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PREFACE

ORIGIN OF THE STUDY

A variety of wastes are generated in drilling oil and gas wells,
including drill cuttings and used drilling fluids.’ The dispesal of
these wastes is |icensed by the u.s. Envizonmental Protection Agency
{EPA) under the National Ppellutant Di scharge Elimnation System
(NPDES) (40 CFR 122-125). Permitting such discharges on the outer
continental shelf (0CS)* has occasicned considerable public debate
about hOw much they may harm ‘the marine environnent.

To inprove the technical basis for decision naking about
di schargi ng drilling fluids and cuttings in the narine’ envizonment,
the Buceau of Land Managenent’turned to the National Research
Council for a critical review of the subject. In response, the
agsembly Of Engineering’ of the National Research Council convened
the Panel On Assessnent of Fates and Effects of bprilling Fluids and
Cuttings i N the Marine Enviconment under the auspi ces of the Marine
Board. Menbers of the panel were selected for their experience in

!Drilling £luid is also called mud or drilling mud, besause it
often looks like nud. All these terms are commonly used in the oil and

gas industry. Por CONsSi stency, the term deiliing £luid is used
throughout this report.

*the 0CS IS that portion of the submerged continental margin that
is subject t0 U.8. jurisdiction. For the pucpose of this report, the
0cs extends from a state’s of fshore boundary (3 miles offshore except
off Texas and west Florida where state boundaries extend 3 leagues==9
nautical M| es-of fshore) out to the limit of ecomomic expl oitation.

'In a subsequent federal reorganization, the sponsorship of this
study was transferred to the newly created Minerals Management Service.

*In & reorganization of the National Research Council in the
spring of 1982, the Assenmbly of Engi neering was subsuned by the newly
created Commission on ENgineering and Technical Systens.
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mari ne biology, marine environmental analysis, toxicological Studies
of marine animals, chem cal oceanography? benthic ecolegy, the
technol ogy and chemstry of drilling fluids, and offshore drilling
operations. Consistent with the policies and procedures of the
National Research Council, appropriate bal ance of Perspectives was an
i nportant consideration in choosing panel nenbers.

~ SOOPE OF STUDY

the charge to the panel was to establish a credibl e technical basis for
decisions about di schar?i ng drilli n% fluids and cuttings in the marine
environment. The panel proceeded by reviewing and critically apprais-
ing the available know edge concerning the fates and effects ofdeill=-
ing fluids and cuttings on the ocs. |t assessed the adequacy and
applicability of existing research and the transferabilityof research
results to different sites and hydrodynamic reginmes. The panel also
consi dered additional needed research as well as various means to
mtigate the potential effects of drilling discharges.

In agreenent with "its charge the panel focused on discharges made
during exploratory and devel opnent drilling, as opposed to those nmde
during other phases of ocs operations. Iz did not consider the fates
and effects of the formation waters primarily produced during eil and
gas production, nor those of certain specialty drilling f|uids used
Infrequently and in limted quantities during periodic maintenance
operations and ia preparing wells for production. The panel further
restricted its study to water-based drilling fluids, since these are -
the fluids used in the vast majority of ocs wells and are the enly kind
of fluids currently permtted to be discharged on the ocs.

Drilling di scharges are but one inpact on the marine environnment
£zom petroleum resource devel opment. a addition to specialty deilling
£luids (not covered in this reportas explained above), Waters from
hydrocarbon-bearing formationsare di scharged during production, and
spills Or blowouts may occur. Also”, petroleum devel opment nay compete
with “other resource Uses, such as fishing. 1t is the conbination of
factors that contribute to the effects of ocs petrol eum devel opnent.

The assessnment was limited t0 the ocs. Neverthel ess, substantial
oil well drilling activity occurs on state lands, and, Often similar
oceanographi ¢ “conditions prevail in state waters as on the ocs. Thus ,
t he application of the data and results in the report t 0 state waters
{ex any othermarine environment) iS appropriate where the physical
conditions that prevail in the state waters are simlar to those of the
0CsS, expecially those reported in ocs field studies. The fates and
effects of discharged drilling £luids and cuttings in restricted neac-
shore waters, such as in estuaries and embayments,werenot a subject
of this study. The panel's work on the nature of drilling fluids, on
considerations in using the available scientific information, and on
mtigating measures applies to all marine environments.
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METHOD OF TEE sTUDY

Available data on the fates and effects of drilling fluids in the
marine €nvi ronnent wece Of paramount i nportance throughout this study.
Panel members initially r ecei ved four conprehensive, and in some cases
critical, reviews of the available literature (Houghton, et al., 1981;
Neff, 1981, Petrazzuolo, 1981; Rieser and spiller, 1981) for a beoad
cverview of current knowledge in the field and attendant technical and
public issues. Several panel nenbers had suech a long and consistent
involvement in the subject that they Wwere also familiar with virtually
all the abundant original literature on the subject (a bibliography Of
ehis literature isavailable[IMCO Services, 1982]),

The panel considered all avail abl e literature and even current
(unpublished) WOr k related t0 its charge. It found that some aspects
of the problem, such as ocean dispersion, Were best treated by older
wel | -establ i shed literature, while others, such as the toxicity of
particular fluids or fluid additives, were di scussed only in draft
reports that had not yet passed through normal publication procedures.
The panel also considered conventional peer-reviewed | OUrnal, acticles
and the vast anount of so-called *gray iiteratuce,® which My have been
subjected to various levels Of review, but which is limited in circula-
tion and availability. It relied on peer-reviewed literature when such
literature was available, but alsoused thegray literature when its
quality could be established. An inportant aspect of the panel‘s work
was Wei ghing the quality of all these scientific eontributioms.
aAnother Of egqual importance, but often more Qifficult te achieve, was
determining the applicability of the? research to the peoblem under
consideration.Some of the research reviewed Was desi gned to test a
hypot hesi s: othee research had been conducted te satisfy regulatery or
other nandates. The panel attenpted to acconmodat e these diverse
sources by eval uating the literature on.its ScientifiC merit and on its
applicability t0 the objectives of this study.

at the outset the panel SOlicCited public comments on the issues it
should address (BRederal Regi Ster, Oet. 23, 1981); 33 sets of comments
wege received. Wth this initial gui dance, the panel then conducted
its review of ‘the technical literature and summagized this review in a
set of di SCUSSi On papers. About 200 copies wege distributed for
geview, and 46 substantive weitten reviews were treceived. An open
meeting of the panel provi ded additional opportunity for I nNnterested
persons to identify and discuss related | SSUES. Seventy people
attended the day-long neeting. The panel then sought additional
information {0 address concerns the public had raised and to complete
its assessnent.

Thus, t he panel'srepoet and itS coneclusions and recommendations
are based on its review of the primary and secondary scienmtific
literature,; on the public comments that were received, on additional
data and I nformati on sought by the panel, and on the professional
expedi ence of panel menbers.
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SUMVARY, CONCLUSI ONS, anp RECOMMENDATI ONS

the di scharges nade in drilling outer continental shelf (OCS) oil and
gas wells have recently been the subject of research and public debate
W th regard t 0 their potential effects on the marine environment. A
lack of Scientific consensus about the physical fates and biological
effects of these discharges has led t0 actions contesting the permit-
ing of sone drilling discharges. At the request of the u.s. Departnent
of the Interior, the National Research Council convened the Panel on
Assessment of Pates and Effects of peilling Pluids and Cuttings in the
Marine Bnvirenment Wi th the charge of establishing a credible technical
basi s fer making zescurce management deci sions.

This section presents the panel’s summacy, concl usions and recom=
mendations. | N conducting its assessment, the panel NMAAE numerous
specific findings concerning fates and effeces and inadequaci es oe gaps
in avail abl e information. These are noted throughout the report. Many
of these findings zepresent an inconplete understanding of basic
oceani ¢ orbiologi cal processes. The panel has taken these findings
and linitations into account. Those whieh it considers toO be the most
salient and relevant are di scussed in this section.

THE use AND COMPOSITION OF DRILLING FLUIDS

Drilling fluids are required in rotary deilling for oil and gas
exploration and development to remove cuttings from beneath the bit,
to control pressure in the weii, te ool arid lubricate the drill
steing, and to seal the well. Theze are no alternatives to using
drilling fluids in t hi S retary deilling. Although drilling fluids are
recircul ated during deilling and sometimes can be held and reused in
deilling multiple production wells, eventually they must be di sposed
of because of their contamination with suspended material or their
loss of impeortant properties or because of weight and space
limtations on deilling vesSelS. Cuttings f£rom t he formation drilled
are removed from the drilling £luid and must also be di sposed of.

Al though drilling discharges can be barged ashore Of to other Sites at
sea for disposal, cost and operational considerations favor onsite

1
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di sposal , bz ei ther overboard discharge or shuntin? through a pipe to

scme depth., Land disposal is now required for certain drilling £luids
(for exanple, oil-based drilli n%af! uids), and in certainstate waters

(for exanple, sone state watess'of California and Al abana)

Drilling fluids used on the OCS are conposed of bulk constituents
and special purpose additives. The principal bulk constituents are
water, barite (barium sulfate) . clay minerals, chrome lignosulfonate,
-lignite, and sodium hydroxide. = All of these constituents aze nontoxic
tomarine organi sms at the-dilutions reached shortly after discharge.
There is limted information on the conpositions and quantities of
additives in used fluids discharged on the ocs. Several common drill-
ing-fluid additives, including biocides and di esel fuel (Ne. 2 fuel
oil), are nuch nore toxic to mrine organi sns than the bul k constit
uents.

