining and conditioning

adult M. mercenaria for year-round spawning. Procedures developed

faor liguid phase testing of larval M. mercenaria represented a

feasible standard protocal. Preliminary results showed that when
l-h-0ld larvae are exposed for 48 h to the liquid phase of the Mcbile
3ay Sept. 4 mud (0.5, 1.5, 5.0 and 15 ppt), failed to form shells,
while control animals develaped naormal shells. There was no
significant difference in shell formation between fed and unfed
animals in these treatments. Observations wers alsc made ¢cn the
effects of these liquid phases on larval embryogenesis. Srowth
inhibition was found to be directly related to concentration.

Results of the drilling mud recolonization studies are contained

in the Part IV of this report. As a method for measuring the impact



of contaminated sediment bn the benthic environment, the recrultment
studies were generally found to be an improvement over traditional
solid phase toxicity tests that have been used for assessing the
impact of dredged materials. However, the time required for bhaoth
testing and data processing in recruitment studies is too lengthy for
the 2fficient evaluation of whole cdrilling muds.

The following report outlines studies conducted by the Edgerton
Research Laboratory concerning the toxicity and chemical compaosition

of spent PESA drilling fluids.
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I. EFFECTS OF USED DRILLING FLUIDS ON THE EMBRYONIZ DEVELOPMENT QF
THE HERD CLAM, MercCenaria mercenaria (L.)

1.1 Background

Drilling fluids, or drilling muds, are vital to the offshore
exploration for 2il ard gas because they fulfill the requirements for
drill bit lubrication, bore hole stabilization to prevent cave-ins
and blow-outs, and for removing rock chips (cuttings) from the
cutting surface of the drill bit. These and other tasks are
performed by circulation of the barite-rich (approximately 94 percent
BaSQ0,) mud dcwn the pore hole to the drill bit from which cuttings
are carried to tre surface for removal and subsequent discharge into
the ocean. The composition of a discharged drilling mud is altered
from its original state by the drilling conditions (geological
formation, temperature, and pressure) (IMCO Services, 1978;
Perricone, 1380) and thus the comolex mixture of organics (Strosher,
1980) and trace metals (Liss et al., 1980) in the mud can vary. The
composition aof the mud is changed in response to the drilling
conditions and, consequently, the subseguent effects of discnarged
muds an marine organisms may also change nver the duration of 2
drilling operation. This ootential for changes in mud toxicity as a
function of drilling conditions was recertly repcrted in laboratory
toxicity tests oy Tornberg et al. (1980) and Conklin et al. (1983)
wna showed that mud toxicity increased with drilling depth.

The toxicity of used drilling muds to marine fauna is well
establisred (Sprague and Logan, 1979; Houghton, Beyer, and Thielk,
1980; Thornberg 2zt al., 1980; Neff et 31., 1980; Thompson and Bright,

1383; Conklin et al., 1980; Carr, Reitsema, and Neff, 1980; Gerber et
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al., 1983; Gerber et al., 1980, Neff et al., 1980; Carr et al., 1980;

l

Crawford and Gates, 1381l; Chaffee and Spies, 1982). The discharge of
cuttings and muds into the pelagic zone and thelr subsequent impact
on the early life stages of the seasonal plankton has only begun to
be addressed. Most studies on drilling mud toxicity have
concentrated on adult animals from the benthic community. Although
it nas been demonstrated that adults can often survive high
concentrations of jrilling fluids, the ultimate survival of an
impacted population in suzceeding generations depends to a great
degree on the tolerance of the planktonic early life stages.
Althougn juveniles of a few fish species have been shown to exhibit
greater sensitivity to metals as they age (Chapman, 1378; Blaxter,
1977), the gensrally greater sensitivity of early life stages is well
documented in both the olant and animal kingdom for a number of
environmental and anthrooogenic stresses (Ocum, 1962; Portmann, 1970;
Suikema angd 3enfield, 1979; Neff et al., 1983; Carr et al., 1980).
This study was initiated in response to concern over thes impact
of offshore drilling activities on commercially important bivalve
molluscs and the lack of information concerning the effects of
drilling muds on molluscan larvae. A diverse collection of used

drilling muds was used to evaluate the sensitivity o the harg clam,

Mercenaria mercenaria, fertilized eggs (1-h post fertilizatian).

M. mercenaria was chosen because of its wide climatic rangs in the

tocastal zone of the United States and bhecause adult nrcod stcck can
te held for year-round spawning and subsequent toxicological testing

without gonad resorption (Loosanoff and Davis, 1950). Diluzte

12



sea water suspensions were used in all the tests with the goal of

aporoximating "real-worlc" test conditions.

1.2 Materials ard Methods

The natural sca water used for maintaining marine tanks at the

New England Aquarium was used to culture M. mercenaria and its algal

focd. The water for all tests was filtered through a series of
cotton filter cartridges to remove particles greater than 0.45 um.

Tne salinity of the sea water was 30-32°/ pH was 7.9 + 0.2,

oo’
and dissolved oxygen content was at least 85% of saturation

throughout the analysis.

1.2.1 Conditiconing and Holding cof 2rood Stock.

Adult M. marcenaria (aoproximately 50-60 g) were collected from
the mouth of the Marstons Mills River in Cctuit (Cape Cod),
Massachusetts, at various times of the ysar. The clams were
transported immediately to the lab in a styrofoam cooler at ambient
temperature and then slowly acclimated to the conditioning (15°¢)
or haldinrg (11°2) tank temperature.

During the conditioning period (minimum of 6-8 weeks), no more
than 83 (50-60 g size) brood stock animals were maintained at
15.0 * 1.0°C i~ twc deep trays (76x91x25 cm) containing 8-10 cm
of sand fraom th= area in which the animals were coilected. B8efore
tne clams were introduced into the conditioning tray, the date was
mar<ed on the shell with an indelible ink marker, and the clams were
placed on tha sand and 3llowed to dig into the substrate. The

conditioning trays received aporoximately 200 L/day of cultured algae



and approximately 1000 L/day of filtered (1 um) sea water, amounting
to approximately 4-8 water changes/day. Depending on the cell
densities of the algal cultures, the adult animal conditioning trays
contained from 0.4 to 1.0 x 10° algal cells/mL at all times.

Feeding was provided by the continuous nharvest of 360 L,
fiperglass-tube cultures (Solar storage tube, Kalwall Corporation,
Manchester, N.H.) of mixed cr unialgal cultures cf the diataom

Thalassiosira pseudonana (3H strain) and the flagellated chrysophyte

Isochrysis galbana (Tahitian strain). Algal harvesting was carried

out with a small diapnhragm aump. The mass culturing of microalgae
was initiated after the sea water was chlerinated overnight (60 ml
chlorine/360 L), ana then dechlorinated with sodium thiosulfate

(10 g/360 L). Eight to twelve cne-liter algal stock cultures were
added after the water was supplemented with Guillard's F/2 nutrient
supplement (Guillard, 1974).

Newly ccllected animals which could not be accommodated in the
canditioning trays were acclimated to the 11 = 1.0% holding
temperature and nheld until they were needed for conditioning. These
animals either received continuous feeding from the overflow of the
conditioning trays, wnich contained an excess of algae (greater than
4x10%4 cells/mL), or they were fed 15-20 L batch quantities from the
algal tube culturss daily. This cold-water holding system consisted
of two 3250-L insulated trays maintaining 2CC adult clams. The sea
water flowed into the holding trays at a minimum rate of one turnover

Jer day.
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1.2.2 Spawning and Rearing,

Concditioned brocd stock animals were spawned by the methods
descrined by iLoosanoff and Davis (1963). Fertilization was achieved
when the pecoled sperm and eggs were mixed and allowed to remain in
contact for 1 h, Depending on the sperm concentration, approximately
§ mL of sperm were mixed with 1 liter of e2gg suspension to yield
DJetween lOS and 107 sperm/mL, Lower sperm concentrations can
result in incomplete fertilization, wnile higher levels can yield
larval deformities, probably from polyspermy {(Culliney et al.,
1975). After a 1 h fertilization period, the fertilized eggs were
sieved anto a 63 um Nitex screen to remove sperm, and were
resuspended in a one liter beaker containing 0.45 um filtered sea
water. The egg suspension was mixed gently with a perforated Teflon
plunger to yield a uniform suspension before a sample was taken with
a microoipette far the quantification of eggs at 25x under a
dissecting microscone. Eggs were counted in triplicate 100 uL
aliguots and the mean was multiplied by 10 to give thes number of eggs
per mt. To reduce variapility in sampling fertilized eggs, two
separate aliquots of the uniformly mixed egg suspension were
inoculated into each tube to yield a final density of 10-15
embryos/mL.

Test vessels consisted of round-bottom, A0 mL Pyrex test tubes
containing 53 mL of the drilling mud test phases. The test vessels
were neld at 27°C %192 in a constant temperature bath. Each
test vessel was aerated for 60 min prior to inoculation with
fertilized eggs to increase the dissolved oxygen concentratian.

A specially designed water bath was made to contain the test

vessels at 279C X19C for the 48 n incubation period (Fig. 1).
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This unit consisted of the following components: (1) a large
styrofoam cooler (75x35 cm) with holes (2.5 cm diameter) bored into
the caver to hold the test vessels; (2) a Neslab-Endocol constant
temperature circulator to provide a flow of water through the cooler
for batnh temperature maintenance; and (3) an air manifold system to
ensure uniform bubbling within each test tube. The air was filtered
through an o0il separator to remove any residual oil and pioced by a

manifold through 2.22 mm (ID) teflon tubing to each test vessel.

1.2.3 Experimental Procedure.

Drilling muds were provided by the Petroleum Equioment Suppliers
Association (PESA) and cdistributed by the Environmental Protection
Agency, Gulf Breeze, Florida. These muds were collected from various
drilling sites, identified by an EPA code and categorized according
tc mud tyope.

Test ohases were orepared with the intent that they would
closely approximate the actual composition of drilling mud
suspensions released into the ocean. Dilute drilling mud/sea water
mixtures were prepared by the addition of from 0.15 to 3 mL of used
grilling mud into a liter of 0.45 um filtered sea water. Two phases
were prepared from each drilling mud to test the toxicity of both the
water solutle components alone (liquid phase), and the suspended
solids plus water solucle components (suspended-soiids phase).
Two-liter glass bottles were washed first with acetore and then with
6N HC1 to remcve adsorbed organics and metals, and were then rinsed
three times with distilled water. The liguid and suspended-solids
test phases were prepared by adding a volume of the drilling mud to

two liters of 0.45 um filtered sea water. These dilute suspensions
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FIGURE 1

UNIT FOR TESTING EFFECTS OF DRILLING FLUIDS ON CLAM EMBRYOS
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of crilling fluics were stirred for 30 min with a Teflon-coated
magnetic stirrer and allowed to settle at rcom temperature for either
1 h, to produce a suspended-solids phase, or for 72 h, to prcduce a
liquid phase. After the aporooriate settling period, the test ohases
were collected by siphoning for use in the bioassay preccedure.
Particles with the cdensity of clay and dimensions of 0.5 um or
greater in oiameter settied out of the test phases after 72 h. This
procedure was preferred aver memdrane filtration 22cause it achievec
the same results without the problems of degassing ard adsorotian of
toxicants to the membrane filters. 1In addition, the settling method
more closely resembles caonditions found at sites where drilling muds
are released.

in order to allow the testing of several muds at cdifferent times
of the ysar, the use of sesveral different adult brocd animals was
required for spawning larvae, 3ad this necessitated the inclusion of
a standard toxic control mud to allow compariscn between tests. For
this ourpose we chose 3 usz2d saltwater lignosuifonate mua identified
as Mobile 3ay - Sept. &, collected off the coast of Alabama.
in 1979. Prior to testing, each test vessel wss 3cid washed (6N
HZ1), rinsed with distilled water, and placed i~ a 550°2 aven fer
£0 min.

Drilling fluid concentraticons were test=d i triplicate 3and each
est vessel was placad rarccmiy into the larval 9izcassay test

apoaratus along with triplicate cantrols., The =25¢s w accec to the

D

-
-

(D

liquid pnase witnin aone hour after fertilization. CZissolvac oxygen,
oH, ara salinity were measured at tnhe heginrirg and 2nd cf each

test. Temperature was monitored throughout esc~ 43-n te=st oerindg.
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The number of D-stage, shelled prodissoconch-I (straight-hinge,
or D-stage) larvae that developed with normal shells in the control
containers was compared to the number of normal-shelled, D-stage
larvae that developed from the embryos in the test containers to
develop an index of toxicity in these tests.

After the 48-h static testing period, 1 nL of 10% prosphate-
buffered formalin and 2.5 mL of 0.5 % Rose Bengal {(poth in 0.45 um
filtered sea water) were added to each test vessel and the preserved
samples were stored in a refrigerator at 4°c X2°C. The
contents of each vessel were filtered through a 25-um Nitex screen to
retain the larvae. The screen was washed three times and 3all
organisms were transferred to a Petri dish. A pinocular dissecting

microscope was used to count the larvae.

1.2.4 Statistical Analysis,

The results of these tests were expressed as 48-h EC50 values
related to the proportion of the test pooulaticn which failed to
develop into straight-hinge, orodissochonch-1 larvae (D-stage).

These values and their 95% confidence limits were calculated by using

probit analysis (Finney, 1971).

1.3 Results

1.3.1 Year-round Toxicological Testing.
Year-round toxicological testing of used drilling muds continued
+

tnroughout the 15-month analysis period. A temperature of 15 =

1.0°C was optimal for the year-round conditioning of Mercenaria
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mercenaria oroocd stock. Higher temperatures caused the accidental

spawning of ripe broodstock and lower temperatures reduced feeding
activity and lengthened the conditioning period.

Jur opnjective in the mass-scale culturing of microalgae was t9
provide the clam brood stock with a reliable supply of nutritious
food wnich was free of texicants and pathogens. This was easily

accomplished by using 36T L fiterglass tube cultures of Thalassiosira

pseudonana (3H strain) anca/or Isochrysis galbana (Tahitian strain) at

a density of 1 to 4x10% zells/mL. Sufficlent food was supplied by
one 363J-L culture tc sustain the nutritional requirements of the
brood stock animals in the flow-through conditioning trays for 2-3
days. The algal mass cultures were pumped continugusly into the
conditioning trays to yield a constant supoly of algae (approx. 104
cells/mL) to the brood animals. Three mass-culture tubes were ample
for culturing these algae as food for the year-round conditioning of
brood stock. The cultures attained a harvest density of 1-4 x 10°
celis/mL approximately 4-5 days after it received its F/2 nutrient

supplement (Guillard, 1574) anc algal inmoculum.