Approximately two mllion metric tons (dry weight) of drilling=-
£luid conponents are di scharged annually on the U S. OCS, nore than 90
peccent of this anmount in the Qulf of Mexico. Corresponding figures
in the future Will depend ONn governnent |easing policies, Successes in
expl oration, and econom c factors, but in the near futuremost drilling
di scharges are likely to occur in the Gulf of Mexico and off southern

California and Al aska. .Compared t0 the nass em sSions of river sedi= .

ments and those of nunicipal wastes and dredged material, the quantity
of drilling fluids di scharged-in the ocean is small. -Forexample,
total particulate | 0ading in the Gulf of Mexico from drilling fluids
represents about 1 percent of that fromthe Mssissippi River. Annual
di scharges of dredged material, of sl ud?e, and of industrial wastes in
u.s coastal waters exceed those of drilling fluids.

THE CHEMICAL TOXICITY OF DRILLING FLU DS

The first step in evaluating a material“potential harm to magine
organi sms and ecosystens is usually the acute lethal bioassay. Tn
this kind of test, organisms are exposed to graded concentrations of
the material. Mrtalities are recorded, and on the basis of these
data the concentration causing 50-percent nortality after a predetez-
mned exposure time (usually 96 hours) is estimated statistically and
recorded as the median | ethal concentration (Lcs0).

More than 96 percent of the whole drilling fluids tested in short=
term experiments (from 44 tO0 144 nours) have LC50 val ues greater t han
1,000 ppm and aece cl assified as ®slightly toxic" or "practically nhon’
toxic® by the IMCO et al. (1969) characterization of toOXicity (see
Chapter 4). wre than 98 percent of the tests that have used the
Suspended particul ate phase of drilling £iuids found their tese val ues
greater than 10,000 ppm (in the range of ‘practically non-toxic’).

*a “bioassay is a quantitative deternination of the concentration

of a substance by itseffect on an organi smunder controlled
condi tions.
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This distribution of toxicities, “representing over 70 drilling fluids
and nore than 60 species of marine organi snms indicates that nost

water-pased drilling fluids are relatively nontoxic.

Fewer than 4 percent of the tests of whole £luids and only 2
percent of those using the suspended particul ate phase found the sub-
stances ‘noderately toxic," that is, having Lcso values between 100 and
10,000 ppm, Most Of this toxicity i S peobably attributable to the use
of diesel fuel (NO. 2 fuel oil) in the drilling fluids, but the fluids
tested for toxicity have not always been fully analyzed chemically.

Acute toxicity biocassays are only the first step inhazard assess-
ment.The results Of these tests indicate the relative toxicities of
used drilling fluids amd the relative sensitivities of different
species. They do not, for example, i ndi cate subl ethal signs of stress.
Nor have such tests reproduced the exposure levels and intervals that
%Pglrgcteri ze the dispersing plumes of discharged <zilling fluids in the

Drilling fluids have recently been used in tests of sublethal
toxicity. Such tests have neasured changes in the growth and develop-
ment of Organi Sns inembryonic and larval stages and changes in the
behavior of adults. |Nn NDSt cases, these effects are observed at con-
centrations Of 10 to 1,000 ppm, about One--to-fwWo orders of magnitude
below LCS0 values determined i N acut e bioassays. Expressed as an
application factor of chronic to “acute ratios, nmost species fall above
a factor of 0.22; the highest rati 0 observed Was 0.033. Unfortunately ,
the experimental designs of the tests of sublethal toxicity have alse
relied on exposure regi mes that do not simulate the rapid di Spersion
of discharged driiling fluids or their movement along { he bottom as
‘measured in the field. Thus, hazard aSSeSSNENtS using these biological
data nust extzapolate from them: yet there are no well-established.
rel ationships between r esponses and exposure intervals. The results
of benthic miczeuesm experinents are also difficult to interpret. In
t hese tests, responses to the chemi cal propesties of drilling=fluid
solids have not routinely been isolated frem responses te physically
altered substrates.

Predicting the effects of marine oeganisms' accunul ation (through

bioaccumulation) of substances im deilling £luids have reliedon
measurenents of total tisSsue and body burdens anéd have not considered

the organisms' nmechani SNs for sequestering and det oxifying contami=
naants. Nor have fﬁey”’takegz ints acCcount whether contaminants are
present at intzacellular Sites of toxic action. Furthermore, the
potential | ncrease ef accunul ated contami nate bedy burdens with

I ncreasi ng trophic levels has not been addressed, although research on
other i SChar ges econtaining the same metals suggests that the metals

commonly found in drilling discharges age not biomagnified. The

D030 &i WO Soond

potential for biomagnif ication may be greater for organic compounds ©F.
organic complexed metals,

In toxicity tests, organisms from any one OCS region appear toO be
no more SENSitive todrilling effluents than comparable ONnesS frem any
other region, indicating that test results usually NBY be applied from
one region to another. In addition, some nearshore Or gani sms have
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shown sensitivities to drilling effluents simlar to those exhibited
by morphol ogically simlar species fromoffshore areas; also, sone
speci es that have been tested are found both near and offshore. These
results suggest t hat Sone nearshoze Species are appropriate surrogates
for testing the effects ofdrilling effluents. It is desirable to
“tailor drilling-fluid regulations to take account or advantage of
environnental conditions or to protect sensitive or valuable habitats,
but there is no evidence that justifies different regulatory policies
“faoncerning the use of drilling-fluid additives in different geographic
regions.

THE pHYSICAL FATES OF DRI LLI NG PLUIDS

Discharges of deilling £luids and cuttings into OCs waters take place
in a Wi de rangeof marine environnents, ich vary greatly in water
depth, ice cover, tidal and nontidal currents, waves, geol ogi cal
history, land runoff, and biotic characteristics. Thus, the physical
fates of discharged driIIinP fluids and cuttings vary greatly.
On the continental shelf, approximately 90 percent of the pacti-
cles in discharged drilling fluids, and al nost all.ef the cuttings?
settle rapidly, passing through a stage of convective descent until
encountering the seabed or becom ng neutrally buoyant. In addition to
the main, or |ower plume, a visible or upper plune is alse formned.
Most obsecvations Of water column fate have focused on the upper plume
and on the dispersion of dissolved conponents. Based on observations
of upper plumes, the plumes Spread out at SONE depth appropriate t0O
. density characteristics and are rapidly dispersed by the turbulent
d di ffusion characteristic oftheocean. Horizontal tucbuleant diffusion
results in dilution of the plumes by a factor of 10,000 or nore within
an hour of release and even greater di lution of suspended conponents
because of settling.

Al t hough dilution nmay be inhomogenecus at thermoclines Of
pycnoclines, the hi gh dilutions predicted in mathematical modeis take
place in the field. Theoretical considerations and empirical observa-
tions yield the same values for dispersion rates in the water colum.
Gven such rapid dilution within tens of meters of the discharge, toxic
responses in organisms in the water column would be anticipated only
I f short-term expesures (0f around one hour} result in acute effects
at concentrations lower than 100 ppm Although very few short exposure
experinents have been conducted, longer ter m experiments (over 96
hours) have seldom identified lethal or sublethal effects at concentra=-
tions | ess than 100 ppm Direct assessnents of the effects on plankton
and nektonin the water column have not been attenpted and, gi ven
natural variability and the difficulty of sampling, are probably not
feasible. Thus, even sublethal effects on pelagic biota novi ng past
the point of discharge are. confined to a very small area (withrn tens
of meters) around the pointofdi scharge. This findina. suggests that

- restrictions on the diiutions or races-of discharges ace net | ustified
-~ {n most OCS ar €as.
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At nost depths typical ofthe continental shelf the majority of

di scharged fluids and cuttings aze initially deposited on the seabed

within 1,000 neters of the point of discharge. This material my

persist as initially deposited ormay undergo rapid or prolonged dis-

persion, depending on the energy of thebottom boundary 1layer. In

hi gh-energy environnents, such as the tidally active Lower CoOk Inlet

in Al aska, the resuspensive and tractive dispersion of sedimented

materials will cake place very quickly. In relatively quiescent

environments this di spersion will be slow and the fluids and cuttings

may be physically or chemcally detectable for a nunber ofyears.

Storm events on the continental shelf probably central the accumulation

of fluidsand cuttings as much as any other environmental factor. Ia BT
any case, the ultimte fates of the deposited materials depend On PR
peocesses acting after deposition, which have not been treated in the -
conventional plume di Spersion nodels.

The effects of drilling fluids and cuttings on benthic habitat,
comuni ties and organi sns may be physical (burial or substrate change)
and chemcal (toxicity). In practice, it is difficult to separate
physical and chem cal effects based on either field surveys or |abora
torY experinents. Mst |aboratory experiments on the effects of
drilling £luids on benthic organi sns have not been very successful in
mmcking realistic exposure conditions. Effects on benthoshave been
observed in the field, under |ow to modezate energy regines, within
1,000 meters Of the discharge point. Only one Study has yet described
environmental changes overtime after deilling operations ceased; while
the fauna had been altered, recovery was nearly conplete within one
year. Because the effects of drilling discharges are probably lacgely
physi cal , recovery tines sheuld be similar to those followingothee
physi cal seabad disturbances. These tines vacy widely; recovery may
take weeks in frequently disturbed shallow-water communities, several
months t 0 several years in continental shelf communities, and nany
years ON the continental slope and in deep Sea. The resuspensive
transport of deposited drilling-fluid conponents may produce effects
beyond the area of immediate burial, but at the sanme time it reduces
t he Concentrations of poteatially toxic substances. As thematerial
di sperses, organisms that feed at the sedinent-water interface nay
nonetheless be exposed to higher concentrations Of such substances than
bulk analysis of sedi NnentsS weould suggest.