1.3.2 One-hour Fertilized Egg Toxicity Test.

A summary of the data from 12 used drilling muds is presented in
Tables I-A and I-B, and Figures 2 and 3. The toxicity is presented
for both liquid (72 h settled) and suspended-solid phases of for eazh
nuc¢ . The suspended-solids phases of muds Pl, P2, and P3 (which also
includes the water soluble fraction) were found to be more taxic than
the water-soluble fractions alone. The remaining muds did not show

an appreciable difference in toxicity between the twa mud phases.
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TABLE I-A: 48 HOUR DRILLING FLUID TOXICITY TEST:
SUSPENDED SOLIDS PHASE

Continuous exposure (48 h) of 1 hour old, fertilized eggs of
Mercenaria mercenaria to the suspended solids phases of various
drilling fluids showing percent of each test group
(n = 625 + 125 eggs) that developed into normal, "D" stage larvae.

Drilling Confidence Limits Control
Fluid Test Date EC50 LCL* UcL* % "D" Stage
AN3] 5/20/82 1,771 ppm»** 1,710 1,831 93
MIBLKAS1 1/26/82 >3,000 ppm -- -- 95
SV76 5/20/82 117 ppm 115 119 93
P-1 9/20/82 122 ppm 89 151 99
P-2 9/20/82 156 ppm 149 162 99
P-3 9/20/82 64 ppm 32 96 g9
P-4 9/20/82 347 ppm 330 364 99
P-5 3/20/82 382 ppm 370 395 99
P-6 11/22/82 >3,000 ppm -- -—- 93
P-7 11/22/82 2,779 ppm 2,667 2,899 93
p-8 11/22/82 212 ppm 200 | 223 93
Sept. 4 5/20/82 125 pom 120 130 93
(Mobile
3ay) 9/20/82 97 ppm 54 101 99
11/22/82 119 ppm 111 128 93

* LCL = lower confidence limit; * UCL = upper confidence limit; (95%
confidence limits

** ygl/Vol mixture of a 1 hour-settled drilling mud suspension and 0.45

um-filtered natural sea water to yield the indicated concentration of
drilling mud suspended solids phase in sea water.
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TABLE I-B: 48 HOUR DRILLING FLUID TOXICITY TEST:
LIQUID PHASE

Continuous exposure (48 h) of 1 hour old, fertilized eggs of
Mercenaria mercenaria to the liquid phase of various
drilling fluids showing percent of each test group
(n = 625 + 125 eggs) that develop into normal, "D" stage larvae.

LIQUID PHASE

Drilling Control
Fluid Test Date ECS0 LCL* UcL* % "D" Stage
AN31 3/15/82 2,427 ppm** 2,390 2,463 88
MIBLKAS1 1/26/82 >3,000 ppm -- -- 95
SV76 3/15/82 85 ppm B1 88 88
P-1 6/14/82 712 ppm 690 734 97
P-2 6/14/82 318 ppm 308 328 37
P-3 7/26/82 683 ppm 665 702 98
P-4 7/26/82 334 ppm 324 345 S8
P-5 7/26/82 385 ppm 371 399 98
P-6 8/16/82 >3,000 npm - -- 97
p-7 8/16/82 >3,000 ppm -- -- 97
P-8 11/22/82 269 ppm 257 280 93
Sept. 4 3/715/82 134 ppm 12¢ 141 83
{Mobile
Bay) 6/14/82 112 ppm 91 122 97
7/26/82 176 ppm 168 193 98
8/16/82 187 pom 170 212 57

*1.CL = lower confidence limit; UCL = upper confidence limit;
(95% confidence limits)

** Vol/Vol mixture of a 72 hour-settlsd drilling mud suspension and 0.45

um-filtered natural sea water to yield the indicated concentration of
drilling mud "liquid phase" in sea water.
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The range of the 48 h 2C50's for the liquid phase of 8 of the 12
muds was fram 85-712 oom ard the range of SC50's for the suspended
solids phase of these muds was from 64-382 ppm. The ECS0's for the
remaining muds exceeded 2,000 oom (v/v mixture cf whcle mud/sea water
prior to settling). More than 88 percent of the contraol anirals

achieved D-stage in all of the tests iIn this study.

1.4 Jiscussicn

The results of these tests showed that fertilizsd eggs of M.
mercenaria were very sensitive to pboth the liquid and the
suspended-solids phases nof a diverse assortment of used drilling
muds. Tne mud types (Table II) included a "lime" mud (P3), a sea
water Do%tassium pclymer vtud (P8), a low solids non-dispersed mud (P&’
and varicus chrome lignosulforate types (AN31l, MIBLK, Mobile Bay
Seot. 4, SV76, Pl, P2, P4, PS, and P7).

The wide range of 48 h EC50 values (64-3000 ppm) indicates large
variations In the chemizal composition of used drilling muds. As was
found by other investigators who also smployed early life stages for
testing (Crawfortd and Gates, 1981; Chaffee and Spies, 1982), the 1-h

fertilized eggs of M. mercenaria showed the lowest 48-n ECS0 values

when exposed to drilling mucs. E=C50 values for most muds were in the
64-800 ppm range. The sensitivity of molluscan early-1ife stages has
also been demonstrated for a number of cther toxicants (Calabrese,
1972; Calabrese et al., 1973; Calabrese and Nelson, 1974; Maclnness

and Calabrese, 1973; Coglianese and Martin, 13581; datling, 1982).
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TABLE TI. CHEMICAL AND PHYSICAL CHARACTERISTICS OF THE USED DRILLING FLUIDS
EMPLOYED IN THE Mercenaria mercenaria LARVAL TOXICITY TESTS

Depth of
Drilling Fluid Code Mud Type well (m) Density % Water
AN31 Sea water lignosulfonate 3576 1.50 49.9
MIBLKAS] Sea water lignosulfonate 2277 1.26 68.5
SV76 Sea water lignosulfonate NI 2.17 27.3
Mobile Bay (9/4/79) Sea water lignosulfonate 6236 1.55 54,2
Pl Lightly-treated lignosulfonate 4311 1.93 33.8
P2 Fresh water lignosulfonate 4153 2.02 30.0
P3 Lime mud 5241 2.19 26.8
P4 Fresh water lignosulfonate 3645 1.93 33.4
PS Fresh water/sea water lignosulfonate 3945 2.20 26.3
Pé6 Low-solids, nondispersed mud NI 1.22 75.1
P7 Lightly-treated lignosulfonate 3747 1.37 57.0
P8 Heavily-treated lignosulfonate 3760 2.17 27.3

NI= no informmation available



Other investigations reporting on sensitive toxicity tessts
include those of Crawford and Gates (1981) on unfertilized sand

dollar (Echingrachnius parma) eggs and Conklin et al. (1380, 1383) on

grass shrimp (Palegmonetas pugio) molting stages. Crawford and Gates

(1981) exoosed unfertilized sand dollar eggs for a 15 min pulse
exposure to drilling muds and found that fertilization was affected
at concentrations between 100 ppm (88 percent fertilization) and
1,000 ppm (6 percent fertilization). <Conklin et al. (1980)
icdentified the moiting of grass shrimp as a sensitive stage far uss=
in toxicity tests since they showed a 36-h LTS0O value range from 363
to 739 ppm for 5 drilling muds.

The Mobile Bay (Seat. 4) mud was used as the standard toxic
control throughout the 15 month testing pericd. It was intended to
serve as a reference between groups of larvae tnat were spawned at
different times. During this study, the toxicity of this reference
mud {(cesignated "toxic control" or "toxic refararce muo") was
150 £ 37 opm for the lijuid phase and 111 £ 14 ppm for the
suspended phase. This indicated good reproducibility between tests
and spawn groups. These results suggest that the response of the
different test populations was sufficiently unifaorm to allow direct
comparison of results from tests performed at different times.

Our toxic reference mud (Mobile Bay - Sept. 4) was alsc us=2d by
Conklin et al. (1983) who called it mud XVI1 for their $6-n tast with

Palaemonetes puglo. Our analyses with this mud verified the exireme

sensitivity of the M. mercenaria fertilized =23g test. A comparison
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of the sensitivity of these two organisms to this mud shows that the

150 ppm 48 h EC50 for M. mercenaria fertilized eggs was considerably

lower than the 740 opm 96 h LC50 seen in tests of effects on

Palasmonentes pugio molting, especially when considering that the M.

mercenaria EC50 is for a 48 h test as opposed to the 96 h P. pugio

test. A similar test was performed with tnis same Moblle Bay mud in

our lab on the fertilized eggs of tne sea scallop (Placgpecten

magellanicus) (D. Wayne, New England Aquarium, unpublished data). In

this study, the Mobile Bay mud elicited toxicity to sea scallop eggs
and also inhibited development at a low concentration (100 ppm) in a
48-nh EC50 bioassay. Therefore, fertilized eggs of M. mercenaria and

Placopecten magellanicus seemed to be equally sensitive to the same

toxic mud. The developing embryos and larvae of both mollusc species
appeared toc be mere sensitive teo the muds tested in this study than
molting grass shrimp.

Davis (1963) and Davis and 4Hidu (1969) identified the impaortance

of turbidity to the survival cf M., mercenaria eggs and larvae. Eggs

exposed to silt wsre found to have an approximate ECS50 value of
1.5-2.0 g/_ wnhile eggs =x0o0sed to kaolin clay had an EC50 of
approximately 0.5 g/L (Davis and Hidu, 1969). DOrilling muds contain
high concentrations of clay and barium sulfate particles (Perricone,
1383) and the drilling muds used in our studies contained between O
and 55.6% clay, and (for those that had a known barite content),
between 75 and 87% barite; at the 0.02-0.855 g/L concentrations of
suspended salids typically found in the plume of an oil well
discharging aporoximately 1,000 bbl/hour of used drilling fluid

(Ay=srs et 3l., 1980), it is guite likely that fertilized eggs could
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be severely impacted by turnidity effects alone. However, the
maximum drilling mud concentrations (3 mL mud per L of sea water)
used in our test phases were relatively low by comparison, and it is
unlikely that turbidity effects could have contributed to toxicity in
any of the suspended-solids phases that were tested in this study.

The 72 h settling time used to produce the liguid phase mors
closely soproximated natural environmental conditions than previous
methods which utilized 0.45 um membrane filtration (Neff et al.,
1980). Membrane filtration probably removes metals (Truitt and
Weber, 1979) and organic comocnents by adsorption (Bates et al.,
1983). However, the 72 h (settled) liquid ohase of the drilling
fluid SV76 was found to contain less water-soluble fuel oil
components than the newly prepared suspended-solids phase of this mud
which was centrifuged at 1,000 X G for 3 min (Table X, section III).
The diminished water-soluble fuel 2il content of the 72 h (settled)
liquid phase could oe attributed to the lengthy incubation period
which may have permittec micrornioclogical decomnposition of some
organic comoanents. The bYactericidal ingredients in drilling muds at
the 15-3,000 ppm testing concentrations (v/v, whole mud:sea water)
m3ay nat have peen sufficient to prevent Hiodegradation during the
tests on diluted muds . In addition, more volatile components could
have been driven aff when the test phases were vigorously acsrated
before inoculation with the fertilized eggs.

The suspended-solids phases contained the largest quantitites of
fuel ogil-like supostances, and these were the most toxic phases for 8
of the 12 muds. However, there was no direct correlation between
toxicity and the concentration af the fuel o0il-like components of the

drilling muds. Yet, studies on the toxicity of drilling muds by
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Conklin et al. (1983) on shrimp and by Miller 2t al. (1$80) an

vascular land plarts identified diesel fuel as the singie mcst toxic
drilling mud component when it is oresent. Until similar standcard
experiments can be performed, it will te difficult to separate the
effects of biodegradation and adsorption on drilling mud toxicity.

Consideraticn of the nigh surface area of the mud oarticulates
tnat is available for adsorption suggests trat muc tcoxiczity may 2e a
functicn of tre particulate surface area. Thus, in the presence =f 3
given concentration of a toxic hyarccarbon, a high-garticulate,
hNign-surface-ares mud, may 2e less toxic than a mud «#ith less surface
area for toxicant adsaorotion.

Trace metal analyses {Tabies III, VvI1) identified barium and
chromium as the most cammbn meta. comocrents in the 12 drilling mud
samoles. In agreement with Ccnklin gt al. (1983), the toxicity of
these muds showed no correlation with the content of cnromium.

Barium is commonly emoloyed as a weighting agent and has been shown
to be biologicaily inert {(Caora2ra, 157l; George, 1973). while
chromium as Cr(VvI) is generally «nown S0 Ze *he Tost texic species of
this metal {(Mearns 2t al., 1976), drilling-m.d crromium uscally
occurs as Cr{lIl) in thas form aof cnremium Ligncsulfaonate chelates ar
as insoluble chromium hydroxide. This trivale-~t {crelatec or

insolubl=2) ch-omium is a stable saecies arc may e cinlogically

unavailable to the nonfilter-feeding life stazzs that precece itre
prodissoachancn I, straigni-ninge stage (Mertz, 1259). Cnrcaium {(I21)
has beer shown to impair the ciliary mechanism of tne gill in acZults
of the mussel Mytilds edulis and the soft-s-e’l ~.3m My3 arsnaria
(Capuzzo, 1974; Chipman, 1965; Cshida =t al., 1351, Altracgh, in
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other investigations, Cr(III) was innocuocus at concentrations as high
as 50,400 ug/l (Oshida et al., 1981).

In view of these studies, the hard clam egg toxicity test should
serve as a useful tool for identifying the potential impact of
drilling muds an the survival of commercially important oivalve
mollusc species in the offshore environment., As demonstrated in this
study, very locw cancentrations of drilling muds can adversely affect
the survival of newly fertilized eggs. In additian, this infarmation
should be useful in determining the maximum permissable mud discharge
rates in coastal zones that serve as seasonal nurseries for
commercially important off-shore species such as the sea scallop

Placopecten magellanicus (Posgay and Norman, 1958; Naidu, 1970), the

ocean quahog Arctica islandica (Loosanoff, 1953; Jones, 1981) and the

surf clam Spisula solidissima (Ropes, 1968, Jones, 198l1). Unlike

offshore species such as the sea scallop P. magellanicus and the sea

clam A. islandica which require a minimum of 4-8 days for the
developing larvae to reach D-stage {(Culliney, 1974 and Lutz et al.,

1982), M. mercenaria fertilized eggs cevelop to this stage in 24-48

h, a distinct advantage in using this species for marine toxicity
testing.

The nature and extent of the impact 2f oil drilling fluid
discharges on molluscs and other marine arganisms would depend on the
time of year, the guantity and the frequency of the discharge. 1In
addition, the hydrodynamics of the relesase site would be important in
assessing the potential impact of drilling mud releases. Advsarse
effects associated with the long-term discharge of muds from several
drilling operations in a small area could be greater than expected,

since the sensitive, early life stages of many marine organisms can
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remain planktonic far at least several days (Culliney, 1974;
Goldberg, 1980; Lutz et al., 1982), thus prolonging tneir potential
exposure.

In conclusion, while the hard clam fertiliz=d e3g stage nas seen
shown to be sensitive to a variety of used drilling muds, it has not
been possible to correlate toxicity conclusively with any specific
mud components. Further toxicological studies are required to
deliniate the =2ffects of turbidity and particulate loading (barium
and clay), the effects of adsorption of toxicant to particulates, and

the tole of microorganisms in the biodegration of the various

drilling fluid components.
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11. TRACE METALS IN DRILLING FLUID/ScA WATER TOXICITY TEST PHASES

2.1 Background

Trace metal analysis of the drilling fluid/sea water toxicity
test phases was conducted in an attempt to identify inorganic
camponents that may be toxic. The metals of interest include barium,
cadmium, chromium, copper, manganese, nickel, lead and zinc. These
metals can be present in tne marine =nvironment in several forms
which will affect their availsrcility arcd octential toxicity to marine
organisms., For this reason a scheme was developed to "speclate" or
determine the various farms of the trace elements listed above as
w2ll as their total concentrations in drilling fluid/sea water
mixtures.

Thraze general types of metal species were targeted in the
speciation scheme to s described, Tnese were: free ionic forms
including inorganic complexss (i.e., chloro, hydroxy, etc.),
organically bound metals, and particulate associated metals. These
classes of trace elements are considered to be the mailor types
present and have been the subject of numercus speciation studies
(Bender, 1982; Florance, 1982; Hart, 1982). Total concentrations
give no information about a metal's availapility and frequently show

no significant correlation with toxicity (Allen et al., 1980).

Metals adsorbed, occluded or in some way asscciated with
colloidal-sized particulate matter may not be readily available to
many types of marire arganisms and are often assumed to be non-toxic
(Florence, 1982). Metals complexed by organic ligands are naown to
be less toxic than free metal ions (Allen et al., 1980; Luoma, 1383;

Zamada and Sunda, 1582).
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In addition to the types of species discussed abave, chromium
can exist in two oxidation states in sea water (Cranston and Murray,
1978; Nakayama =t al., 1981). Cnromium(VI) is oresent as Cro2-
and is considerad highly texic while Cr(III) as Cr(OH)E.aH2D
is much less toxic (Carr et al., 1982; Mayer and Schick, 1981;
Florence, 1982). Oetermination cf the oxidation state and species of
Zr was also included as part of the speciation scheme.

In order to clearly interpret results from the speciation of
drilling mud/sea water mixtures, a knowledge of drilling mud
componants and additives 1s essential. The Ba in drilling muds is
added in large amcunts as barite (BaSOa) which is insoluble.

Barium is, therefore, expected to be mainly in a particulate form
with a very small amount present as soluble 3a. Chrame or
ferrochrome ligncsulfonates are widely used as defloculants and are
the source of Cr in drilling fluids (Perricone, 1980). It has also
been rteported that Zrt(VI), as dichromate, is sometimes added to a
drilling mud to regain lost thinning action or for corrosion control
(Moseley, 1980). Lead may be present in drilling fluids as a
contaminant from pipe dope used for drill strings (Liss et al., 1980;
Kalil, 1980). Many of the other metals may be introduced into
drilling fluids as impurities in clay, barite or other additives
(Macdonald, 1982). Manganese for example, is often associated with
clay minsrals in significant guantities.

Drilling fluids also contain additives that can chelate frace
metals. ‘'Lignosulfonates are pclymeric lignin derivatives containing
large numbers of sulfonic acid, carboxylic acid and phenolic groups

that can bind metal ions. Although Cr(III) and Fe are probably
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principally associated with lignosulfonates, it is unlikely that the
binding capacity of this ligand is completely expended in typical mud
mixtures. Metals such as Cd, Cu, Mn, Ni, Pb and Zn are probably
complexed to some extent when present in drilling muds. Lignite is
another additive that can have metal complexing components. Lignite
contains humic acid and related compounds (Perricone, 198C) that are
well <nown naturally accurring metal chelators {(Mantoura et al.,

1978).

2.2 Materials and Methods

2.2.1 Particulate and Dissolved Metals.

To aobtain information on particulate, dissolved, and frese metsal
ion concentrations, individual aliquots of both the liquid (72 h
settled) and suspended solids (1 h settled) test phases where taken
and treated separately. For each drilling mud a range of
concentrations was prepared for toxicity testing, but oanly the most
cancentrated sample of each type of test phase (typically 3 miL
drilling mud/L sea water) was sampled for trace metal analysis. Four
5 mb portions were pipetted fraom each test phase. Two of the S5 mL
aliquots were centrifuged for 10 min at approximately 3000 x G.
Analysis of the uncentrifuged sample gave total metal concentrations
while the centrifuged samples were used to mesasure dissolved metal
concentrations. The difference between the twc was considered

particulate metal concentration.

2.2.2 Free Metal.

Free metal ion concentrations in the drilling fluid/sea water
mixtures were determined by performing equilibrium dialysis (ED)
separations prior to trace metal analysis. Dialysis experiments were
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performed in duplicate on 200 or 250 mL aliquots by using two tyoes
of membranes. Nominal 1,000 molecular weight cut-off (MWCO) tubing
(Spectrum Medical Industries, Spectra/Por 6) was cleaned by the
method of Truitt and Wspber (198la) and sealed at the 2nds with
plastic closures to form dialysis bags. Ion exchange membranes (RAI
Research Corp, Millipore R-1010) were prepared according to 3laedel
and Kissel (1972) and used with dialysis cells made from polyethylene
battles approximately 1.8 cm in diameter. After removing the
bottoms, the bottles were fitted with mempranes held in place with
rubber "0" rings. The dialysis cells or bags were filled with 15 mL
of 0.45 um filtered sea water used as the toxicity test control.

Dialysis was performed in 250 mL polyethylene centrifuge bottles
containing the drilling fluid/sea water test phases. The bottles
ware placed on a rotary shaker at low speed (75 rev/min). After a
predetermined amount of time, the dialysis zc211ls or pags were removed
and sampled for trace metal analysis. Adcditional samples were
checked for UV absorbance at 275 rm to detect the presence of
lignosulfaonate or other UV-absorbing organic compounds. In addition
to analyzing the internal dialysis scluticn, the test phase external
to the cell was analyzed. Prior to sampling, the external solutioan
was centrifuged for 20 minutes at aoproximately 2,500 x G. The
internal solution gave free metal concentration while the external
sglution, after centrifugation, gave total dissolved metal
concentrations. The difference between the twa was cansidered bound
or complexed metal concentration.

Initially ED experiments were conducted on aqueous {(free) metal

ion solutions alone. These experiments were designed to determine
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the amount of time needed to attain equilibrium across the membranes

in the sea water medium.

2.2.3 Chromium Speciation.

Additional experiments were needed to determine what fraction,
if any, of the free Cr measured in ED experiments was present as
Cr(I11I). To achieve this, Dcnnan dialysis (DD) was employed. The
ign exchange membranes described for ED were also used in these
experiments but the dialysis cells were loaded witn 15.0 mL of 1 M
HNO} to promote DD. Initial DD experiments were done in triplicate
witn Cr(III) or Cr(IV) only, at trree concentrations. Sample
aliquots were taken 2, 3, 4 or 6 h after the start of dialysis. The
desired result was to maximize transport of Cr(IIl) across the
membranes while minimizing Cr(Vv1) transport. Once optimum conditions
were determined, experiments ware concducted with selected drilling

fluid/sesa water phases.

2.2.4 Tracz Metsl Analysis.

A1l solutions for trace metal 3analysis were stored and
transferred by using acid-cleaned plasticware. The samples for
particulate and dissolved metal analysis were analyzed witnhin tws
hours of sampling. The uncentrifuged samples were shaken
pariodically prior to analysis to keep particles susoended. All
other sample aliquots (i.e., from dialysis) were preserved with 5
ut/mL of redistilled HNOB,

Eight elements (8a, Cd, Cr, Cu, Mn, Ni, Pb and Zn) were
determined simultaneously by direct current plasma emission

spectrometry (DCP) with a Spectrametrics Spectraspan II1IB. Sample
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emission intensities were compared with a two-point calibration curve
of standards in acidified and 0.45 um filtered sea water. Data
aquisition and calculations, including instrument drift correction,
were performed by a dedicated minicomputer (Charles River Data

Systems, model MF-211).

2.3 Results and Oiscussion

2.3.1 Preliminary Studies.

It was necessary to test certain aspects of the speciatian
procedure an laborataory-orepared solutions before application to
drilling fluids. The 1,000 MWCO dialysis membranes have been used in
speciation studies in freshwater and were demonstrated to adequately
separate trace metals and certain natural ligands via equiliorium
dialysis (€E0) (Truitt and Weber, 198la, 1981b; Rainville and Weber,
1982). These mambranes have not teen used in a sea water medium or
for all the metals studied here. Initial experiments demonstrated
that eguilibrium was reached between 18 and 24 houts after thes start
of dialysis far all eight metals tested. This included both Cr(III)
and Cz(vI).

The ion sxchange membranes were used in two mades, for €2 and
Donnan dialysis (DD). For ED the sample was dialyzed against a
similar medium (0.45 um filtered sea water) and equilibrium was
reacned slewly. The ion exchange membranes contain sulfonic acid
groups (—SOEH) that are dissociatesd and negatively charged at the
pH of sea water. The porous nature of the membranes allaow small ions
to pass under €0 conditians (i.e., same medium on both sides), but
large anionic wmolecules such as lignosulfonate or lignite are

repellad oy the sulfonate groups. It was determined that
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approximately 100 hours were necessary for equilibrium to be reached
with metal ions alone. Chromium(vIi), however, did not reach
equilibrium over this time period because of its anionic form. For
this reason, the ion exchange membdranes could not be used for ED of
Cr(VvI). Dialysis of ferrochrome lignosulfonate (Q-Broxin, Baroid
Corp.) demonstrated that 90 to l00% of the lignosulfonate was
rejected by the membranes. Lignosulfonate was quantified by
measuring UV absorbance aof the peak at 275-280 nm {(Alberts, 1982,
Almgren et al., 1975). This was done for the dialysis of test phases
as well. Only 3 to 7% of the UV-absorbing species were able to pass
the membranes.

Sannan dialysis is a relatively rtapid orocess compared to ED and
it is possible to achieve an enrichment of the analyte in the
dialysis cell (Cox and Twardowski, 1980). In DD tnhe sample is
dialyzed against a high ccncentration of a particular cation.
Experiments with Cr(III) in sea water dialyzed against 1 M HNG3
exhibited increasing DD of Cr(IIl) after 2, 3, and 4 h. At & nh,
haowevar, the 00 process had ceased and ED was occurring. Under the
same conditions Cr(vI), because of its anionic form, does not undergo
DD. It instead gradually permeates the membrane as in ED, causing a
slow increase in Cr(vI) concentration in %*he cell. Since the desired
result was to use OD to determine Cr(III), a 2 h dialysis time was
chosen. This allowed a slight enrichment gf Cr(II1) in the cell but
only a small contamination of Cr(Vvi). Triplicate experiments with
Cr(III) gave an enrichment factor of 1.38 and a relative standard
deviation of 2.2%. Under the same conditions, equivalant amounts of

Cr(VI) caused an 8% contamination. This means that DOD of a mixture

of 0.100 ppm Cr(III) and 2.100 ppm Cr(VI) would yield 0.138 ppm
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of Cr(III) and 3.008 ppm of Cr(VvI) in the dialysis cell. It was
concluded that these results were acequate for the technique to be

useful for speciation of Cr in drilling muds.

2.3.2 Test Pnase Results.

The results of trace metal analysis and speciation of 1liquid and
susoended-solids test phases are listed in Tables III through VII far
8a, Cr, Cu, Mn and Zn. When comparing results faor different drilling
fluids, the sea water dilution factors (test phase concentration)
must oe considered. The concentrations of metal are listed under
three categories. Total metal includes all forms: particulate, free
and organically bound. Solutign phase metals are dissolved farms,
both free and bound, from analyses of centrifuged samples. Free
metal is the concentration that can pass the ED membranes and is
assumed to pne small inorganic species.

The concentrations of Ccd, Ni and Pb In the muds diluted witn sea
water were undetectable. Detection limits for the DCP system were
0.01, 0.02 and 0.20 ppm for Ni, Cd and Pb respectively. The results
for the Sept. 4 Mobile Bay mud that was used as a guality control
toxicity standard are shown at the end of each table (III-VII).

These data give a realistic idea of the day-to-day precision of

preparation and sfampling of the test phases.
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Taple II1. CONCENTRATION AND SPECIATION OF BARIUM IN
DRILLING FLUID/SEAWATER TEST PHASES

Phase
Drilling Type of Conc.b Concentration of Barium (mg/L)
Fluid Phased (mL/L) Total Solution Free
AN31 Liquid 3.0 0.25 *0.01 0.10420.002 0.0%8+0.332
Suspended 2.5 3.1 *0.5 0.120*0.002
MISLKAS1 Liquid 3.0 0.093+0.004 0.082+0.002 0.078%0.002
Suspended 5.0 1.8 0.3 0.071+0.002
SV7é Liquid :.0 0.7 *0.4 0.13 *0.01 0.117*0.003
Suspended 0.15 2.61 *0.07 0.13020.01
Pl Avg.Lig.(2) 3.0 3.4 *0.2 0.087+0.002 0.09 *0.02
Suspended 1.0 5.5 *0.1 0.034*0.003 0.067*0.009¢
P2 Avg.Lig.(2) 3.0 0.34 *Q0.05 0.124+0.004 0.112*%0.005
Suspended 0.5 5.3 0.1 0.07 *0.001 0.049*0.002
P3 viquic 2.0 0.85 *0.06 0.153+0.008 0.092+0.002¢C
Liquid 3.0 1.23 *0.09 0.28 *0.01
Susnended 1.0 3.0 *0.9 0.27 *0.07 0.2 *0.2¢
P4 Ligquid 3.0 0.43 *0.02 0.29 *0.02 0.092+0.002
Suspenced 3.5 13,5 *0.9 0.87 20.01 0.2 *0.02¢€
PS5 tiquid 3.0 1.16 *0.03 0.158+0.003 0.098*0.006
Suspenced 0.5 6.4 *0.8 0.119+0.005 8.09 *0.01
Pe Liguld 3.0 0.58 *0.003 0.052+0.3002 0.067*0.003¢C
Avg.Sus.(2) 3.0 0.4 *0.3 0.050+0.003 0.06 *0.01°€
P7 Liquid 3.0 0.152*0.009 0.109*0.001 0.131*3.005¢€C
Avg.Sus.(2) 3.0 5 *3 0.12 *0.01 J3.14 *0.04C
P8 Avg._iq.(2) 3.0 0.7 0.1 0.13340.306 0.15 *0.02¢
Avg.Sus.(2) 3.0 23 14 0.4 *0.3 0.20 10.01
ept, 4 Avg.L_iq.(3 1.0 0.4 X0.2 0.033+0.003 0.04 *0.02°<
%Mobile Avg.Sus.Edg 0.5 8 *3 0.028+0.011 0.10 *0.08¢€
Bay)

a Replicate phases are expressed as an average with number of replicates
in parentheses.

b Concentrations are mL of whole mud per L of 2.45 um filtered seawater.

¢ There was no significant difference between free and solution phase
barium in these experiments.
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Tanle 1IV.

CONCENTRATION AND SPECIATION OF CHROMIUM IN

DRILLING FLUID/SEAWATER TEST PHASES

b
c

in parentheses.