Shunting deilling di scharges to the near-bottom, as an altecnative
to surface disposal, NBY increasethe €XPOSUre of benthic Or gani Sns o
wastes . It may be effective, however, in restricting wast es from
topographic rises with sensitive biota like reef corals. 1In contrast,
surface discharges €nsSuUre dispession and limit the duration and amount
of organism e€Xposure. Predilution Of such di scharges i s generally
unnecessacry dJdiven the speed with whiech they are diluted, except
possibly in low-energy of shallow-water environments.

The | ong-term benthic effects of drilling di scharges from multiple
wells during intensive exploration or development are difficult e
distinguish from the effects of other discharges and activities
{including oil and gas production) on the continental, sbelf and from
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natural variations. Conprehensive studies of these various effects are
not available. Results of platformnonitoring studies have denon
strated spatially linmted effects on the benthos. However, these
effects cannot be directly ascribed to discharges of drilling fluids.
Long-1ived conmunities, which are characteristic of hard substrate
epibiota, may be particularly susceptible tO Ion%-term effects i f they
are exposed to large concentrations ofdeposited tluids and cuttings,

but nanP/ of these communities are not verylikely to accumulate such
material's unless the materials are deposited directly on them

CURRENT KNOWLEDGE OF DRILLING-FLUIDS FATES AND EFFECTS

The information base for assessing the fates and effects of drilling

di scharges in o¢s waters has some notabl e deficiencies, many of which
pertain equally to the effectsofother pollutants in the coastal

ocean. These deficiencies include variable quality of reseazch, limts
to the realismand rel evance ofl aboratory experinents, difficulties

i n unequivocal |y ascribing effects observed in field studies to given -
causes, and a poor understanding of ecosystem processes. These lim-
tations do not invalidate nost of the results that have been produced,
but nust be taken into account in interpreting thems Qur know edge of
the fates and effects ofdrilling fluids and cuttings is not notably
inferior t0 that of the fates annd effects of dredged materials and

ot her wastes dunped in the ocean, even though the latter have been
studied considerably Ionger.

Our understanding of the fates and effects of drilling discharges
inthe marine environmentis” limted nore by the state of ouz general
understanding ofmazine pollution than by specific deficiencies in our
know edge of drilling £luids and cuttings. CQur understanding of this
narrow probl em may be advanced most rapidly by conducting research on
the broader topics of the accumulation and transfer of materials in the
marine environment. Wth this understanding of where research enphasis
should be placed, the. panel concludes that extensive further research
focused specificallyonthe fates and effects of drilling fluid dis-
charges is not needed.

Any additional research en drilling fluids should include acute,
subl ethal, and chronic bicassays using techniques and contam nant
exposures that reflect actual discharge and exposure conditions, field
studies that take intoaccount inventories and chenm cal analyses of
di scharges, and studies of resuspensive transport of particulate
cont am nants.

‘The panel’s review of existing information en the fates and
effects of drilling fluids and cuttings on the ocs shows that the
effects of individual discharges are quite limted in extent and are
confined mainly to the benthic environment. These results suggest that
the environnmental risks ofexploratory drilling discharges to nost oCs
communi ties are small. Discharges from oil and gas field devel opnent
drilling introduce greater quantities of material into the marine
environnent overlonger periods of time. Results of field studies
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suggest that the accumulation ofmaterials from these longer-term -
inputs is |ess than additive and therefore the effects of exploratory
drilling provi de a reasonabl e medel for projecti n? the effects of
devel opnent drilling. Uncertainties regarding effects still exist for
low energy depositional environments, which expedi ence large inputs of
drilling di scharges over long periods of time.

To M Ni M ze effects, care needs to be exercised inthefol | ow ng:

e Discharges should be prevented from buryi ng particularly
sensitive benthic environments, especi al |y hard substrate apibiota,
which are not exposed to significant natural sediment £lux.

e The USe of more toxic additives, such as diesel fuel (No. 2
diesel oil}, should be monitored or |inmted. Fluids that show signi-
ficant tOXiCity should be analyzed chemically t0 determ ne their toxic
conponent s.
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INTRODUCTION

This report seeks to answer two questions:

e Are drilling fluids and cuttings as they are rel eased into the
outer continental shelf WCS) toxic tO marine organisms or do they
cause del eterious sublethal responses in these organisms that may
adversely affect the ecosystem or are they innocucus?

e Are the heavy netals or organic. materials in drilling f£luids
or cuttings bioaccumulated or biomagnified SO that they are harmful to
organi sms or to those Who consume them, i ncl udi ng man?

~ Chapter 2of the report, ‘Drilling Discharges,® provi des am over
view of offshore drilling, and of the use, composition, and chemistry
of drilling fluids and cuttings. “ It describes the regul ati on of deill=

ing di scharges and exam nes the quantities and frequencies Of these
discharges and their conponents in rel ati on tootherinputs to the.
marine environment.

Succeedi ng chapters review what is known about the fates and
effects of drilling fluids and cutti nﬁs in the marine environment.
Chapter 3, "The Fates of Drilling Di scharges "di scusses the transport
forces of the ocean, the behavi or of dissolved and particulate
materi al S in seawater, and the physical fates of drilling £luids and
cuttings in the marine environment. Chapter 4, "Biological Effects of
Drilling Discharges,® summarizes and critically evaluates the scien=
tifie literature on the toXicities of deilling fluids and on the
I npacts on ocs ecosystems of discharging used drilling £luids and
cuttings.

After revi ewi Ng the available i nformati on on these topies the
geport di scusses the 1limitations i N using thi S information for deci Sion
making. Chapter S reviews the adequacy and applicability of the
available i nfornation. 1t reviews considerations in conducting and
interpreting laboratory eval uations of toxicity and field studies,
problems of extrapolating from laboratory to f£ield and bet ween geo-
graphic redions, and the topics of bicaccumulation and the long—term
fates and effects 0% drilling di scharges.

The £inal chapter considers the operations, cost, and zisk of
disposing drill di schar ges overboard.

The concl usi ons and recommendati ons of the panel appear i N the

sunmary.
\
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DRILLING DI SCHARGES

OFFSHORE OIL AND GAS DRI LLI NG AND DEVELOPMENT

Since 1947 nearly 22,000 wells have been drilled on t he OCS in

expl oring for and devel opi ng eil and gas resources. Table 1 indicates
that those im t he Gulf of Mexico (offshore! Fl ori da, Louisiana, and
Texas) account for 83.2 percent Of all of fshore wells; those offshore
Loui si ana alone account for 73.3 percent. Two-thirds of all offshore
wells (67.1 percent) have been drilled in federal waters, al though this
percentage varies widely by geographic region, £zem 100 percent in the
of f shore Atiantic t0 5 percent Of fShore Alaska. Exploratory wells
account foOr 24.6 pezcent Of the wells in fedecal waters and for 23.2
Percent of those i N State waters. These figures alse vary widely by
region: all wells drilled in the Atlantic, Where there have heen no
commercial discoveries, have been exploratory; $1.2 percent of wells
drilled offshere Cal ifornia, where of fshore devel opnment began in the
1890s, have been devel opment wells.

OCS oil and gas froducti on now accounts for 8 percent of domestic
oil production and 24 perceat of donestic gas production (Minerals
Management Service, 1982). The U.S. Geol 0gi cal Survey estimates that
as much as 41.3 percent of the nation’s undiscovered recoverable oil
and 28.1 percent of | {S natural gas |ie offshore (Dolten et al., 1981) .

In the future, major new discoveries of eil and. gas are more
likely to occur offshore t han on land, because the OCS haS been less
completely expl ored. Such lacge discoveries, Like those recently nade
offshote California and Alabama, ar € also more cost-effective to
develop thanmultiplesmaller di scoveri es (which characterize the
majority of past Guif Of Mexico devel opnents). Thus, the sites of
fucuze oil and gas devel opnent are likely to be those areas that have
not yet been thoroughly explored, and that have geologic potential for
large accumulations Of oil and gas (Edgar, 1%83). Offshore Alaska i S
one acea that meets t hese eriteria. By 1990, 22 percent Of domestic
0il is expected to come from future discoveries, 45 petcent by the year
29000 (Palmer and Kelly, 1983).

!The term “offshore® is used in this report to refer (O state and
federal offshoce lands together, "OCS® to federal lands only.

il
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TABLE 1 offshore Wlls in the United scatesart

Expl orat ory Devel opnent Total

Alaska

State 80 281 361

Federal pi:} - 19

Tot al 89 281 380
California

State 15l 3,185 3,364

Feder al 145 299 444

Total 306 3,484 3,790
Oregon

Feder al 8 - 8
Washi ngt on

S tate 2 - 2

Federal . 4 - 4

Total 6 8
Florida

State 15 15

Feder al 9 2

Tot al 24 24
Lduisiana

State 977 2,904 3,881

Feder al 3,186 12,134 15,320

Tot al 4,163 15, 0. 38 19,201
Texas

State 762 2 5 1,014

Feder al 888 656 1,544

Tot al 1,650 908 2,558
Atlantic

Federal 21 21
Total

State 1,997 6,622 8,619

Feder al 4,280 13,089 17,369

State and federal .6, 277 18,711 25, 988

8Cumulative through 1981. New wells are now drilled on the oCs at the
rate of approximately 1,000 per year.