Phase
Drilling Type of Conc.D Concentraticn of Chromium (mg/L)
Fluid Phased (mL/L) Total Solution Free

AN31 tiquid 3.0 0.038+0.002 0.034%0.002 0.017x0.002¢€C
Suspended 2.5 0.105+0.009 0.036+0.004

MIBLKA51 Liguid 3.0 0.013+*0.002 0.010*+0.002 0.005+0.002¢
Suspended 5.0 0.076*0.005 0.016+0.003

.SV76 Liquid 3.0 0.59 *0.02 0.543x0.004 0.214*0.007°<
Suspended 0.15 d.135*0.008 0.051*+0.003

Pl Avg.Lig.(2) 3.0 3.155+0.004 0.15 *#0.02 0.067+0.002¢
Suspended 1.0 0.11C0+0.003 0.037+0.003

P2 Avg.Lig.(2) 3.0 0.044+0.005 0.041*0.003 0.025+0.002¢
Suspended g.5 0.083+0.003 0.016+0.003

P3 Liquid 2.0 0.11340.00¢ 0.093+0.003
Liquid 3.0 0.12 #0.02 0.11 #0.01 d
Suspended 1.0 0.115%0.0609 0.037+0.004

P4 Liquid 3.0 0.339+5.008 0.341+0.005 d
Suspended 0.5 6.124+0.005 0.056*+0.004

P5 Liquid 3.0 0.0329+x0.003 0.033*x0.003 d
Suspended 0.5 0.014*2.C03 0.008

Pé Liquid 3.0 0.004 0.004 d
Avg.Sus.(2) 3.0 0.004 0.004

P7 Liquid 3.0 0.007+0.002 0.006+£0.002 d
Avg.Sus.(2) 3.0 0.09 *0.03 0.00%*+0.002

P8 Avg.Liq.(2) 3.0 0.27 * 0.02 0.264+0.008 0.031+0.006C
Avg.Sus.(2) 3.0 0.6 * 0.2 0.275*0.003

Sept. 4 Avg.Liq.(3) 1.0 0.9 * 0G.2 0.8 *0.2 0.076*0.002

(Mobile Avg.Sus.(4) D.5 1.3 *0.5 0.6 *0.2 0.11 *0.03

Bay)

a Replicate phases are expressed as an average with number of replicate

Concentrations are mi of whole mud ner L ¢f 0.45 um filtered seawater.

Used 1000 MWCO memporanes for one test phase in duplicate;
for discussion.
Not determined.
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Table V. CONCENTRATION AND SPECIATION OF COPPER IN
DRILLING FLUID/SEAWATER TEST PHASES
Phase
Drilling Type of Conc.Db Concentration of Copper (mg/L)
Fluid Phased (mL/L) Total Salution Free
AN31 Liquid 3.0 0.004+0.002 0.00410.002 0.003+0.002
Suspended 2.5 0.007 g.0a7
MISLKAS1 Liquid 3.0 0.003#0.001 0.002%0.001 0.002%0.002
SdJdspended 5.0 0.013*0.004 0.002
SV76 Liquid 3.0 0.043x0.002 0.041*0.002 0.010£0.002
Suspended 0.15 g.0a7 £.007
Pl Avg.Liq.(2) 3.0 0.009+0.002 3.00720.GC03 0.005+0.002
Suspended 1.0 0.004*0.001 0.003*0.001 J.00s6
P2 Avg.Liqg.(2) 3.0 0.002+0.001 J3.002*0.001 0.003+0.002
Suspended 0.5 0.0as 0.004 0.006
P3 Liquid 2.0 0.011+0.003 0.009+0.003 0.004
Liquid 2.0 0.015*0.002 0.014Xx0.002
Suspended 1.0 0.010+0.003 3.005+0.003 0.006
P4 Liquid 3.0 0.004 0.004 0.004
Suspended 0.5 0.005¢ 0.00¢6 0.00é
P5 Liquid 3.0 0.012+0.003 0.013+0.003 0.004
Suspended 0.5 0.035 0.005 0.005
Pé Liquid 3.0 0.004 0.004 0.004
Avg.Sus.(2) 3.0 0.004 0.004 0.004
P7 Liquid 3.0 0.004 0.004 0.004
Avg.Sus.(2) 3.0 0.00420.002 0.004
P8 Avg.Liq.(2) 3.0 0.006+0.002 0.006+0.002 0.003+0.002
Avg.Sus.(2) 3.0 0.016*0.008 0.004r0.004 0.004
Sept. 4 Avg.Liq.(3) 1.0 0.013+0.002 0.011*0.003¢C 0.004
(Mobile Avg.Sus.(4) 0.5 0.013%0.003 0.005+0.002¢ 0.005
Bay)

a Replicate phases are
in parentheses.

b Concentrations are mL of whole mud per L of 0.45 um filtered seawater.

¢ Average was computed using only the values above the detection limit.

expressed as an average with number of replicates

43



Table VI. CONCENTRATION AND SPECIATION OF MANGANESE 1IN
DRILLING FLUID/SEAWATER TEST PHASES

Phase

Drilling Type of Conc.D Concentration of Manganese (mg/L)

Fluid Phased (mL/L) Total Salution Free

AN31 Liquid 3.0 0.03 +0.01 0.027+0.007 0.036+0.007
Suspended 2.5 0.029+0.005 0.014*0.005

MIBLKAS51 Liguid 3.0 0.01 *0.01 0.0: *0.01 0.02
Suspended 5.0 0.014+0.006 0.012

SV76 Liquid 3.0 0.27 #0.01 0.27 *0.01 0.23 20.01
Suspended 0.15 0.06 *0.01 0.021*0.009

Pl Avg.iLig.(2) 3.0 0.04 *0.01 0.04 *0.01 0.03 *0.01
Suspended 1.0 0.018+0.005 0.010*0.004 0.02

P2 Avg.Lig.(2) 3.0 0.02 0.02 0.02
Suspended 0.5 0.012*0.005 g.01 0.02

P2 Liquid 2.0 0.12 *0.02 0.114*0.009 0.104*0.007
Liquid 3.0 0.15 *0.02 0.15 *0.02
Suspended 1.0 0.060+0.007 0.023+0.004 J.08 *0.01°€

P4 Liquid 3.0 0.23 #0.01 J.22 *0.31 0.19 *0.01
Suspended 0.5 0.028x0.005 0.017+0.0085 0.05 *0.31°€

PS Liquid 3.0 0.10 x0.01 0.093x0.008 0.08420.008
Suspended 0.5 0.026+0.006 J.007+0.005 0.02

P& Liquid 2.0 0.041+0.003 3.027*0.007 0.04 *0.01
Avg.Sus.(2) 3.0 0.026%0.008 0.021#+0.000 0.03 +0.01d

P7 Liquid 3.0 3.008 0.008
Avg.Sus.(2) 3.0 0.03 *0.01 0.011#0.003 0.002d

P8 Avg.Lig.(2) 3.0 0.11 #0.02 0.10 *0.01 0.106+0.008d
Avg.Sus.(2) 3.0 0.10 *0.04 0.055+0.008 0.047+0.0064d

Sept. 4 Avg.Liqg.(3) 1.0 0.03 *0.01 0.021+0.008 0.0:5#0.007d

(Mobile Avg.Sus.(4) 0.5 0.07 *0.02 0.020+0.008 0.024%0.009

Bay)

a Replicate pnases are expressed as an average with number of replicate

(g

in parentheses

Concentrations are mL cf whole mud per L of 0.45 um filtered seawater
Slight contamination but no difference between free aor solution phase
manganese.

One test phase analyzed in duplicate
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Table VII. CONCENTRATION AND SPECIATION J3F ZINC 1IN

DRILLING FLUID/SEAWATER TEST PHASES

Phase
Drilling Type of Conc.D Concentration of Zinc (mg/L)
Fluid Phased (mL/L) Total Solution Free
AN31 Liquid 3.0 0.008 0.008 0.006
Suspended 2.5 0.015+0.004 0.008
MIBLKAS1 Liquid 3.0 0.004+0.003 0.006 0.008
Suspended 5.0 0.019+0.005 3.010
SV76 Liquid 3.0 0.022+0.003 0.010+0.003 0.017+0.003
Suspended 0.1 0.027+0.00s 2.010
Pl Avg.Li .éz) 3-8 0.005+0.003 0.005+0.003 0.005+0.003
Sudpende .0 .019%0.002 0.007%0.002 0.017%0.007¢C
P2 Avg.Lig.(2) 3.0 0.008 0.008 0.008
Suspended 0.5 0.034%0.008 0.004 0.013*0.007C
P3 Ligquid 2.0 0.009+0.00¢4 0.008+0.003 0.014%0.003¢C
Liquid 3.0 0.008 3.008
Suspended 1.0 0.02740.004 0.007+0.002 0.011*0.006
P4 Liquid 3.0 0.017*0.004 3.012+0.004 0.039+0.004C
Suspended 0.5 0.04220.004 0.007+0.004 0.019+0.004C
P5 Liquid 3.0 0.008 0.008 0.019+0.006C
Suspended 0.5 0.006 0.008 0.013*0.004C
P6 Liquid 2.0 0.018#0.003 0.017%0.006 0.043#0.008¢C
Avg.Sus.(2) 0.013%0.004 0.013*0.005
P7 Liquid 3.0 0.006 0.006
Avg.Sus.(2) 0.012#0.002 0.006 0.22 *0.05d
P8 Avg.Liq.(2) 3.0 0.007+0.003 0.008+0.005 0.005+0.003
Avg.Sus.(2) 3.0 0.06 *0.03 0.011+0.003 0.21 *0.01¢,d
Sept. 4 Avg.Lig.(3) 1.0 0.072*0.008 0.040+0.005 0.02 *0.01
(Mobile  Avg.Sus.(4) 0.5 0.23 *0.09 0.05 *0.02 0.04 *0.02
Bay)

a Replicate phases are

expressed as an average with number of replicates

parentheses.
b Concentrations are mbL of whole mud per L of 0.45 um filtered seawater.
¢ Slight contamination but no difference between free and solution phase
zinc in these experiments.
d One test phase analyzed in duplicate.
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2.3.3 3Barium.

The concentrations of 8a in the test ohases (Table III) were the
highest of any element determined. Liquid phase results show that
even after 72 hours of settling time, Ba suspended in the water
column was still significantly higher than dissolved Ba. Total
concentrations were higher than solution concentrations in every
case. This was probably due to colloidal BaSOa.

The nhigh and variable total concentrations were expected for
susoended-solids phase Ba because a great deal of particulate BaSOA
was still suspended after 1 hour of settling. Rough calculations
pased on the Stoke's Law settling velocities of guartz spheres
indicate that only particles less than 10 um in diameter would remain
suspended in these phases. This is an upper limit for BaSOa
because its density is almost twice that of quartz. The poor
instrumental orecision obtained for Ba in suspended-solids phases may
o¢ Jue to BaS0, crystallizing to a limited extent in the instrumesnt
nebulizer. The accuracy of the measurement for these particles is
probably still good. 1t has been demanstrated that particles up to
14 um are atomized with virtually 100% efficiency by using the DCP
system (Saba et al., 1981).

Solution phase Ba numbers were similar for liquid and
suspended-solids phases of a given mud even though for some muds the
two phases were of different concentration., These values varied
somewhat from mud to mud and were significantly nigher than the
published s=2a3 water solubility limit for BaSOa (Chow and Gcldberg,
1960) with the possible exceptions of thza P6 and Sent. 4 muds.

Barium can exist in sclution above its sea water sglubility because
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certain mud components in these complex mixtures can alter the
solubility equilibria involved.
Data for free Ba concentrations were very similar to solution
phase values, but were slightly lower in some cases. This iIndicates
2+

that the predominant form of this element in solution was Ba“", nput

a small amount could have been soluble as ion pairs of BaSOu.

2.3.4 Chromium.

Particulate Cr was a significant portion of the total
concentrations only for the suspended-solids phase, with total values
ranging from three to five times the soclution concentrations (Table
IV). The only exception was the P7 suspended solids phase which had
a particulate Cr concentration that was ninefold higher than the
solution concentration of Cr. Total Cr values for the liquid ohases
were essertially the same as solution Cr values. Soalutiar
concentrations were similar for both types of test phases when phase
coancentration is considered.

As mentioned above, the ion exchange membranes were
unsatisfactory for ED of Cr(vI). The 1000 MWC0 membrane results were
the only data used to obtain free Cr values. For this reasonr, the
data in the "free" column of Table IV are limited. A significant
difficulty with these membranes, however, is that tney are not as
good as the ion exchange membranes for preventing the passage of the
organic ligands. In experiments with the 1C00 MWZJ membranes, an
average of 40% of the UV absorbing material fraom the test phases
passed through the membranes with the free ions. This means that
some bound Cr may pass the membranes so the results could

overestimate the free ion concentrations. Although this possipility
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exists, it is not likely that this overestimate is very large.
Results for Ba, Cu, Mn and Zn showed agreement between membranes.
This is possible even in light of the UV data necause these
measurements are not specific for the organic ligands and may measure
other UV absorbing components of the phases that do not bind metal

ions.

2.3.5 Free Chromium(III) vs Chremium(VvI).

Donnan dialysis (DD) of selected test phases separated free
Cr(IIl) from free Cr(VI) and bound Cr. The results are shown in
Table VIII. Free Cr(vI) was calculated by difference from the total
free Cr data (Table IV) and the free Cr(III) values. In most cases
the Cr(vI) values were very low or undetectable; however, for the
SV76 and Pl test phases, the Cr(VI) concentration was significant.

To confirm the dialysis results, Cr(VI) in the Sv76 and Pl test
phases was also determineg oy differential pulse polarography (DPP).
The value determined for SV76 was 0.1 opm, but Cr(VI) in the Pl test
phase (3.0 mL/L) was 92elow the detection limit of approximately 0.02
ppm for the conditions used. B823th of the values determined by OPP
were lower than the corresponding 90 results. The reason for this is
the overestimate of free Cr discussed above (Section 2.3.4). This
overestimation may be by a factor of two, judging from this limited
data. OPP results are not without potential interferences that could
affect accuracy especially in a high organic matter matrix lixe
drilling muds (Jacobson and Lindseth, 1976). However, results from
these two indepandent methods indicate that Cr(VvI) was definitely

present in the Sv76 mud and possibly in Pl as well. Information
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concerning the composition and history of the drilling muds used in
this study indicate that Cr(VvI) as dichromate was added to the SV76
mud at a substantial level (0.2 lbs/bbl) during drilling operations.
Since Cr(VI) has been demconstrated to be the most toxic form of Cr to
marine organisms (larr et al., 1982; Mayer and Schick, 198l1), and to

certain larvae (Bookhout =t al., 1982), it is likely that the
concentrations of Cr(VI) in these two phases contribute to their
toxicity. Of the phases that were tested, the SV76 liquid phase was

found ta be the most toxic to M. mercenaria larvae (Table I, Section

1), and the Pl mud was the most toxic to mysid shrimp (personal

communicatiaon, Thomas W. Duke, EPA Gulf Breeze).