Bofeshore Wel I's are ‘defined as those beyond natural shorelines.

SOURCE :  Adapted from Anmerican Petroleum Institute (1982).
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CHARACTERI STI CS AND FUNCTI ONS oF DRILLING PLUIDS

Commerci al eil and gas exploration and producti on wells On the OCS are
drilled With rotary equi pment. In rotary drilling, t he well is drilled
by a rotating bit to which downward force is applied. The bit is
fastened to and rotated by a hollow drill skein nade of pipe, through
which drilling £luid | S circulated.

priliing fluids are essential te drilling operations, performing
the following major functions:?

& Removing cuttings from beneath the bit and tramsporting them
to the surface wheze they can be separated from the drilling £luid for
d isposal

e Preventing fornation £luids fzem fl OW Ng into the wellbore by
maintaining a hydrostatic pressure in excess of the fluid pressurein
t he formaticn

e Coating the borehole wall with an i nperneabl e filter cake to
prevent fluid loss in permeabl e formations

e Having sufficiently high gel properties to suspend cuttings -
and f£luid solids when circulation iS interrupted
Helping t 0 support the weight of the drill string
Lubricating and cooling the drill bit and drill string
Having properties that do not interfere With the accurate
geoU3q@-eval uation ef the formation oK the production of
oil and gas.

brilling fluids are cl assified as either water-based or cdl-based,
dependi ng on their principal |iquid-phase conponent. Consistent with
the scope Of thi S report, thi S section i S concerned with water-based
deilling f | uids.

*In completing wells for production and in workever cperations
(periedic Mmai ntenance) special fluids NBY be used:

e A packer fluid may be placed i N the well to counter formation
pressures over a | ONQg period of time.

® In workover Operati OnsS special drilling fluids may be circu-
lated continuously for the limted duration of the operation.

e Special fluids may be used in Simul ation proceduces Such as
fracturing.(Inthis operation, f£luids can sometimes be displaced i Nnto
the formation. The potential for their discharge €Xi St S when the well
ig returned t O production.)

Some fluids used in these cperations, such as seawater, are
innocuous and discharged routinely. Others are ocil-based and disposed
of onghore or are fluids containing high concentrations of soluble
gsalts (e.g., CaCly/CaBr; and CaCl,/CaBr,/ZnBej). These
discharges are quite small relative to other drilling dischacges and
are beyond the scope O0f this report.
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A schematic diagramof a drilling fluid circulation system i s
shown in Figure 1. The fluid s conponents are added through the hopper
and mixed in the tanks. The fluid 1s then punped fromthe tanks dewn
the drill string and through the bit. It sweeps the crushed rock
cuttings from beneath the bit and carries them back up the annul ar
space between the drill string and the borehole Or casing to the
surface. This permits drilling to continue and is the fluid s nost
i nportant function.

DI SCHARGES OF DRILLING ruuips?

After the drilling fluid has circulated through the well and has
returned to the surface, it i s passed through solids control equipment
to renmove the formation drill solids (cuttings). The solids control
equi pment is an integrated System that consists of shal e-shaker
screens®, that renove the coarse particles and hydrocyclonest t hat
renove the sand and silt fractions fromthe fluid. The drill solids
separated by the solids control equipnent ace discharged to the ocean.
This type of discharge is continuous in that it occurs while drilling
is in progress. Typically, these discharges occur about half the time
the eig is on | ocation.
The rates of this type of discharge vary from about 1 to 10
bbi/h¢ (Ayers, 1981). The higher nunber is nore characteristic of
the shallow partof the hole when drilling is fast and the bit di aneter
i s large. Over the life of swell, sone 3,000 to 6,000 bblL of wet
solids are discharged from the solids control equipnment (Ayers, 1981).
After the fluid passes through the selids control equipment and
t he solids are separated, it is returned to the tanks for
recirculation. At this peintanothertype of discharge may be
required. The solids control equi pment cannot renove the fine clay

“This section presents information on di scharges from wells. A
di scussi on of nmass lecading--cumulative'discharge quantities-appears
in the the final section Of this chapter.

“A Series of trays With sieves that vibrate to renove cuttings

fromthe circulating fluid. The size of the openings in the sievesi s
selected t O match the size of the selids in the drilling fluid and the
anticipated Size of cuttings (Petrol eum Extension Service, 1979).

“A centrifugal. device used to remove fine particles of sand from
drilling £1uid. It operates on the principle of a fast-nmoving stream
of £luid being put into a Whirling notion inside a cone-shaped vessel

(Petroleum Extension Service, 1979).

‘A measuze Of volume for petroleum products. One barrel (bbl)
equals 42 U.S. gallons. ome niequals 6.289.7 bbl (Petrol eum
Extensi on setwice, 1979).



Figure 1 Drilling Fluid Circulation System
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and col loidal particles’ that are generated in drilling through for-
mations. As the fluid is recirculated the concentration of these fine
particles continues to increase and eventual |y the fluid becomes tco
viscous for further use. At this time, a portion of the fluid is dis-
charged and the discarded volume is replaced with water and appropriate
quantities of additives to bring the concentration of fine solids back
to an acceptabl e level. This nethod of reducing the fine solids in the
systemis called ‘the dilution nethod.. Less frequently, bul k dis-
charges are made when the type of fluid needs to be changed as when
the bit will be penetrating a particul ar fermation or when the

theol ogi cal properties of the fluid become altered. (The chemistry of
drilling fluids is discussed below) It is alse necessary to

di scharge the entire fluid systemat the end of drilling each
exploratory weil, and sonetinmes after deilling devel opment wells.

Bulk discharges occur only intermttently. Their volumes normally
range from 100 to 1,000 bbl per discharge (Ayers, 1981). A small
vol ume, 100 to 200 bbi, is usual |y discharged every 1 to 3 days (Ayers,
1981), A discharge of 1,000 bbl is typical on conpleting a well or
when the f£luid system must be changed for some reason.

Therate of bul k di scharges ranges fram 500 to 2,000 bbl/h (Ayers,
1981) . Over the life of an exploratory weil, some 5,060 t0 30,000 bbl
of fluidaredi scharged (ayers, 1981). Because devel opment weUs are
normally shal | ower, smaller in dianeter, and require lees tine to driil
than exploratory weils, less fluid is discharged indrilling them

The vol ume of fluid di scharged ranges Wi dely. The di | uti on method
is en efficient way to contzol the concentration of colloids and fine
particles in lowdensity fluids, which contain a mninum of bacite and
additives. (These fluids ace adequate for shallow drilling through=
conpetent rock formations.) Discharge vol umes wiil usual ly be high for
this eype of system since the bulk of the material discharged is water
and the fluids cost is low. On the other hand, high-density drilling
£luids have appreciable quantities of bacite and additives, and ace
ex wmsive, FOor economc reasons, it is desirable to mnimze the bulk
di scharge of these fluids. This is acconplished by the nore extensive
use of solids control equipnent and by increasing the concentration of
chrome lignosulfonate t O deflocculate the fine clay particles and to
reduce fluid viscosity. Thus, the discharge volumes of such
hi gh-density £luids are low compared t0 those of 1less expensive .
low-dengity SysStems. _

The variation in quantity Of di scharged material from well {0 well
is much less if one considers only the quantity of solids--everything
but water-~that i s discharged. ~About 1,000 MM (2,000 tons) of dry
solids (formation solids and fluid additives) are discharged both in
bulk and from solids control equi pment over the life of a typical

TA colleid IS a liquid mixture In which the particles of one
substance are dispersed in another in a continuous phase without being
dissolved. The size of colloidal particles is intheapproximate
range of 10-5,000 Angstrems (Adam 1956).
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exploratory well (Ayers, 1981). The quantity of discharges from

devel opment wells is likely t0 be as much as 25 percent | eSS than that
of discharges from exploratory Wel|sS (Ayers, 1983). :
account for about half the quantity of discharges in dry weight and

formation solids for the ot her half.

THE COMPOSITIONS OF DISCHARGES

Fluid conponents

The discharges from solids comtrol equi pnent and those nade ir bulk
have different compositions. The first contain primarily formation
solids, and the second £luid conponents. Table 2 gives the mineral
conposition ofa shal e-shakes discharge. Thi S sample and others dis-
cussed bel ow acte representative of solids di scharges from -drilling
operations in that the primary constituents ace naturally occurring

TaBLE 2 M neral Conposition of a Shal e- Shaker Discharge From a

Mid-Atlantic- Welld

Mineral Percentage by weight (Dry Basis)

Barium Sulfate
Montmorillonitce
Illite
Kaolinite
Chlocite

Muscovite
Quartz
Feldspar
Caleite
Pyrite

Siderite

21

11

il

8sixty-five percent solids, density 1.7 g/em3.