2.3.6 Copper.

The total Cu concentrations in all test phases were extremely
low and were below detection limits in many cases (Table V). The
SV76 test phases had the nighest amount of Cu, with approximately
0.04 mg/L. Solution concentrations of Cu were similar to total
values in general, with a few exceptions for suspended solids phases
(MIBLKAS1, P8, and Sept. 4 muds). Free Cu concentrations were less
tnan 0.006 mg/L for all but the SV76 liquid phase. These data
indicate that Cu occurs principally in a bound form in these muds.
This is what would be expected, since Cu is known to form strong
associations with organic ligands (Ryan and Weber, 1982; Mantoura et

al., 1978).
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TABLE VIII. FREE CHROMIUM (III) AND CHROMIUM (V1)
FROM DONNAN DIALYSIS OF DRILLING FLUID/SEAWATER LIQUID PHASESA

ODrilling Concentrations of Chromium (mg/L)

rauld Free CrD Free Cr(III) Cr(vl) by differenceC
AN31 0.01720.002 0.022+0.006 0

MIBLKAS1 0.00520.002 0.026%0.006 0

SV76 J.214*0.007 0.02520.007 0.19 *0.01

P1 0.067+0.002 0.020*0.004 0.047*0.004

P2 0.025%0.002 0.014*0.007 0.011*0.007

P8 0.03110.006 0.022+0.009 0.009*0.009

a All phases were 3.0 mL of drilling fluid per L of 0.45 um filtered

seawater.

From Taple IV.

¢ Cr{(Vvl) concentrations are the difference between free Cr and Cr(III)
values.

o
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2.3.7 Manganese.

The results for Mn were quite consistent among total, solution
and free values for the liguid ohase (Table VvI). The suspended-solids
phase exhibited a degree af particulate Mn with solution and free
values similar ir most cases. These rasults show that in addition to
the low particulate quantities, most of the Mn is present in the free
form. Manganese, nawever, is not known to be highly toxic. Even
tnough the ccncentrations of Mn reported here are substantially above
the caoncentrations measured for ccastal waters, there is probably
little danger to marire organisms from Mn in drilling fluid

discharges.

2.3.8 Zinc.

A small fraction of the total Zn measured for suspended-solids
phases was present as a2 particulate form. The remainder of the In
was present in a free form in these phases and the liquid phases
(Table VII).

Difficulties were encountered with contamination of Zn in the
dialysis zxperiments. Zinc is prevalent in urdan environments and
tne sgurce af the problem is believed “o bz the 0.45 um filtered sea
water which is pumped from Boston Harbor. The contamination,
howaver, does not preclude the conclusion that Zn is primarily fres=
in the drilling muds that were analyzed. The justification for this
is that tne contaminant Zn was found to be between zers and thrze
times the original concentration. Typically, any Zn present will
partition to some esxtent, and may associate with particles ar organic

ligands. The dialysis experiment allows measurement of the final
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equilibrium state attained. Since all of the solution phase Zn was

free, this is assumed to be the predominant form of the original Zn.

2.3.9 Conclusions

Results from the measurement of trace metals in drilling

fluid-sza water mixtures showed that the average concentrations of

«t

the cgetectable elemants decreased in the order 8a>Cr > Mn> Zn> Cu,
The concentrations of Cd, Ni and Pb were below the detection limits
af the measurement system (0.02, 0.0l and 0.2 mg/L respactivaly).
All metals exhioited some particle association in 1 h settled phases
(suspengec solids) with Ba being present principally in the
particulate fcrn. Chromium and Cu were bound, probably as
lignosulfonate complexes, but Mn and Zn were primarily in free
forms. A significant portion of the Cr was present as highly toxic
Cr(vI) in two c¢f six muds analyzed for this form of Cr.

The potential threat of metal toxicity, 9iosaccumulation and food
chain biomagnification with respect to marine organisms is greater
from Cr than other elements tested. Altnough most o5f the Cr is
probably present as Cr(1I1) complaxes of lignosulfonate, its
concentration is relatively high. Tne lack of toxicity wusually
observed for Cr(IIl) nas 9zen attributed to its low solubility (Carr

t

1

., 1982). Lignosulfonate complexes Cr(IIIl) and increases its
solubility, thus increasing the potential threat of this form of Cr
(Liss et al., 1980; Knax, 1978). In addition Cr(vI) is often the
form of Cr added to lignosulfonate to orepare chrome or ferrochrome
lignosulfonate (Knox, 1978). Chromium(VI) salts are sometimes added

to drilling muds as w2ll (Moseley, 1380; Section 2.3.5). Considering
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the large quantities that are used, it 1s very likely that some
Cr(VI) will remain unreactad in the mud where pH conditions are
unfavorable for Cr(vI) reduction (Moseley, 1980). In axygenated sea
water, the stable form of dissolved Cr is Cr(VvI). It has been
demonstrated that Cr(III) is present, but slow oxidation occurs in
the presence of 02 and is catalyzed by manganesse oxide (van der
Weijden and Reith, 1982). This suggests that any Cr inputs to tne

ocean, regardless of the form, are potentially harnful.
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III. ORGANIC CONSTITUENTS IN WAOLE DRILLUING FLUID AND ORILLING
FLUID/SEA WATZR T3XICITY TeST PHASES

3.1 Background

Since there is a naucity of general information in the
literature on drilling fluids and their specific chemical
constituents (Sprague and Logan, 1979), it was considered necessary
to perform gualitative/quantitative analysis of organic
constituents. The possipility that the organic constituents of the
used drilling fluids may contribute to the various toxicological
respanses of marine gorgarisms is of important consideration.
Development of methodologies for organic analyses of the used whole
drilling muds and the drilling mud test ohase solutions was conducted
9y modifying accepted organic analysis techniques (IERL-RTP Prgcedure
Manual: Level 1l; Environmental Assessment, U.S. EPA, 1978), These
procedures were =2mplaoyed to provide a satisfactory characterization
of the wnhole mud and test phases ty identifying the major classes of
organic campounds and their concentrations.

Qualitative/quantitative analyses were directed specifically
toward the analysis of petroleum hydrocarbons in drilling fluids.

The presence ¢f hydrocarbons indicates either their intentianal
addition to cdrilling fluids to aid in the drilling orocess or their
natural accurrence in strata penetrated by the drill (Granl-Nelson =2t
al., 1980; Neff, 198l1). There is an abundance of data on
physioclogical responses of marine organisms to petroleun
hydrocarbons; knowledge of the typical addition of diesel oils (#2
fuel 0il) to drilling fluids warranfed the analysis and

gquantification of petroleum hydrocarbons in drilling fluids.
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3.2 Materials and Methods

3.2.1 wWnhole Drillirg Fluid Analyses.

Quantitative and qualitative cdeterminations of organic compounds
(i.e., #2 fuel oil components) in whole drilling muds were made by
following standard modified methodologies (previously referenced,
Sec. 3.1). All glassware was precleaned by either solvent rinsing or
heating at 5s00°C. Solvents used in extraction and chromatography
orocedures were of "distilled-in-glass" purity, and the chemical
adsorbents (magnesium sulfate and silica gel) wer= pre-cleaned by
either solvent extraction or heating at 500°C.

Initially, a 25.0 g aliquot of drilling mud was weighed in 3
beaker, and the oA of the sample was adjusted to 2.0 + 0.5 with
hydrochloric acid. After 0.5 h equilibration in an ice bath,
magnesium sulfate was added with mixing to adsorb the water and
orovides a homogsneous mixture for extraction. The mixture was then
extracted in a Soxhlet-extraction apparatus for 24 A by using 250 mL
of methylene chloride. Next, the methylene chloride extract was
concentrated to 5.0 mb in a Kuderna-0anish concentratsor on 3 steam
bath, and a 2.0 mL portion of the concentrated extract was pioetted
intc a glass chromatographic column (330 mm x 10.5 mm) packed with a
5.0 g portion of freshly activated silica g=1 in 50% v/v methylene
chloride/pentane. The sample was eluted with S0 m_ methylene
chloride/pentane (53% v/v) at a flow rtate aof 1-2 m_/min to elute
petroleum hydrocarbon alipnhatic and aromatic fractions. The eluent
was concentrated to 5 mL by using steam or rotary evapcration and
“hen adjusted to 5.0 mL for gas chromatograohic/mass soectrcmetric

analysis.
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Gas chromatographic/mass spectometric (GC/MS) analyses were
performed by using 3 Hewlett-Packard 5992A GC/MS witn data system.
Chromatographic separations were carried out by using 180 cm x Z m7m
i.d. glass columns packed with 10% SP-2100 on Supelcoport 100/120
mesh, and with temperature programming. The mass spectrometer was
operated in the electron-impact mode, and low resolution mass spectra
were obtained by continuous scanning under control of thes data

system. Quantification was based on the measuremants of external

standards {(i.e., APIl #2 fuel o0il).

3.2.2 Drilling Fluid/Sea water Test Phases.

One-liter aliquots of the drilling fluid-sea water test phases
were sampled, and 100 mL of methylene chloride was added to each
sample far preservation of sample integrity until extraction. The
liguid sample was transferred to a 2 L separatary funnel anc was
shaken vigorcusly for approximately 2 min. The methylene chloride
extract was drawn off. A second 100 mL volume of methylene zhlcoride
was added to the sample for an additionzl 2 min. extractian. The
combined methylene chloride extracts wers dried aver anhydrous sodium
sulfate and concentrated to 10 mL by rotary evaporation uncler reduced
pressure or by steam., Aftzsr transfer to calibrated sample tubes, the
sample volume was further reduced to 100-500 utb by air tclow-ccwn.
Various aliquots of tns sample concentrate were analyzed by
previously described GI/MS procedures.

Bulk characteristics af the whole driiling muds were cetermined
by a variety of procedures. Percerntage water (% Hzo) was

determined by overnight drying of a whole mud subsample at 105°C.
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Tne percentage weight loss was cetermined gravimetrically. Tne pH of
gach sample was measured by mixing a 1:5 ratio, whole mud
sample:distilled water, and determining the pH potzatiomstrically.
Density (g/mL) was detsrmined by the weight determination of a
specific volume of whole mud. Organic volatiles (mg/g) were
determined by combusting dried whole mud samples at 550°C for 1 h.

The weight loss was determined gravimetrically.

3.3 Results and Discussiaon

Far organic constituent analyses, the whole drilling muds
containing 25-70% water (Table IX) could not be treated as agueous
solutions. Extraction techniques (i.e. mixing the drilling fluid
with a polar extraction solvent like methylene chloride) produced an
emulsion which could not be separated satisfactorily. An alternative
apprgach was to freeze dry the drilling fluid sample and to extract
the residue with solvents to iIsalate the organic constituents.
Howaver, freeze drying caused the loss of volatile organic components
through co-distillation processes and proved this method to be
unsatisfactory. Finally, a more satisfactory method was used that
involved the addition of an excess of anhydrous magnesium sulfate
(MgS0,) to dehydrate the drilling fluid, giving a oowdery mixture
from which organic constituents were readily sxtracted with methylene
chloride.

Silica gel column chromatography oroved suitable for sample
clean-up and separation. Gas chromatography/mass spectrometry
analysis (GC/MS) was performed on these fractions to identify the

principal organic-extractable constituents of the whole drilling
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TABLE IX.

Drilling
ANZ1
MIBLKAS1
Sv76

3

P2

P>

P4

P5

P6

P7

P8

Sept.4
(Mobile Bay)

BULK CHARACTERISTICS OF

%120

49.9
69.5
27.3
33.8
30.0
26.8

33.5

71.5
57.0
27.3

54.2

WHCLe DRILLING FLUID

Density Volatiles
g/mL lb/gal (dry weight, mg/c
1.50 12.5 50.8
1.26 10.5 38.5
2.17 18.1 31.4
1.93 16.1 37.56
2.02 16.9 37.56
2.19 18.3 34.5
1.93 16.1 20.5
2.20 18.4 16.7
1.22 10.2 26.6
1.37 11.4 44.2
2.17 18.1 21.0
1.55 12.9 49.9
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fluid. GC/MS scans of the whole drilling fluid extracts closely
resemnled tnose of fuel or diesel oils. These results are presentad
in Table X as #2 fuel 0il (mg/g). Presence of an unresolved complex
mixture (UCM) and an n-alkane homologous series of Clz - Coo

together indicate the hydrocarbons were 3f petrogenic origin. It
should pe noted that some of the lower molecular weight (earlier
eluting) components were of lowsr concentration than found in #2 fuel
oil. Also, the unresolved mixture shifted to longer retention times.

Additional information detailing bulk characteristics of the
whole drilling fluids are presented in Table IX. Percentage water,
pH, density, and organic volatiles were determined for the whole
muds. These data detall various physical characteristics of the
drilling fluids.

The drilling mud-sea water test phases (liquid and suspended
solids) were more easily analyzed tnan the whole drilling fluids for
organic constituents. Toxicity test solutions were extracted with
polar solvents tg isgolate organic-extractable components. After
concentration of the extracts, GC/MS analyses presented
qualititative/quantitative results (Table X). It should be noted
that these test solutions were neither filtered nor centrifuged prior
to extraction and analyses; therefore, total organic constituents
(i.e., in solution and adsorbed to particulate matter) were measured
for each test phase. This procsdure was followed because the
toxicity test phases were pgrepared in a similar manner with test
organisms being exposed to similar constituents either adsorbed to
the particles or in solution. It should be noted that there was a

fivefold decrease in #2 fuel oil-like hydrocarbons in the
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TABLE X. ANALYSES OF DRILLING FLUIDS FOR #2 FUEL OIL
Concentrations are in mg/g whole mud (wet weight)

Drilling Fluid No.2 Fuel 0il
AN31 1.18
MIBLKAS1 Q.19
Sv76 3.59
P1 9.43
P2 2.14
P3 3.98
P4 0.67
PS5 1.41
P& 0.10
P7 0.50
PF8 0.56
Sept. 4 2.34

(Mobile Bay)
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Table XI. CONCENTRATIONS OF #2 FUEL OIL-LIKE HYDROCARBONS
IN DRILLING FLUID/SEANATER TEST PHASES

Drilling Type of Phase Concentration concentration
Fluid Phase (m/L)3 {(mg/L,ppm)

AN31 tiquid 3.0 0.05
Suspended 3.0 3.61

MIBLKAS] Liquid 5.0 n.d.
Suspended 5.0 0.09

SV76 Liquid 5.0 0.97
Suspended 3.0 2.10
Sus.(Centrifuge) 3.0 0.41

Pl Liquid 3.0 0.04
Suspended 1.0 2.55

P2 tiquid 2.0 0.01
Suspended 0.5 0.24

P3 tiquid 3.0 0.Q3
Suspended 1.0 1.23

P4 Ligquid 3.0 6.0l
Suspended 0.5 0.10

PS Liquid 3.0 0.02
Suspended 0.5 0.13

Ps Liquid 3.0 n.d.
Suspended 3.0 n.d.