SOURCE : Adapted from Ayers, Sauer, Meek, and Bowers (1980).
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clay and quartz mnerals. This sample was obtained froma weil drilled
in the md-Atlantic region, about 100 m|es East of Atlantic City, New
Jersey. The small amount of bariumsulfate results from bazite parti-
cles that have adhered to the cuttings particles. The montmorillonite
clay cones from both added bentonite and from formation clays. The
remaining material represents the formation being drilled at that tine
and consists primrily of clays, quartz, and | ow concentrations of
calcite, pyrite, and siderite. his particul ar shale-shaker sanple
contained 65 percent solids and 35 percent water. The ampunt of water
in these discharges ranges from 20 to SO percent.

“The conpositions of drilling fluids vary with both the depth and
the Location of the well., In the shallow portion of the hole the fluid
used usual |y consists of 10.w concentrations of bentonite and sodi um
hydroxide in seawater (*spud nud”). As hol e depth increases, the
system may be converted to fresh water with nore bentonite, lignite,
lignosulfcnate, and barite added. Also, if problems in drilling ececur,
specialty chemcals may be required (see Table 6). The vast mjority
of £luids di scharged on the qcs are like the two conpositions shown in
Table 3. One is a lowdensity and the other a high-density £fluid. The
hi gh-density sample represents the final conposition of the fluid used
inawell inthe GQulf of Mexico, and the |owdensity one represents a
£luid used in the late stages of drilling a md-Atlantic well. The
hi gh-density fluid weighs 2.1 g/em® and contains 62 percent barite

TABLE 3 Representative Fluid Conpositions

Concentration (wes)

Low Densitj‘si Hi gh Density®

Conponent (1.19 g/cm (2.09 g/emd)
Barite : 15.0 62.0
Low gravity solids 6.5 5.9
Chrone lignosulfonate 1.0 0.9
Lignite 1*0 0.9
| norgani c salts 0.7 0.5
Wt er 75.8 29.8
2 pH 11.4.

b pH 12.4.

SOURCE: Adapt ed from Ayers (1981).
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and 30 percent water. ‘She lowdensity fluid weighs 1.2 g/cmd and
contains 15 percent barite and 76 percent water. The concentrations
of otheringredients in the two fl ui ds—Lovv-_ﬂqravity solids, chrone
lignosulfonate, and lignite--are simlar. e lowgravity solids ace
bentonite clay and formation soli ds.

Trace metals in deilling di scharges originate fromboth formation
solids and £luid additives. Representative metal concentrations for a
shal e-shaker sample and a £luid sample are shown in Table 4. These
sanpl es were taken f£remawellinthe mid-Atlantic. [he presence of
barite causes the bari Um concentzation to be much higher than that of
any other metal.Chromiumalse OCCUrS incencentrations hi gher than
those normally seen in formation solids or sedi ments. The chromum
comes fromthe additive chreme lignosulfonate. BOth barium and
chrom um concentrations ace hi gher in the fluid than in the shalee
shaker sample because these netals come frem fluid additives? and eonmly
a small quantity of fluid additives adheres to the cuttings when they
are screened out.® The other metals shown i n Table 4 are present ia
concentrations conparable to those nozmally found in formation solids
or sedinents.

COMPCONENTS OF WATER-BASED DRILLING FLUIDS

Five major conponents (barite, clays, lignosulfonate, | ignite, and
caustic soda) account for OVEl 90 percent of the solid components of
wat er - based driiling fluids (Perricone, 1980) , as | S illustrated in °
Table 5. Appendix a provides a review Of the functional components of
deilling fluids. These five conponents and water account for~uver 98
percent of the NASS (or VOl UNE) of drilling filuid discharged tO0 the

ocs. These components, in decreasing oeder of use, are the follow ng:

s Barite, a mineral containing % to 90 percent baeium sul fate,
which is used t 0 increase the density of the deilling fluid tO control
formation PressSures. Insome cases,concentrations as hi gh as 700
1b/bbl may be used. Depending on its source, barite NBY contain low
concentrations Of gquartz, chert, silicates, and other M nerals and” al so
trace levels Of metals.

e Bentonite, t he clay mostcemmonly USed ia drilling fl ui ds.
Sodium montmorillonite Cl ay in concentrations of 60 to 80 percent IS
the predominant ingredient. Silieca, shale, calcite, M ca, and feldspar
age COMMDN i nmpunities in bentonite deposits. Bentonite is used to
mai ntain the theol ogi cal properties required to remove t he cuttings
from beneath the bit and caery them to the surface. Bentonite also

*The quantity Of additives that adheres to cuttings depends en
the depth Of water im which the cuttings are di scharged (zesidence
time) , and the mixing energy of the water column. As Mmuch as 20
percent Of additives may adhere to cuttings in a shallow water, low
energy envirqQnment.



TABLE 4 Representative Metal Conpositions

Concentrati on {mg/kg)

Met al Shal e shaker2 Fluyidl

Barium 3,160 37,400
Chrom um 44 191
Cadm um <2 <1
Lead . . 10 3
Mercury <1 <1
Ni ckel - 15 4
Vanadi um 11 5
Zi nc 80 50

a2 77.1 percent solids, 1.9 g/end,
B 21.0 percent solids, 1.16 g/emd.

SOURCE : Adapted from Ayers, Sauer, Meek, and Bowers (1980).

TABLE 5 Drilling Fiuid Conponents and Additives Used in the United States

i

Conponent Percentage of Total
Barite 63.0
Clays : . . 24.0
Lignosulfonate “ 2.0
Lignite 1.5
Sodi um hydr oxi de 1.5
OQther additives% 8.0

8special additives to oil-based drilling £luids are included in this
estimte.

SOURCE :  Adapted from American Petroleum Institute (1978} .
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prevents fluid less by providing filtration control while drilling
through perneabl e zones. The Concentration of bentonite in drilling
£luids normal |y ranges from 5 to 35 1lb/bbl.

e Lignosulfonates, Whi ch are nornally used in drilling fiuids in
concentrations ranging from 1 to 15 1lb/bbl. Lignosulfonates ace
derived from the sulfite pul ping of wood chips to produce papes and
cellulose. Chrome lignosulfonates, the most widely used deflocculant
in drilling fluids, are prepared DY treating lignosulfonate With sule
furic acid and sodium dichromate. Sodi um dichromate OXi di zes the
lignosulfonate and cross=linking occurs. Hexavalent Chroni um introe-
duced by the chromate is reduced during the reaction to the trival ent
state and conpl exes with the lignosulfonate. Lignosulfonates contrel
viscosity in water-based drilling £luids by aeting as thinning agents
Or defiocculants forclay particles. The chrome appears to bind onto
the edges of clay particles at hi gh downhole tenperatures, reducing the
formation ofeolloids (Skelly and Dieball, 1370).

oLignite (soft coal) which is used in drilling fluids as a clay
deflocculant and to control filtration rate. The concentration of
lignite in drilling £luids normal |y ranges from 1 to 15 lb/bbl. Nest °
of the drilling-grade lignite, leonardite, | S mined in NOorth Dakota.
The chief constituent of thi S naturally occueing OXi di zed lignite is
humic aeid.

e Sodium hydroxide (caustic soda), which is normally used in
deilling fluids in concentrations sufficient to maintain a pH of 9 to
12, A pH greater than 9.5 is needed to obtain Maxi NUM deflocculation
from the chr one 1lignosuifonate and to keep ligniteinsolutiom.A
basicpHalsolowers COIrosion rates and provides protection agai nst
possible hydrogen Sul fide contam nation by suppressing m crobial
growth.

A large nunber ofother additives are avail abl e foruse inwatee~
based drilling £iuids (Anerican Petrol eum institute, 1978)}. These
additives, which have been formulated t O meet specific needs, range in
complexity from simple | NOrgani C salts to Or gani C polymers of high
molecular Wei ght. Typically, only a few aze used on any One well, and
they are used in low concentrations (Moseley, 1981). Table 6 Qi veS the
operating objectives of the most frequently USed and enviconmentally
significant additives in water-based drilling fluids, and indicates
their ranges of concentration and frequenci es of use.

Wt er - based driliing fluids and deill cuttings sonetines contain
quantities of hydeocarbons (usually diesel fuel {No. 2 fuel oil]) in
greater than trace amounts. This occurs when diesel fuel is added to
the fluid System to reduce torque and deag. AS much as 2 to 4 percent
diesel nBy be added te the bulk fluid system to | Nprove lubecieity (a
gelatively common operating practice in the Gulf of Mexico). &
st andar d technique £or fzeeing the deill pi pe should it become stuck,
is {0 punp a "pili® of diesel fuel or oil~based drilling £luid down
the drill string and "spot® itinthe annulug ar ea where the pipe is
Stwk . The pill may or nmay not be kept Separate from the bulk drilling
fluid system, recovered, and disposed of onshore. Even when t he pill



TABLE 6 Special additives and Their Uses

Addi tive Qperating Chjective Concentrati on Frequency of use2
({1b/bbl)
sodi um bi carbonat e Elimnate excess caleium i0NS 0.1-4 Very common
due to cement contami.nat.ion
by preci p|tat|n% cal cium as
cal cium carbonate.
Sodium chloride M ni m ze borehole washout -in 10-125 Rare
salt zone by preventing
dissolution of salt formation.
Gound nut shells, mica, Minimize loss of drilling fluid ’ 5-50 mm
or cellophane to the formation by adding
material to plug the ‘thief”
zone.
Cel lul ose polyners or Counter thick, sticky filte 0.25-5 Very Conmon
starch cake; decrease £iltrate loss
to formation. .
Al umi num stearate or Mnimze foaning. 0.05-6.1 comon
al cohol s
Sodiwm chromate Reduce viscosity increase 0.1-2 Rar e
in high tenperature wells; aid
deflocculation Of 1lignosulfopate.
Diesel, veget abl e or Reduce torque and drag on the 2-50 , Conmon

m neral oil lubricant

drill string by preventing it
from sticking.

(A4



TABLE 6 (continued)

)

Additive .Operating Objective Concentration Freguency Of Use2
{1b/bbl)
pily Of oil-based counter differential pressure 100-300R Common
spotting f£luid sticking of dril}l string. (Pill
is placed downhole opposite
contact zone to free pipe. After
pipe 1S free, the 0i | -contam nated
mud s collected and may Or may NOt
be discharged to the Ocean depending
on operational circunmstances. |
Paraformaldehyde Retard bacterial degradation in 0.2-2 Very common
bactericide polymer starch £leid systems;
prevent casing String corrosion 0.2-2 Very common
in devel opnment driiling when added
t 0 £luid left behind the casing.
Zinc conpounds Count er hydrogen sulfide contami- 0.5-5 Common
nation by precipitating sulfides.
‘ Pot assi um Chloride Prevent shal e swelling and 20-95 Rare
sloughings i Nprove wellbore
stability.
Biopolymer Provi de viscosity in drilling £luids 0.2-2 Rare
with high salt concentrations.
Aghestost I nprove solids-carrying capacity; 1-10 Very rare

1ift formation drill solids out
of the hole.
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1978 and the concentratiomns of additives used.

[z Ri-2

Concentrati on of oil in the pill of fiuid.
The use of asbestos is prohibited im nost

0CS regi ons under EPA's NPDES program.

SOURCEs Adapted from American Petroleum Institute {1978) and Moseley (1981).

Characterizations are expert judgments, based in part on the quantities of additives sold-in

€2
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is recovered, a smal| anmount of diesel fuel fromthe pill may become
mxed with the sulk drilling fluid. Discharges of water based drilling
fluids containing diesel fuel are not prohibited in the Gulf of Mexico
provided the discharge does not cause an oil sheen on the water surface
or an 0ily sludge on the seafloor.

T8 CHEM STRY OF DRI LLI NG FLUI DS

The chemstry of drilling fluids is conplex because of the diversity
of conponents that may be used and the high tenperatures and pressures
that may be encountered at depth. as slurries,- drilling fluids have
some attributes of liquids, yet tests used in aquatic chemstry are
of ten inap(s)rOﬁriate for them because of their high solids ‘contents.
To confound the chem sts further, seil chemistry procedures are often
not appropriate because of the high water content of drilling fluids.
Further conplicating matters,thehigh tenperatures and pressures
encountered in some wells can dramatically affect chemical equilibria.
- Water-based drilling fluids are colloids, suspensions of fine
particles in solutien. Understanding their chemstry begins wth
under standi ng the behavi or of colloidal clays in water. Organic
colloids are also present in drilling fluids, and, like inorganic
Coil.oids? are chenmically active. The particle Sizes of these chenical
groups are SO small that properties like viscosity and sedimentation
velocity are control | ed by suzface chem stry phenonena. Furthernore,
t he surficial | ayers oftheclay particles, and in sone cases organic
mol ecul es, are charged. Clays particularly have high surface area to
volume rati os and therefore high charge to mass ratios. End-to-end,
side~to=side -aggregations that form as a result are the basic
mechani sns of floccul ation and viscosity, and areessential to under’
standing thinning nmechanisnms. Gay etal. (1980) provide several good
sections on clay chemistry and discuss colloidal interactions? as does
van Olphen (1977).

Wth the exception of electrochenical> changes in clays, nost
drilling-fluid solids do not undergo chem cal changes as a result of
‘the tenperatures and physical conditions that occur in drilling. Even
so, maintaining theological properties with increasing depth of
drilling i S a NMBj Or technical challenge because of the increased
tendency of clays tofloccul ate at the higher tenperatures encountered.

Carney and Harris (1975) grouped drilling=fluid additives according
to their thermal stability. Their discussion of thermal degradation
of lignosulfonates and the work of skelly and Kjellstrad (1966) are
important to understanding drilling=-£luid chemistry. Clay particles,
whi ch in slurry form provide | ubrication, tend to aggregate. To retard
this process, the drilling £luid may be diluted With water if it
contains a mninmum of selids; in heavier fluids, chemcal thinners Iike
ferrochrome lignosulfonate NBY be added (McAtee and Smith, 1969).
Chrome lignosulfonate adsorbs on the edges of clay particles and
prevents them from floccul ati ng (skelly and Dieball, 1970). Athigh
tenperatures, higher concentratiions of chrone lignosulfonate are
required (comea:e drilling fluids 7 and 8 in Table 7) because the

~
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chrome lignosulfonate undergoes thernal degradation (Sone pelymeriza-
tion occurs in this reaction, releasing carbonates? bicarbonates, and
sul fates). Wen the concentration of fine particles becones so great
that flocculation can not be controlled thzough the use of additives,
the drilling fluid nust be replaced.

DRI LLI NG FLUI D componENTS AS coMMERCIAL PRODUCTS

The drilling=-fluids i ndustry has grown t0 be a major ocilfield service
indusgry WOrl dwi de. Four U.S. companies control approximately $o
percent of t he world market. In the United States, smaller companies
are better able t0 conpete and may capture 25 percent of domestic sales
{Eseott and Wal ker, 198l)}. Each of the four majer conpanies is inte
grated to the extent that it mines, processes, packages, distributes,
stores, and delivers to the well Site the major bulk products (e.G..
barite and bentonite). These conpani es alse provide onsite consulting,
including operating reconmendations and product information and
testing.

some of the conponents of drilling fluids (e.g., caustic soda) ace
commodity chemicals widely produced and used. Others are specialty
products developed for and used exclusively in deilling fluids. While
the commodity chemcals do not represent a large number of avail able
drilling=£luid products, they do represent the major pact of drilling
flniid additives by weight and are present in nearly all drilling

uids.

The significance of the distinction between commodity chemi cal s
and specialty products relates t 0 the information avail able on chem cal
composition. Chemical i nformati on on commodity chenical s is widely
avail abl e and usualiy appears in detail on product containers or tech=
nical data sheets issued Dy the responsibl e company. Chemical informa=
tionon specialty products may or may not be as specific, depending on
the product's patent status. |nformation oa patented products and
systems | S usually avail abl e and in the public donmmin. Products not
patentable or for which patents have not been issued are usually
described in less chemical detail. However, chemical family names at
least are available, and nore specific data may be rel eased if required
for product registration or approval.

If regulated hazardous SUDSt ances are included | N the product,
these compounds will be listed in the required terms on the container,
in the product Literature, or on the Material Safety Data Sheet
{Occupational Safety and Bealth Administration (OSHA) Foem 20). Com-
plete information on the composition of bacterici de is required undez
the Federal Insecticide, Fungicide, and Rodenticide Act. With these
exceptions, however, neither chemical formulas mozx Manufacturing
processes Al € described. This allows t he manufacturing company to
maintain a stronger market position W t h regard to a produet or system.

The development Of drillinmg fluid products is driven by the Sane
forces that drive the devel opnent of other specialty them kal s===
availability of resources, peoven product perfornmance, proven macket=-
ability, aval |l abl e technolegy, and favorable return ON i nvestnent
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(McGuire, 1973). Their constraints are simlar--conpetition, changing
markets, government regulations, and customer demands. Drilling-fluid
servi ce compani es undertake the majority of product-rel ated research
and devel opment ? but much is al SO performed by mmj or oi | conpani es?
chem cal conpanies? and acadenmic and research institutions. As in the
chemi cal industry generally (Ashford and Heaton, 1979) ; government
regul ations protecting the health of the worker, the public, and the
environment have caused the devel opnent ofadditional health and safety
data, peeduct substitutions or modifications, and renovals of products
fromthe market. These regul ati ons have prompted the development .of
some products that aze designed to be not only functional but nore
“environmental |y acceptable’ (Jones et al., 1980), for exanple, by
substituting mineral orvegetable oil for diesel.

In part because of the nunbers of commercial chemicals used in
drilling fluids, drilling £luid conpani es seek to protecttheir market
positions through the use of trade names. A list of drilling-fluid
components (Wight and pudley, 1982) suggests thereare thousands of
such components, but the profusion of trade names nmakes the |ist con
siderably redundant (Anmerican Petroleum Institute 1978). Appendix B8
lises functionally equivalent products of the four |eading drilling-
fluid service conpanies.

TRENDS | N OPERATI NG sracrices: CENERI C DRILLING FLUIDS

Wil e nunerous products are available for use in deilling=fluid
systems (Wight and budley, 1982) , in practice the nunber of generic
chenmicals (as opposedts trade-name products) is limted. In 1978 the
O fshore Qperators Conmmittee (0o¢) and the U S. Eavironmental Protec-
tion Agency (EPA), Region Sl1, capitalized on this uniformty by

devel oping the generic drilling-fluid concept. Ei ght basic drilling-
fluid systens were designated that enconmpass nost drilling £luid types
comonly used of fshore. These systems are described in Tables 7 and 8
(Ayers, sauer, and Anderson, 1983). The inpetus behind identifying and
using these categories is to address the toxicity of drilling dis-
charges under Sec. 403 of the Clean Vter act by providing Eea with an
under standi ng of, and control over, drilling-fluid formulations and

di scharges without requiring” operators to perform redundant biocassays
and chemical tests for everypernitted discharge. The concept alse has
been adopted in EPARegions I (for Georges Bank), II (Baltimore Canyon
region), and | X (for California), and i S being comsidered for use in
EPA regi ons III (mid-Atlantie), IV (eastern Guif of Mexico), VI
(Western Qulf of Mexico), and x (Al aska).