P7 Liquid 3.0 n.d.
Suspended 3.0 Q7

P8 Liquid 3.0 0.06
: Suspended 3.0 0.36

Sept. 4 Ligquid 1.0 .01
(Mobile Suspended 0.5 1.7
Bay) Liquid 1.0 C.GC4
Suspended 0.5 0.87

Suspended 3.0 3.43

Concentrations are mL of whole mud per i of 0.45 um filtered
seawater.
non-detectable.

61



centrifuged, suspended SV76 sample (ccontiruous centrifugation at
1,000 x G rpm;‘flgw rate 1.0 m_/min) ccmpared <o the suspended
(non-centrifuged) phase of the same mua (Table XI). Therefore, a
major portion of tne nydrccarbons in the muds were adsorted tc
particles.

GC/MS scans 2f tne susoendec prases (1 h settlement) also
resembled those of standard API #2 fuel o0il. Therefore, #2 fuel oil
was used as a standard for guantification of the samnle extracts.
However, GC/MS scans 0f tne liquid phases (72 h settlment) did not
resemble #2 fuel 2il. Tnese samples were quantifia2d by using
naphthalens as ar external stancard. GC/MS data from tne 1 h settled
solution (highest ccncentation) show various aramatic organic
hydrocarbons in tne solution. These compounds ranged from 1 to 3
aromatic ring sdJostituted and non-substituted hydrocarbons.

In the 72 n s=ttled sclutions, most of tha2 lower malecular
weight aromatic comgcuncs were not cresent. Alsc, the nigher
molecuiar weight alkanes (ClO - Cyg range) ware acsent.

Adsorption, micronial cegradation, and vo.atilizatian most pronasnly
are important factcrs influencing this decreass of crgaric
constituents over the 72 h settling perioc.

In order to delermine the cause of Tnes2 J2creases, changes in
the GC/MS scans of similarly prepared samoles 2% 20 opm (v/v) #2 fuzl
0il solution were monitored with time. Tre licuic samples showsd 72%
loss of methylane chicride extractable comocunds cvar a 72 0 pariod.
The Baston Haroor sea water (0.45 um filtares) used in thesz
experiments may have contained hydrocarcon-utilizing nacteria which

contrticuted to loss of compounds in tne 72 - liguid test ghases.
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Results from the drilling mud-sea water test phase organic
analyses have proven to be difficult to interprst since there are
many unidentifiable peaks. Adsorption, microbial degradation, and
volatilization are three phenomena that may camplicate the spectra.
Also, tributyl phosphate and acetovanillin (degradation product of
lignin) were found in some samples at ppb cgncentrations.

These previously described phenomena may also contribute to the
disparity of concentrations of #2 fuel 0il in the liquid phase
drilling fluid test solutions compared to cancentrations in the whole
mud samples. Higher concentrations of hydrocarbons would bHe expected
in the ligquid phase because of their relatively high concentrations
in the whole mud samples. In particular, the low molecular weight
hydrocartons (earlier eluting compounds) appear to have decreased in
concentration in some samples. Exact determination of the carbon
chain length of these hydrocarbons was not obtained.

The gas chromatograms of liquid phasas of the MIBLKAS1l, Pé, anc
P7 drilling muds did not show hydrocarbon profiles or other
extractable components. This is consistent with the suspended~-solids

phase data which show low #2 fuel oil concentations for these muds.
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IV. SQOLID PHASE RECOLONIZATION STUDIES

The recoleonization study described in Progress Report #2
(NEA, 1981) was designed to test the effects of a used drilling
mud on the recruitment of henthic organisms in defaunated
sedimznt. Data from this study, which involved both a
laboratcry-osased anrc a field-tased exderiment, nave been
analyzed; results were reported irm Progress Report #3 (NEA,

1382) and are presented below in their entirety.

4.1 Materials and Methods

The matrices of the laboratory- and field-based
experiments werse identical and included 15 samples each of
three trzatments of sediment: a fine-grained reference
sediment (Control); a drilling mud mixed with reference
sedimant (Homogeneous test); and drilling mud cdeposited on the
surface of refererce sacdiment {(Surface test). Five replicate
samples 0of e2ach treatment were removed after two weeks, four
w2eks, and six weeks.

Reference mud consisted of a fine-grained szdiment
collected frem Buzzards 3Bay, Massachusetts. The reference mud
was defaunated by sieving through a 0.5-mm screen and
refrigeratad until needed. A precetermined weight of reference
sgdimant was alded Lo each container to provide the reqguired
volume. The drilling fluid was a medium density lignosulfonate
c¢rilling mud supplisd by PESA. It was washed by mixing
1 part whele mud with 9 parts sea water. This mixture was
thoroughly stirred once an hcur for six hours, then allowed to

settle for twd weeks; the liguid phase was discarded. The
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vclume of the remaining slurry was greater than that of the
original whole drilling mud by a factor of 2.4. This factor
was used to calculate the volume of washed slurry necessary to
provide the required volume of whole drilling mud in each test
treatment.

Plastic freszer storage boxas measuring 15.5 cm x 15.5 cm
x 10.5 cm high were used as sample containers. Each control
sample contained 4 cm af reference sediment. £ach homogeneous
test samp.e contained 3.2 cm of reference sediment thorougnly
mixed with 0.8 cm of whole drilling mud. Each surface test
sample had 0.4 cm of whole drilling fluid deposited on 3.6 cm
of reference mud. Thesse two volume ratios were used Hecause
they provided a 1:4 ratio of drilling mud to reference sediment
in the top 2 cm of substrate, the ragion in wnich Woocdin (1974)
found preferential occupation ny five families aof polychaetes
in a natural mud flat.

For the lasoratory-based study, a circular tank 1.9 m in
diameter and 3.3 m deeo was installed in tne laboratory of
Northeastern University's Marine Science Institute in Nahant,
Massachusetts. This system operated an tre prircinle of
passive overflaow drainage. Unfiltered sea water, oumped from
Massachusetts Bay to holding tanks, was gravity-fed into the
center of the tank 21 cm below the surface of the water. A
trough attacned arcund the entire circumference of the tank
allowed water to drain. This arrangement provided a radially
uniform flow of water over the samples contairers, wrhich were

placed in two rows around tne parimeter on the tottom ¢f the
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*ank. The outer tow accommodated 27 sample containers, and thes
inner row 18 sample containers. This experiment was started on
April 8, 1981, using the system shown in Figure 4 and the
sample arrangement shown in Figure 5.

The field-based study was conducted at the University of
Massachusetts Marine Statian at Hodgkins Cove, on Cape Ann,
Massachusetts. The site has a mixed mud and sand bottom in
approximately 7 m of water and is subject to tidal currents of
medium strength. Fifteen tightly covered sample containers
were placed in a weighted wooden box measuring 8.9 m x .6 m X
0.3 m (Figure 6). The box was covered with a sheet of l-cm
mesh plastic grid to prevent intrusions by large precators and
stranpted to a3 weighted plastic platform measuring 1.2 m x 1.0 1
x 0.2 m. Tnree such units were 1ifted by a winch aver the sice
of the 60-ft research vessel "Walter Phipps", sun< and
pgositioned adjacent to each other by SCU3A-equippeg divers.
Approximately 1.5 hr after emplacement, ths covers were rCzamoved
from the sample containers. This test system (Tigure 7) was
deployed on April 1C, 1981.

Upon collectian, samplzs wers sievsd tnrcugh a 3.25 mnm
screen and preserved in 1C¥ formalin. Zacr sampls was
subsequently divided inta a 0.5 mm and a 0.25 mm fraction, and
stained with Rose Bengal.

The 0.5 mm fractian of eacn sample was sorted under 3
stereo dissecting microscope for the two- anc four-week
recruitment periods of both experiments. Six-wzek samoles were

sorted only for the field-based experiment. All animals were
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icentified to the lowest possible taxon and counted. Meiocfauna
(consisting of Nematoda, Arachnida, Ostracoda, and Copepocda)
and the planktonic cyprid stags of cirriped larvas were
identified and counted but were excluded from data analysis
since most members of these taxa werz not retained in the 0.5
mm fraction. Colonial species were also excluded.

The 2.25 mm fraction was sorted and animals identified
oniy for the four-week control and surface test samplas of the
lab-based experiment, In order to determine whether sorting the
smaller fraction and including meiofauna had an effect on tre
results. Da%ta from both fractions, including meiofauna, ware
combined and compared statistically to those from the 3.5 mm
fraction alone, excluding meiofauns.

Three parameters were used for statistical analysis of
samples from cach recruitment period of eacn experiment: (1)
numoer af individuals; (2) number of species; and (3) ratio of
numcers cf species and individuals. The number of individuals
indicates the overall abundance in a unit ar=za. The aumber of
species is a measure of variety or species richness. Bath of
these determine the third parameter, number of spscies/number
of individuals (S/N), which is a simple estimatar of diversity,
uncorrected for sample size or evenness of species
distribution. Analysis of variance and ths Student-Newman-
Keuls multiple range test were performed to compare the
treatments for the above parameters. Student's t-test was used
fer groups of cdata in which only two tresatme~ts werzs being

compared. In all statistical tests, a 95% confidence level
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was used (P < 0.05). Recolonizing populations were also
qualitatively characterized by distributicn of individuals ny
phylum and by species predominance. Species were considerec
"predominant" on the following basis: each predominant species
occurred in at least 60% of the replicates and caontributec at
least 4% of the total animals in a treatment. Less abundant
species were also included until 75% of the total animals in a
sample were accounted far.

Within each experiment, patterns of community development
over time in the three treatments are compared, using percentage
change in abundance of all animals and of important taxa
between recruitment pericds. Results are discussed with
reference to similar studies that have bean performed. In
aodition, the lab- and field-based experiments are compared in

terms of methodology.

4.2 Results

Agpearance of samples at the time of collection was
similar in both experiments: each sample was covered with a
layer of detritus which increased over time. Detrital deposits
were greater in the field-based experiment. In the surface
test samples of both experiments, the layer of drilling fluid
did not wash out of samples anrd remained distinct under the
detritus.

Mean numbers (+ standard deviation) of animals recovered
for all samples analyzed in both experiments are displayed in

Figure 8. Numbers of animals increased over time in both
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lab- and field-based experiments, and the latter nad a higher
number of animals than the former after both two- and four-week

recruitment periods.

4.2.1 Laboratory-Based Experiment
4.2.1.1. Two-Week Samples

After two weeks, 231 animals werz collected from the
lab-based sxperiment, representing 30 species in five phyla
(Table XII). For all treatments combined, the mecst abundant
phylum was Annelida (50% of all animals), followed by Chordata
(26%), Arthropoda (16%) and Mollusca (8%). The three

predominant species ware the polychaete Fabricia sabella, the

tunicate Molgula sp., and the tubificid oligachaete Peloscolex
ceneceni.

Tre mean number of individuals found in control samples
was 19.4 + 9.4, that for the homogeneous test treatment was
20.8 + 6.8, and that for surface test was 10.2 + 2.6 (Table
XI1I).

The mean number of species for the three treatments were
6.8 + 2.2 fcr control, 9.6 + 2.5 for homogeneous, and 7.0 + 1.3
for surface test samples. Control, homogeneous, and surface
samples had mean S/N ratios of 0.43 + 0.23, 0.47 + 0.09, and
0.72 + 0.18, respectively. Although analysis of variance
showed no significant difference between treatments at P < Q.05
for any of the three parameters, differences for number of
individuals and S/N ratio were significant at P < 0.10.

A similarity between treatments was exhipited when faunal

distribution by phylum was considered (Table XIV). In all
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Table XII:

TOTAL NUMBER OF INDIVIDUALS
AND FOR ALL TREATMENTS COMBINED (5 REPLICATES/TREATMENT)

(N) ,

SPECIES (S) AND PHYLA (P) PER TREATMENT

la. Laboratory-based Experiments
Recruit-
ment = —--==-=-- 2 WEEKS =~===-scc-ocomoc | —cecme-oo 4 WEEKS ---=---=--=---
Period
Control Homog. Surface Treatments Control Homog. Surface Treatments
Test Test Combined Test Test Combined
> N 97 104+ 51 231 219 298 214 731
S 17 19 16 30 23 22 23 29
P 4 4 5 5 4 5 3 6
+ Adjusted for 5 replicates
s
lb. Field-based Experiments
Recruit-
ment = omm—mm———- 2 WEEKS -—-——-—=—==-= | ==co=o-- 4 WEEKS --------=---=-] ----—- 6 WEEKS ---------
Period
Control Homog. Surface Treatments Control Homog. Surface Treatments Control Surface Treatments
Test Test Combined Test Test Combined Test Combined

N 292 260 274 826 495 555 299 1349 645 708 1353

S 34 36 29 49 35 43 32 52 26 31 35

P 3 5 3 5 5 5 4 6 3 4 4
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Table XIII:

Number of individuals (N), number of species (S), and diversity index (S/N) for
control, homogeneous and surface test trcatments in the laboratory- and field-based
cxperiments. Data are mean + standard deviation (n = 5 replicates/treatment except
for two week homogencous test where n = 4). NA = samples not analyzed.

Experiment Recruitment Parameter 77777 TREATMENT -=-m=c--------=o-=---
Period Control Homogeneous Test Surface Test
2 N 19.4 + 9.4 20.8 + 6.8 10.2 + 2.6
o WKS s 6.8 + 2.2 9.6 + 2.5 7+1
a S/N 0.43 + 0.228 0.472 + 0.094 0.722 + 0.182
2 _
>
3 4 N 43.8 + 11.6 59.6 + 18.1 42.8 + 12.3
s WKS S 11.6 + 3.1 10.4 + 1.9 11 + 1.9
g S/N 0.277 + 0.092 0.180 + 0.033 0.268 + 0.057
3
2 N 58.4 + 22.0 52 + 18 54.8 + 20.3
WKS s 14.2 + 3.03 15.6 + 3.8 14.2 + 2.9
S/N 0.265 + 0.079 0.330 + 0.112 0.271 + -0.055
o T z T
v
. 4 N 99 + 22.5 111 + 34.4 59.8 + 16.4
D WKS s 18.8 + 2.2 19.8 + 3.6 17.4 + 2.7
o Ss/N 0.20C + 0.065 0.191 + 0.55 0.303 + 0.073
-
“ 6 N 129 + 48.6 NA 141.6 + 55.7
WKS S 13.6 + 0.89 NA 15 + 3.5
S/N 0.114 + 0.025 NA 0.118 + 0.045
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Table XIV:

Laboratory-based Experiment: Faunal distribution by phylum for control, homogeneous
and surface test treatments over two recruitment periods. Data are % contribution
by phylum and total number of individuals in 5 replicates (in parentheses)

Recruitment
Period Treatment PHYLUM
Moliusca Annelida Arthropoda Chordata Other
5 Control 6.2 (6) 54.6 (53) 10.3 (10) 28.9 (28) -
WKS : Homog.
Test 7.2 (6+) 50.6 (42+) 20.5 (17+) 21.7 (18+) -
Surface
Test 11.8 (6) 41.2 (21) 15.7 (8) 29.4 (15) 1.9 (1)
4 Control 5.4 (12) 65.8 (144) 28.3 (62) -- 0.5 (1)
WKS Homog.
Test 6.7 (20) 81.2 (242) 11.4 (34) -— 0.7 (2)
Surface
Test 7.0 (15) 68.2 (146) 24.8 (53) - -

+ numbers of individuals in 4 replicates
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Table XV:
Laboratory-based Experiment: List of predominant species for control, homogeneous and surface test treatments

over two recruitment periods. Occ. = Occurrence per 5 replicates, except in two week homogeneous test, where n = 4
CONTROL HOMOGENEOUS TEST SURFACE TEST
Recruit-
ment # of % of Cumul. # of % of Cumul. # of % of Cumul.
Period Species Indiv. Occ. Total Y Species Indiv. Occ. Total L} Species Indiv. Occ. Total Y
1. Fabricia 1. Fabricia 1. Molgula sp. 15 5 29.4 29.4
sabella 32 4 33.0 33.0 sabella 23 4 27.7 27.7
2. Molgula sp. 28 5 28.9 61.7 2. Molgula sp. 18 4 21.7 49.4 2. Fahricia sabella 12 4 23.5 52.9
2 3. Peloscolex 3. Peloscolex 3. Peloscolex
WKS benedeni 14 3 14.4 76.3 benedeni 11 3 13.3 62.7 benedeni 5 3 9.8 62.7
4. Jassa 4. Corophium sp, 3 2 5.8 68.5
falcata 4 3 4.8 67.5
5. Pleusymtes 5. Dexamine thea 2 2 2.4 70.9
glaber 4 1 4.8 72.3
6. Mytilidae 3 2 3.6 75.9 6. Capitellidaec 2 2 2.4 73.3
7. Mytilidae 2 2 2.4 75.7
8. Naticidae 2 2 2.4 18.1
1. Fabricia 1. Fabricia 1. Fabricia
sabella 98 S 44.7 44.7 sabella 208 S 69.8 69.8 sabella 93 5 43.5 43.5
4 2. Peloscolex 2. Peloscolex 2. Peloscolex
WKS benedeni 33 5 15.1 59.8 benedeni 22 5 7.4 77.2 benedeni 38 5 17.8 61.2
3. Corophium 3. Corophium
sp. 23 5 10.5 70.3 sp.b 16 4 7.5 68.7
4. Marinogam- 4. Aoridae 10 3 4.7 73.4
marus sp.> 12 4 5.5 75.8
S. Mytilidae 9 S 4.2 77.6

a - probably Marinogammarus stoerensis
b - including Corophium bonelli and C. crassicorne
c - probably Capitella capitata (see text)



treatments, Annelida was the most abundantly represented
phylum, followed in decreasing order 9y Chordata, Arthropodsa,
and Mollusca.

In each of the three treatments, the same three species
were predominant (Table XVv). Although surface test samples
showed a slightly different order of predcminance, overall
percentages of abundance were very similar for the three

treatments.

4.2.1.2 Four-week Samples

A total of 731 animals was collected after four weeks,
representing 29 species in six phyla (Table XII). Considering
all treatments tcgether, annelids were predominant (73% cof
fauna), followed by arthropods and molluscs (20% ana 6%,
respectively). The most asundant speciss wzre the annelids

Fatricia sabella and Peloscolex henedeni, the ampniocd

Corophium sp. (including C. 5onelli and £. crassicorne), and

juveniles of a Mytilid mussel.

The mean number of individuals found in control samples
was 43.8 + 11.6. The mean for homogeneous test samples was
59.6 + 18.1, and tnhe mean for surface samples was 42.8 +~ 12.3
(Table XIII). Mean numbers of species were 11.6 + 3.1, 10.4 «
1.9, and 11.0 + 1.9, respectively, for control, homogeneous and
surface test samples, and the three treatmnents had mean S/N
ratios of 9.28 + 0.09, 0.18 + 0.03, and 0.27 + 0.036
respectively. Treatments were not significantly different for

any of tne three paramsters (ANOVA, P > (0.05).
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When data from the 0.5 mm and 0.25 mm fractions were
combined for each control and surface test sample and meiofauna
were included, mean numpbers of individuals were 186.5 + 46.9
and 186.5 + 26.8, respectively, for the two treatments.
Corresponding mean numbers of species were 18.5 + 3.1 and
17.0 + 0.8; mean S/N ratios were 0.10 + 0.02 and 0.09 + 30.01.
Performance of Student's t-test showed no significant
difference between tne two means for any parameter (P > 0.05).
These results agreed with results obtained from the 0.5 mm
fraction alone, witnh meiofauna exzluded.

Considering distributicn of animals by phylum, annelicgs
were most abundant in each treatment, followed by arthropods
and molluscs (Table XIV). The percentage distribution was
somewhat different for homogsneous test samoles: annelids
accounted for a greater percentage of fauna found in this
treatment, and the otner two pnyla ccmorised correspondingly
lower percentages.

In each of the treatments, Fabricia sabella was the

predominant species altnough by a nigher percentage in the
homogeneous test samples (70%, as compared with 45% and 44%,
respectively, for control and surface samples). (Sees Table

XV.) Second in abundance in each treatmsnt was Peloscolex

beneceni.

4.2.1.3 Comparison of Recruitment Periods
Surface test samples exhifhited the highest psrcerntage of
growth, increasing 320% from 51 ta 214 individuals (Figure 9a).

The number of animals recovered in homogeneous samples increased
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187% from 104 to 298 animals. Control samples displayed the
smallest increase: 126%, from 97 animals after two weeks to 219
incividuals after four weeks.

The phylum Annelida remained predominant and contributed
more than any other phylum to the increase in number of animals
(Figure 9b). Surface samples contained 595% more annelids
after four weeks than after two weeks. Corresponding
percentages for homogeneous and control samplas were 357% and
172%, respectively.

The annelid species which accounted for this increase was

Fabricia sabella (Figure 9¢c). There were ogver six times more

F. sabella in the four-week sampling of both hamogeneous and
surface test samples. Control samples tripled in number of

this species. The oligochaete Peloscolex benedeni also

increased in all treatments.

The tunicate Molqula sp., whicn occurred in all two-week
samoles and represented 246% of the fauna, was not present in
the four-week samples. This disappearance accounted for
corresasonding increases in predominance of other species and
phyla between the two recruitmant perisds. No other ¢hanges
occurred in the order of species predominance or relative
distribution by ohylum from the two-w2ek tao the four-week

samples.

4.2.2 Fleld-Based Experiment
4.2.2.1 Two-Week Samples
After two weeks, 826 animals belonging to 48 species in

five phyla, were recovered from the field-tased experiment
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(Table XII). Combining all treatments, Artnropoda was by far
the predaominant phylum, constituting 72% of toctal individuals,
followed by Annelida (21%) and Mollusca (7%). Recently
metamorpnosed adults of a cirriped barnacle were the most
abundant species. Qthar predominant species were the amphipod

Marinogammarus sp. (probably Marinogammarus stoerensis), the

isopod Edotea montgsa and the palychaete Harmathoe sp.

Control contained samples nad a mean number of
indivicduals of 58.4 + 22.0, which was similar to those for test
samples (52.0 - 18.0 and 54.8 + 23.3 for homogeneous and
surface samples; see Table XIII). Mean numbers of species for
control, homogeneous and surface test samples were 14.2 + 3.0,
15.6 + 3.8, and 14.2 + 2.9, respectively. Mean S/N ratics were
9.27 + 0.08, 0.33 + C.11, and 0.27 + 0.06 for the three
treatments, respectively. Analysis of variance showed no
significant difference Hetween treatmnents for any of these
parameters.

Distribution of animals by ohylum was the same in each
treatment: artnropods were considerably more abundant than
annelids and molluscs (Table XVI). The same four species
predominated in all three treatments (Table XVII). The order
of predecminance was identical for control and homogeneous test
samples, and quite similar for surface samples, although
oercentage contribution by the predominant cirriped barnacle in

the latter was lower than in the other two ftreatments.
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Table XVI:

Field-based Experiment:

Data are

Faunal distribution by phylum for control, homogeneous and
surface test treatments over three recruitment periods.

$ contribution by

phylum and total number of individuals in 5 replicates (in parentheses).

Recruitment
Period Treatment PHYLUM
Mollusca Annelida Arthropoda Other
Control 7.9 (23) 22.2 (65) 69.9 (204) --
2 Homog.
2 WKS Test 5.4 (14) 20.0 (52) 73.1 (190) 1.5 (4)
Surface
Test 7.7 (21) 20.1 (55) 72.2 (198) --
Control 24.6 (122) 30.3 (150) 44.4 (220) 0.6 (3)
4 Homog.
WKS Test 18.7 (104) 36.9 (205) 43.8 (243) 0.5 (3)
Surface
Test 27.1 (81) 28.1 (84) 44.5 (133) 0.3 (1)
_____________ S SR Epupp———EE R B e T R e L P PR P
Control 22.5 (145) 62.8 (405) 14.7 (95) -
6
WKS* surface
L Test 20.3 (144) 62.1 (440) 17.1 (121) 0.4 (3)

*Homogeneous test samples not analyzed
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Table XVII:

Field-based Experiment: List of predominant species for control, homogeneous and surface test treatments over three

recruitment periods. Occ. = Occurrence per 5 replicates.
CONTROL HOMOGENEOUS TEST SURFACE TEST
Recruit-
ment f of S of Cumul # of S of Cumul. t of S of Cumul.
Period Species Indiv. Occ. Total o Species Indiv. Occ. Total ) Species Indiv. Occ. Total L)
8 1. Cirripedia 88 5 30.1 30.1 1. Cirripedia 8l 5 31.2 31.2 1. Cirripedia 64 5 23.7 23.7
2. Marinogam- 2. Marinogam- 2. Edotea montosa 50 5 18.2 41.9
2 marus sp® 39 5 13.4 43.5 marus epf 43 5 16.5 47.7 3. Marinogam-
WKS 3. Edotea montosa 29 5 9.9 53.4 3. Edotea montosa 25 5 9.6 57.3 marus sp® 46 5 16.8 58.7
4. Harmathod sp. 26 5 8.9 62.3 4. Harmatho¥ sp. 20 5 7.7 65.0 4. Harmathod sp 25 4 9.1 67.8
S. Calliopius S. Capitellidee® 11 4 4.2  69.2 S. Capitellidae® 15 5 5. 73.)
laeviusculus 13 3 5.5 67.8 6. Calliopius 6. Tellinidae 14 4 5.1 78.4
6. Capitellidae® 14 4 4.8 72.6 laeviusculus 10 4 3.8 73.0 7. Corophium sp.P 11 4 4.0 082.4
7. Tellinidae 14 3 4.8 77.4 7. Tellinidae 8 S 2.4 75.4
8. Corophium ap'.3 8 S 2.4 77.8
1. Tellinidae 108 5 21.8 21.8 | 1. Cirripedia 122 5 22.0 22.0 1. Tellinidae 72 5 24.1 24,1
2. Capitellidae® 87 5 17.6 39.4 | 2. Tellinidae 96 5 17.3 39.3 2. Cirripedia 49 5 16.4 40.5
L] 3. Bdotea montosa 60 5 12.1 51.5 3. Capitellidae® 59 5 10.6 49.9 3. Capitellidaed 38 S 12.7 53.2
WKS 4. Cirrlipedia 58 5 11.7 63.2 4. Edotea montosa 49 5 8.8 58.7 4. Edotea montosa 22 S 7.4 60.6
S. Harmathoe sp. 35 5 7.1  70.3 | S. Harmathoe sp, 48 ) 8.6 67.3 S. Harmathoé sp. 20 S 6.7 67.3
6. Marinogam- 6. Polydora sp® 48 S 8.6 5.9 6. Polydora sp® 11 5 3.7 7.0
marus sp® 29’ 5 5.9 76.2 7. Corophium sp. 10 4 3.3 4.3
8. Marinogam-
marus sp® 10 q 3.3 77.6
6 1. Capitellidae® 344 5 53.3 53.3 1. Capitellidaed 327 ] 46.2 46.2
2. Tellinidae 131 5 20.3 73.6 2. Tellinidae 139 5 19.6 65.8
WKS 3. Edotea montosa 63 5 9.8 83.4 3. Edotea mantosa 61 5 8.6 74.4
4. polydora sp® 54 4 7.6 82.0
a - probably Capitella capitata (see text) b - includes Corophium bonelli and C. crassicorne ¢ - includes Polydora ligni

d - probably Tellina agilis

e - probably Mar inogammarus stoerensis




4.2.2.2 Four-Week Samples

Total number of animals recovered atter four weeks was
1349, representing 52 species in six dhyla (Taonle XII).
Arthropoda was the most abundant phylum in all treatments
combined (44% of total recovery); next were Annelida (33%) and
Mollusca (23%). The predominant speciess was a memnber of the

pelecypod family Tellinidae, which was probanly Teallina agilis

but could not be positively identified. Zirripeds were next in
abundance, followed By a capitellid polychaete. The latter
taxnn includes animals definitely identified as cne of the

sibling species of Capitella capitata, as well as younger

animals which ccould be assigned only tentatively to this

genus. The isopod Edotea montosa and tne polychaste Harmathoe

sp. were also among the most abundant soecies.

Mean numbers of individuals w2re similar fcr centrel and
homogeneous test samoles: 99 + 22.5 ard 111.0 + 34.4,
respectively (Table XII1). 1In surface samoles, 59.8 + 16.4
individuals were recovered. Mean number of species, similar
for all treatments, were 18.8 + 2.2, 19.8 + 3.6, and 17.4 + 2.7
species, respactively. Mean S/N values were 0.20 + 0.07 for
control, 0.19 + 0.06 far haomegeneous, and 0.30 + 0.07 for
surface test samples. A significant Zifference petween
treatments for the parameters number of inaciviguals and S/N was
revealad by analysis of variance (P < 0.05). Student-Newman-
Keuls multiple range test stowed tnis to ce due to a difference

between nomogeneous and surface test treatments.
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Arthropods wer2 the oredominant phylum, accounting faor
44% of the fauna in each treatment (Table XVI). Annelic¢s and
molluscs were next in apundance in each treatment. The
percentage contritution by Annelida was higher in homogeneous
test samples than in eitner of the other treatments,

In =2acn treatment, the same four species were most
anundant, but tneir order of predominance varied (Table XVII).
In contreol samples, tellinids were most abundant, followed in

decreasing order by capitellids, Edotea montosa, and

cirripeds. In both test treatments, cirripeds were relatively
more abundant than in the control treatment: in homogeneogus
samples they were thz predominant specles, and in surface
samples they were second in abundance. The other three species
mentioned asove remain in the same relative order of abundance

as iIn control samples.

4.2.2.3 Six-We2=2xk Samples

Since results of four-week samples indicated a depressed
recovery in surface test samples, it was decided to analyze
six-wzek samples for this treatment and compare them to those
of the control treatment. Homogenecus test samples were not
analyzed. A tgtal of 1353 individuals were recovered in the
two treatments, representing 35 species in four phyla (Table
XII).