The eight generic drilling fluids in the tables were identified by
reviewing permt requests in epa Region i and selectingthe m ni mum
nunber of fluid systems which wouldcoveral | oftheprospective
permts. The eight generic fluids contain primrily majer components
and do not consider specialty additives. Therefore,lists of fre-
quently used additives have ‘al so been devel oped in each region. EPA
has required that biocassaysofboth genericdrilling fluids and addi-
tives be conpleted asacongition of their initial approval (see, for
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example, Table 9) . Drilling operators may use an additive that i S not
on the approved |ist if data are submitted to EPA prior to itS use on
its chemcal conpetition, rates of use, and toxicity. Such special
di scharges are approved case by case. Once bioassay tests on an addi
tive have been conpleted, the additive may be added to the approved
list, provi ded it does not significantly alter drilling=fluid toxicity
(Jones and Hulse, 1982)., All permits provide for ' emergency use® of
specialty additives.

TWo or three generic drilling fluids My be used in a well. For
example, initialdrillingis usually conducted With a spud £luid. As
deilling processes, increasing amounts of weighting agents and
thinnegsare added. Thus, one drilling program may call successively
for a spud £luid, a lightly treated lignosulfonate £luid, and then a
lignosulfonate freshwater £luid., Another progeam may call for a
potassi um chloride (KC1) system. ThiS system makes extensive use of
pol ymers to centrel VisSCOSity, W th bactericides Sonetimes added to the
system to keep the polymees from degradi ng (IMCO Services, 1978).

Sone generic fluids aze saltwater fluids, others are freshwater.
Sal twater fluids, comonly wth concentrations ofsalt greater than
10, 000 ppm, are used when drilling salt sections that would collapse
if freshwater fluids were used, When resistivity control | S needed,
when drilling through- bentonite Shal es, or when fresh water is not
available in large quantities. The addition of saltwatez to freshwater
fluids | ncreases viscosity and reduces gel strength with resulting loss
of £luid. Certain properties are morce difficult to maintain in salte
water than in freshwater fluids. Saltwater £luidsrequiremore dis-
persants and deflocculants to control Vi SCOSity and to maintain gel
strength. ®or these reasons, calcium salt or lignosulfonate is
frequently added to them

Drilling £luids nmay also be either inhibitive ornoninhibitive
(Hought on, 198L). The first does not alter the formation Once it is
cut by the bit. In contrast to the sinpler noninhibitive fiuids, they
inhibit disintegration and retazd hydrati on of drilled solids and
comercial (added) eclays, and they stabilize the bozehole.

Bri ef deseriptions, drawn largely from IMCO Services (1978),

i ndi cate the natures and utilities of the eight generic £luids
described im Table 7.

1. Potassium/polymer fluids are i nhi bitive fluids used for
drilling through soft formations like shale where sl|oughing may occur.
Polymers are used to NI ntaln their Vi sScoSIty. These £luids cequize
little thi nni ng with fresh or salt water.

2. Seawater/lignosulfonate fluids are | Nhi bitive £lsids that
function well under a vaciety of conditions. They are thought to
mai ntai n viseesity by bi ndi ng lignosulfonate cations onts the broken
edges of clay particles, reducing floccul ati on and maintaining gel
strength. They control £luid loss and MAI Ntai n borehole Stability.
They are easily altered for more CONplicated downhole conditions,
e.g., higher temperatures.
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TABLE 7 Generic Fluid systems (EPA Region II)

Type of Fluid Component s Perm ssi bl e Content
{(1b/bbl)
(1) Potassium Barite 0- 450
pol yner Caustic soda 0.5-3
Cel | ul ose FOl ymer 0.25-5
Drilled solids 20-100
Pot assi um chl ori de 5-50
Seawater or fresh water As needed
Starch 2-12
%C pol ymer 0.25-2
(2) Seawater/
lignosulfonate Attapulgite OI bentonite 10-50
Barite 25-450
Caustic soda 1=5
Cellulese pol yner 0.25-5
Drilled solids 20-1090
Lignite 1-10
Lignosulfonate 2-15
Seawat er As needed
Soda ash/sodi um
T bi car bonat e o - 2
(3) Line Barite 25=180
Bentonite, 10-=50
Caustic soda 1-5
Drilled solids 20-100
Fresh water or seawater As needed
Lignite 0~10
Lignosulfcnate 2-15
Li ne 2-20
Soda ash/sodi um
bi car bonat e 0-2
(4) Nondispersed Acrylic pol ynmer 0.5-2
Barite 25--180
Bentonite §-15
Drilled solids 20-70
Fresh water or seawater As needed
.(5) Spud (slugged Attapulgite or bentonite 10-' 50
intermttently Barite 0-50
with seawat er) Caustic soda 0-2
Li ne 0.5=~1
Seawater as needed
Soda ash/sodi um
bi car bonat e 0-2
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Type of Fluid Conponent s Perm ssi bl e Content
{1b/bbl)
(6) Seawat er/ Attapulgite or bentonite 10=50
freshwater gel Bar ite 0=-50
Caustic soda 0,53
Cellulese polymer 0=2
Drilled solids 20-100
Lime 0=2
Seawater or fresh water As needed
Soda ash/sodi um
bi carbonat e 0=2
(7) Lighly treated Barite 0-180
lignosulfonate Bentonite 10-50
freshwater/ Caustic soda 13
seawater Cel [ul ose pol yner 0-2
Deilled solids 20=-100
Lignite 0=¢
Lignosulfonate =6
Line 0=2
Seawater~to-freshwater catio 11 approxi mately
(8) Lignosulfonate Barite 0=450
freshwat er Bentonite 10=50
Caustic soda 2=5
Cellulose polymer 0-2
Deilled solids 26=100
Fresh water As needed
Lignite 2=10
Lignosulfonate 4=15
Li me G=2
Soda ash/sodium
bicarbonate 0=2

SOURCE: Adapted frem Ayers, Sauer, and Anderson (1983).



TMLE & Characterizations of pieldbeillingFluids used in the Joint Industry Md-Atlantic Bioassay Program

Cener al  #luid Types

(1) ) 13) (1) (5] (6) m_ (8)

KCl/ SW Ligno- Ligno- Ligno-

Polymer sul fonated Lime Wend i specrsed Sw spud SW/PW Gel sulfonate sulfonate FW

Component (1b/kbl)
Barite 18.0 176 64.0 10.8k 2 21.2 9.0 15.1
Bentonite/drill solids 18.0 32.1 20.0/30.0 20.0%9.0 - 22.0/52.0 9.78214.10 25. 0/48. 0 15.1/28.1
Chrome 1ignoauslfonate 0 1.88(2. g)8 3.5 0 0 0 4.0 1.7152
Lignite 0 0.9k 1.0 0.1 0 0 5.0k 2.82
Polyanionic cellulase 0 6.2k 0 1.0 [} nAkK 0.5 o)
Caustic Scala 2.0 0.9b 1.5 -] d 0.42 e 1.28
Other KCl (16.0) 10.0)/ (1.5)8 0.1/ (0.11/
Sal t Lime Cws Lime
Properties

Fluid density (lb/gal) 9.3 12.1 10.4 9.4 9.2 9.1 9,6 9.3
Percent aolida (wt %) 18.3 43.5 27.8 21.0 21.7 11.6 24.1 16. 4
ph 11.5 4 10.0 e e € 10.8 9.0
Chlor ides (mg/1) 38, 000 e e 1,200 e 250 7,5'00 1,800
Calcium {mg/1) e 650 ilme & 3 40 e 40
Oil and greasef 2,200 1,800 180 290 70 40 50 80
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TABLE 8 [cont. )

General Fluid Types

(1Y) 12) £3) 84} {s) «  {6) (N {8)
Kci/ W Ligno- . LT Ligno- Ligno-
Polymer sulfonate? Lime Nondispersed §W Spud SW/FW Gel sulfonate sulfonate FwW
Metals®
{ppe--whole £iwid)
Arsenic 1 2 3 2 3 2 3 k]
Bagium 24,808 141,000 76,200 13,000 2,800 25,600 11,500 14,000
Cadre jum 1 1 1 1 3 1 1 1
Chronium 24 227 192 60 16 2 265 48
Coppes 2 13 8 7 ) 2 26 4
lead 2 1 4 2 4 1 24 9
Mercury 1 3 )3 3 1} 1 1 1
Nickel 6 8 3 6 1 6 8
Vanad fum 9 18 27 22 35 6 30 18
Zinc 20 18k 58 . 16 23 12 82 15

2 Acronyms explained in Table 7.

b Estimated concenteation outside zange designated Aim generic £luid syatems {Tablel).