The mean number o2f individuals for control samples was
129.0 + 48.6, while tnat for surface test samples was 141.6 +

55.7 (Table XIII). Mean numbers of species were 13.6 + 0.9 and
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15.0 &+ 3.5, and S/N values were 0.11 » 0.03 and 0.12 + 0.05,
faor control and surface samples, respectively. Student's
t-test showed no significant (P > 3.05) difference between the
treatments for any parameter.

Tne two treatments resembled each other when considering
cdistributicn of animals by phylum: annelids predominated,
followed by molluscs and arthropods. The treatments also
showed species predominance by the same three species, each
contributing similar percentages of the total number of

individuals.

4.2.2.4 Comparison of Recruitment Periads

Homogeneous test samples showed the highest rate of
growth between two-we2k and four-week samples, increasing 114%
from 260 to 555 individuals (Figure 10a). Control samples
increased 70% from 292 to 495 animals. In surface samples, 274
individuals were recovered after two weeks, and only 5% more
after four weeks (299 animals). The much slower rate of
increase in surface samples was distributed across almost all
speci=s and phyla.

frthrcpecda was the predominant phylum zfter both two and
four weeks, although other phyla exhibited more substantial
increases in number between the two periods. Control and
homogeneous test samples each contained a nigher number of
arthropods after four weeks than two weeks (8% and 28%
increases, respectively; see Figure 10b). 0On the contrary,

surface samples showed a 32% decrease in arthropad recovery.
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Compared with the other two treatments, surface test
samples also displayed the smallest percentage increase in
number of annelids and molluscs. Annelid recovery increased
131% in control and 294% in homogeneous samples, but only 53%
in the surface treatment. Corresponding percentages of
increase for the phylum Mollusca were 430%, 643%, and 190% for
control, homogenecus, and surface samples, respectively.

Shifts in the predaominant species between the Two
recruitment periods reveal five species whose trends of
abundance are of interest {Table XVII). The cirriped barnacle,
which was most abundant in all three treatments after two
weexs, decreas=d Dy about 30¥ in contirol and surface test
samples, but increased by 50% in homogeneous test samples after

four weexs. The amphipog Marinogammarus sp., second in

abundance in 3ll treatments after two weeks, decreased by at
least 25% in all treatments and was no longer predominant after

four weeks. The isopod Edotea montosa decreased by 36% in

surface samples but doubled in the other two treatments.

Two species exhibited significant increases in abundance
in all three treatments. Tellinids and capitellids each
accounted for around 5% of the total fauna in each treatment
after two weeks (Table XVII). 3By the time of the four-week
sampling, the numbers of tellinids recovered had jumped by 11
times in nomogeneous test, over 6 times in control and 4 times
in surface samples (Figure 10c). In the four-week samples,
tellinids were the most ahbundant species in control and surface

test samples (22% and 24% of 3ll animals, rtespectively) and
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second in abundance in homogeneous samples (17% of faunal
recovery). The rise in number of capitellids over the same
time period was mast dramatic in control samples (521%), almost
as high in homogeneous samoles (436%), and smallest in surface
samples (153%; see Figure 10d). After four weeks, capitellids
were'second in predominance in control samples (representing
18% of faunal recovery), and the tnird most acundant species in
homogeneous and surface samoles (11% and 13% of all animals in
gach treatment, respectively).

Control and surface test samples from the six week
recruitment period revealed a continuation of patterns of
species distribution, bu*t 3 reversal in numerical trends.
Control samples increased 30% in faunal recovery while surface
samples increased hy 137% oetween four- and six-we2ek samples
(Figure 10a). This escalation campenrsatecd Tor the cdepressed
r2covery in surface samples after four weeks: after six weeks,
the numbers of animals recovered in the two treatments were
very close (645 animals in control and 708 animals in the
surface samples).

Predominance in the two treatments after six weeks was
very similar. A shift cccurred in relative predominance by
phylum between the four- and six-week periods {(Table XVI).
Annelida was ny far the predoninmnant phylum after six weeks,
comprising 62% of total recovery in each treatment. Mollusca
was next in abundance {(around 21% for each treatment), followed
9y Arthropoda (around 16% for =2ach treatment). Capitellids and
tellinids continued tc increase and constituted, respectively,

about 50% and 20% af all animals in each treatment (Taple XVI).
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4.3 Discussion

The data used for statistical analysis often exhibited a
large variability between replicates, making interpretation of
the results difficult. Consequently, altnough a 95% confidence
level was used to signify statistical significance, the finding
of a difference between treatments at the P < .10 level for
iab-based two-week samples deserves further investigation.,

The mean number of individuals found after two weeks in
lab-based surface test samples was approximately half that of
control and homogeneous samples. The depressed recovery in
surface samples was more obvious in the phylum Annelida than in
other phyla, and was reflected in the smaller number of the

predominant species Fabricia sabella and Peloscolex oenedeni.

Both cepend in some manner on the sutstratse,

Fabricia sabeila is a tube-dwelling sabnellid polychaete

that feeds by beating cilia on its branchial crown and
straining the resulting current of water. Small ocarticles are
ingested and the organic material used as food; medium-sized
particles are used for tube-building. Depressed numbers of F.
sabella in surface test samples might nave resulted from three
factors: a shortage of particles large =zngugh for tube-building;
a reduced supply of organic material for nutrition; and a
clogging of the branchiae by very fine particles of drilling
mud, limiting food irgestion.

Oligochaetes similarly deoend on small particles of organic
material for food. Mast ingest these along with sediment in the

course of burrowing; some graze off larger particles in the

92



substrate such as sand 0T rTock. In either case, the

oligochaete P2loscolex benedeni might have suffered from a

shortage of food in surface test samples.

Any of these deleterious effects would be expected to
disappear over time due to the accumulation of detrital
material settling from the incoming water. By the time of the
four-week sampling in the lab-based experiment, numbers of
these species in surface samples resembled those in control
samples.

ARfter four weeks, the mean number of individuals in homo-
gensous test samoles was nearly 53% higher than those of
control and surface samples. This was reflected in the number

of Fabricia sabella in homogeneous samples, which was more than

two times that of either of the other treatments. It is
unctlear which property of the homogeneous treatment accounted
for its ability to support sucrh a higher number of this species.

In the field-based experiment, ths populations that had
recolonized each treatment were indistinguishable in size and
composition after two weeks. After four weexs, statistically
significant diffarences existed oetween the nhigh number of
individuals in homogeneous test samples and the low numbsr in
surface samples. The control samples supported a 65% larger
population than the surface test samples (not statistically
significant at P <« C.35), and an 11%¥ smaller aopulation than
the homogeneous treatment.

The difference in numter of indivicuals tetween control

and homogeneous test samples after four weeks can be accounted
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for by the recovery of over twice as many cirriped parnacles in
hamogeneous samples. An increase of cirripeds hetween the two-
and four-week periods coccurred only in tnis trzatment. If the

more heterogeneous grain size in homogeneous test samples is in
some manner rtesponsible for this enhancement, it is unclear why
it did not develeop after the two-week recruitment neriod.

The higher percentage contribution by Annelida in
nomogenegus samples might 92 explained by the pnysical rmature
of the substrate. The mixture of reference mud and cdrilling
mud had less of 3 tencency to pack together than reference mud
alone and this might have facilitated burrowing by annelids.

A depressed numder of animals found in surface test
samples was observed in all phyla. A combination of factors
may explain the finding of a lowsr recovery in this treatment
after four weeks but not after two weeks: increased
predominance by species that denend more directly on the
substrate, a reduced rate of increase of some species, and
mortality in other species.

Recolonization of the defaunated secdiment in this
experiment presumably occurred by two mechanisms: the settling
of planktonic larval stages and the immigration of adults fronm
the surrounding substrate via crawling or suspension cy
currents. A count of the pooulatiasn afiter a pesriod af time
reflects the number of larval stages that have settled and
survived, and the number af adults tnat nave immigrated and
survived. Larvae have been shown to be capaple of
¢iscriminating between potential substrates and delaying

metamorphosis until a suitable substrate is found (Thorson,
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1966). Survival of poth metamorphosed larvae and immigrated
adults degends on factors such as the availability of food, the
nature of tne substrate, and the general quality of the
enviraonment. Suppressed numbers in surface test samples could
be due to reduced settlement by larvae or greater mortality of
all animals in this treatment.

The predominant species after two weeks was a cirriped
narnacle, a filter-feeder which lives on the surface of the

substrate. Like the polychaete Fabricia sahbella, cirripeds

depend on straining a current of water for procurement of food
and prooaonly for Jas exchange. Suppression of the population
of cirripeds in surface samples might have been expected to
occur due to clogging of branchiae by very fine particles of
drilling fluid, as observed with F. sabella in the lab-based
experiment, Howzver, surface samples supported nearly as many
cirripeds as each af the other two treatments, providing
evidence that patential suffocation by drilling fluid did not
cause significant mortality in this species. It might have
been prevanted ny the layer of detritus geposited by the water
column, The layer accumulated at a much faster rate in the
field-based experiment than in the laboratory system.

In the period betweean ccllection of two- and four-week
samples the population composition changed: numbers of a
capitellid polychaete and a tellinid pelecypod grew rapidly.
These are ooth deposit feeders, which ingest and rework the
sediment. Tne rate of increase of both species was higher in

cantrol and nomogeneous samples than in surface samples, which
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could reflect the interaction of these species with the
subsurface layer of drilling mud in the latter treatment.

The isopod Edotea montosa and the polychaete Harmathce

sp., two species which are predominant in the four-week
samples, increased between two- and four-week pericds in
cantral and nhomogeneous samples, but declined in surface
samples. Since no cther species were observed to "bloom" over
the same period, these decreases suggest that the surface test
treatment was unaole to support the criginmal recolonizing
populations of these two species, resulting in some mortality.

It is believed that the lower recovery of individuals in
~surface test samples after four weeks was caused by a
compination of the factors discussed above. Any effects by the
surface layer of crilling fluid on the recruited population
disappeared aftzr six weeks, as shown by the strong resemalance
nz2twa2zn the two freatments in population size and compositian,

Two explanations could account for the relative increase
of animnals between four and six weeks In surface samoles and
control samples: either animals moved into the layer af
drilling fluid in surface samples, or the detrital deposition
had finally accumulated a layer thick enough t3 act as a n=2w
substrate. Since the drilling fluid hacd such a distinct =ffect
after four weeks, the second case is bnelievec to te mare
probable. The layer of deoosited material inclucec detritus,
sand, and smaller inorganic particles swept up from the

surrounding tottom, and appeared to be suitablzs as a substrate.
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The effect of suppressing numbers of individuals found in
surface samples could have been caused by physical or chemizal
aspects of the drilling fluid. Three pieces of evidence
suggest a physical mechanism. First, if the effect was
chemical, adverse effects would be expected to occur to a
lesser 2xtent in the homogeneous test samples. This was not
the case. In fact, when homogeneous samples differed from the
other two treatments, they contained slightly higrer numbers af
animals. Secondly, the effect ceased when animals were no
longer in direct contact with the layer of drillinmng fluid, yet
chemical effects would probably have persisted since toxicants
could continue to leach out of the drilling fluid. Finally,
organic and trace metal analyses of this particular PESA
drilling fluid and iliquid phase toxicity testing showed this
mugd to have a relatively low toxicity.

Jarite, a non-taoxic weighting agent, is a major component
of drilling fluids. <Cantelmo et al (1979) found that barite
mixed with a sand substrate enhanced the population density of
meiofauna, presumably because af increased sediment
heterogeneity, but that a3 cover of bparite over sand
significantly decreased meiofaunal population density. Tagatz
and Tobia (1978) found adverse effects on macrofauna in
developing communities after ten weexs when barite either
covered 3 sand substrate, or was mixed in a ratio cf 1 part
barite to 3 parts sand. B8ath aof these autnors suggested that
since barite is naon-toxic to many marine grganisms, the effect

of barite is due to its changing of the sediment granulometry.
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Tagatz gt al (1978) tested the effects of a used
lignosulfonate drilling mud on recolonization over a period of
eight weeks. Their results showed considerably more pronounced
adverse effects of drilling fluid than the data presented
here. There are at least two possible explanations for tnis
apparent discrepancy. Sand was used as a reference suostrate
by Tagatz et al., while our study used a natural, defaunated
sediment. The water supply was pumped from a sandy-bottom
environment and probably contained larvae "searching” for a
sand substrate. The change in grain size caused by the
acddition of drilling fluid to sand was presumably much more
extreme than that caused by its addition to a fine-grained
reference mud; the adverse effects might have been more
pronounced as a consequence. Another passinility is that the
usea drilling fluid tested by Tagatz et al contained more toxic
components than the PESA mud used in ths present stucy.

In general, these data show that a used °PESA drilling
fluid affected recolonization whan layered on tap af defaunated
sediment, but not when mixed with it. In both =2xperiments,
deposition of a new layer of material on too of the drilling
fluid seemed to reduce aor reverse the effects, and by four to
six weeks after the beginning of tne experiment, =ffects were

no longer obvious.
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4.4 Evaluation of Methodology for Solid Phase Recolonization
Tests

The laboratary-based experiment required five months of
prelimninary work (described in Progress Report #2; New England
Aguarium (1981)) to ensure that the system provided a unifarm
flow of water over all sample containers. Once this condition
had been satisfied, the system offered easy access for
deployment and retrieval of samples. Minor maintenance was
rzquired evary other day during the course of the experiment.

Tne fileld-based system required three days of preliminary
work in the laboratory to prepare the experimental aquipment.
Deployment of the samples was fairly easy when using a research
vessel equipped with a winch. Two divers were reguired to
assist during deployment and to retrieve samples every two
weeks; thnese operations were therefore limited by the w=zatner.
In this expsriment, only extremely stormy conditions would have
arevented access, since the site was very close to the dock
whare the divers entered the water.

More animals were collected in the field-based than the
lab-based experiment after both two and four weeks of
recruitment time. This may have been due to the Jifferent
locations used for this study. Since a difference betwesn
control and test treatments would presumably ne more obvious
with a larger number of animals in each treatment, tne
field-based system appeared preferable to the lab-based study.

From January through March, low water tempsratures would
prohibit use of the field-based system in northern latitudes,

while experiments could still be conducted under laboratory
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conditions. However, planktonic larvae occur in very low
numbers in the water column during these months, so there is
little advantage to running a recolonization experiment during
the winter in temperate climates. In general, it is felt that
the amount of time and/or maintenance rtegquired to ensure
unbiased water flow in a laboratory-based system makes this a
less attractive alternative than a field-based system.
Recolorization studi=zs are an improvement on solid phase
toxicity tests as a method of assessing the impact of
contaminated sediment on the benthic enviraonment. The study
described above was 2 more sensitive measure of the effects of
releasing drilling mud, because it considered development of
benthic communities rather than the ability of a contaminant to
kill adult animals over a ten-day test period {(see discussion
af solid ohase toxicity tests in NEA, 1980). Although the
m2thod is a3 valid approach, we have concluded, bas=2d on the
oresent study, tnat it requires too much time for efficient

evaluation of whole drilling muds.
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