€ Chrome lignosuifonate cgncentration estimate from chsomium content calculation ¢3¢ Cr im chrome ) ignosulfonate).

d Other components in DCL Eludds ash (4.0), aluminum stearate (0.5), sawduat {<.1), Lime (<.}, sucfactant (<.01), NO

paraformaldehyde.
€ Not measured.
£ oit and 9fease analyses conducted byEnerqy Resources, Cambridge, Hass.

2 Metals amalysis conducted by SCR, Mouston, Tex.

SOURCEs Adapted from Ayers, Sauver, and Anderson {1883).

1€



TABLE 9 Summary ofBloassayResults Of Mid-Atlantic Generic Drilling Fluids®

Y0 hour 1es0 in ppm
For Mysid ‘Shrimpd

Peccant survival of
Hard Shell Clams’

Type of .
br J11ling Fluid Liquid Phase Suspended Particulate Phase  Solid Phase (Controls)
(1) ssi 000€ 25, ook 90 (eg)e
poreselub/polimes 88 £ 0g 20,9008 8100)4
(2) Lignosulfonate sea- 283,500 53,200 83(100)&
) wat er 800, 000 070. 000 70(94)€
{3) Line 393,000 66, 000 100%100)
1,000, 000 860, 000 4 (100)
{4) Nondi a " . 1,000, 100( 100
tondisperee 800 5100, 000 ko)
(5) Seavater spud >1, 000, 000 >1, 0000000 100(100)
>1, 000, 000 »1,000,000 100 (100)
(6) Seawater/fresh- >1, 000, 000 >1,000,000 100( 100)
" vater gel >1, 000, 000 >1 a0, 000 100 (100)
(71 Lightly treated >1,000,000 .>1,000, 000 97(98)
lignosulfonate >1,000,000 >1-000,000 100(100)
fresh water/sea-
wat er
(8) Lignosulfonate >1,000,000 506, 000 995100)
fresh water >1, 000, 000 >1,000 ,000 9( 1007
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NOTE: Characterization of Toxicity (IMCO/FAO/UNESCO/WMO, 1968)

i»

=2

(1= |-}

(1.1

LC50 Value (ppm}) Joxicant Cl assification
»10,000 practically nont oxic
1, 6300- 10, 000 Slightly toxic
100-1,000 Moderately toxic
1-100 Toxic
<1 Very toxic

1CS0 values are expressed as ppm and must be NUItiplied by 0.20 to obtained values for
arilling €luld used [ O €ormulate phases.

pPhysical phases of drilling fluids were extracted from a2 l:4 mixture Dy volume of fluid and
synthetic or natural sea water. Test Organi sm for the ilquid and suspended particulate phases
was the mysid shripm {Mysidopsis bahia), and for the selid phase was the hard shell clam
{Meccenar fa_mercenaria). Protocol for testing was established by EPa Region 11 in conjunciion
with the Mid-Atlantic Operators.

First values given in these colums were deternined by Energy Resources, Cambridge,
Massachusetts.

Second values given in these colums were determined by Normandeau Associates, Bedford, New
Hampsh ire.

Statistically significant differences (a = 0.05) in survival between clams exposed to the
solids phase of fluid and control sedinent.
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3.Lime (or calcium fluids are inhibitive fluids in which calcium
bi nds onto clay. The clay platel ets are pulled together, dehydrating
them and rel easing absorbed water. The size of the particles is
reduced, and water | S released, resulting in reduced viscosity. wmore
sol i ds may be maintained in these systems with a minimum of viscosity
and gel strength. These fluids are used in nydcatable, Sl oughi ng shale
formations. .

4. Nondispersed fluids are inhibitive fluids in which acrylic
serves t0 prevent fluid [oss and maintain viscosity. They also provide
filmp:dwed penetration, which is inpeded by clay particles in dispersed

uids . :
5. Spud fluids are noninhibitive, Sinple mixtures used in the first
1,000 (300m) or so of deilling.

6. Seawater/freshwater gel fluids are inhibitive fluids used early
in drilling OS I N simple drilling Situations. They provide good fiuid
control, shear thinning, and |ifti n? capacity. Prehydrated bentonite
that flocculates is used in such freshwater or saltwater £luids.
Attapulgite is used insaltwater fluids when fiuid less is not
i mportant. -

7. Lightly treated lignosulfonate freshwater/seawater fluids
r esemble seawater/lignosulfonate f| Ui dS (type 2) except that the salt
content is less. The viscosity and gel strength of these fluids are
adj usted through additions of lignocsulfonate and caustic seoda.

8. Lignosulfonate freshwater f£luids resenble fluid types 2 and 7,
except that lignesulfonate concentrations are higher. These fluids are
suited to high-tenperature deilling. Increased concentrations of
lignosulfonate will resultin heavily treated fluids ofthistype.

As t he desecriptiemsofthegeneric fluids indicate, these fluids
share numerous properties. The mmj or ones are containingeither fresh
water or seawater, being inhibitive or noninhibitive, and being non-
di spersed or lignosulfonate-treated polyners. Certain conponents are
shared by fluids im each of these categories, for example, the weight-
ing agent barite, and the caustic soda used t0 control pH.

The concept of generic deilling fluids was devel oped initially for
exploratory wells. Its application to devel opnent wells (the najority
of those drilled) isrecent.Thedifferences between. discharges from
exploratory and devel opnent wells have been assessed (Boothe and
Presley, 1983), and canbe addressed within the framework Of generic

deilling fluids.

THE REGULATION oF DRILLING DI SCHARCES

Princi pal autheeity to regulate the discharge of drilling fluids and
cuttings in offshore eil and gas activities rests with E®A through its
National Pollutant Discharge Elimnation System (NPDES}, which Was
establ i shed under Section 402 of the Clean Water Act {(formerly the
Federal Water Pollution Control Act amendments). The M nerals
Managenent Service (MMs) of the Department of the Interior also
control s disgharges through lease stipulations and ocs operating



35

ordegs under the authority of the outer Continental sheif Lands act
Amendments of 1978.°

The Clean Water Act requires that point-source discharges of pol-
lutants achieve effluent |imtations through use of the "best practi-
cable control techmology currently available * (8er) . EPA determnes
BPT |imtations foe categories of indus tr ial dischazges and promul gates
n ational guidelines for regional. peemits concerning the pellution
control a di scharge will achieve while utilizing BPT.

BPT limitations relevant to drilling fluids are contained in the
limitations for the oil and gas extraction industry (40 CFR 435) .

C utr ent 1 imitations mentiom only oil and grease. These adopt the "no
free oil standard ® established undes the oil discharge liability pro-
v is ion of Section 311 of the Cl ean Water act. This standard prohibits
any di scharge that woul d cause a film K sheen on t he surface of the
w ater Of a sludge Or emuls i ON tO be depos i ced beneath the surface of
the water (40 CFR 110). Discharges that cannot mee t this standard ar e
to be disposed of on hindat a dunp Site approved under RCRA.

Under Sec. 301 (c) of the Clean Water Act, EPA iscurrentlydevelop<
ingstandards ‘concerning the Best Available Technol ogy Econonically
Achievabl e (BAT) . These standards may include a prohibition on the use
of  diesel fuel, requirements for bicassays, t he use ofgeneric fluid
categor ies , and new conpliance teets.

Section 306 of the Clean Water Act I equires new source performance
standards for di scharges through application Of the "best available
demonstrated central technol ogy”, rzeflecting the gr eatest degree of
effluent reducti on. Such standards have yet to be promulgated for
drilling fluids .

NPDES permts, wh ich az e issued through EPA's regional offices,
mus t be preceded by determnations under Section 403 (¢ ) of the Clean
Water Act that the discharges will not  esult in unreascnable degrada-
tion of the mar ine env iromment. This section , and its inpl enenting
I equlations , the Ocean Discharge Criter ia (40 CFR Part 125) issued in
1980, 10 pr Wi de a two-tiered test of degradation. Based on informa=
tion supplied by the appl.|eant and other relevant mater ial, the
regional administrator assesses the potential £er ®unreasonable degra =
dation®: Significant adverse changes in ecosystem divessity and pro=-
duetivity and in the stability of the biological communities within and
sugrounding t he area of di scharge; threats to human health through
direct exXposure to pollutants or consumption of exposed aquatic
organisms; or lo8s of aestheti C recreational, scientific of

$In territorial waters, states may also impose reguirements on
.discharges, either through administration of NPDES permit prograns
(vhere states have been delegated such authority by EPA), or through
gseparate state regulations. States cannot be less restrictive than the
EPA in administering NPDES permit programs.

t sPrior to 1980 , theissuingofpermits WAS guided by the ocean
dunpi ng regul ations, 40 CFR 227, Whi Ch ¢ eguiz e b icassays and the cal-
culation Of the "limi ting permiss ible concen tration® (LPC) of the
di scharge following dilution.
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econom ¢ val ues unseasonable in relation to the benefits derived from
the activities leading to the discharge. Such determnations depend
on the location of the discharge, the presence Of special aquatic
sites, and the nature of the discharge including itscomposition,
potential toxicity through bpicaccumulation, and persistence and
transport in the marine environnent.

|f the proposed discharge is found not likely to cause unreason-
abl e degradation then it may be permtted. |f information is insuf-
ficient to determ ne whether unreasonable degradation will oecuz, N0
permt may be issued unless another determnation is made that the
discharge will not cause “irreparable harm.® Irreparable harmis
defined as significant undesirable effects, occurring after permt
I ssuance, that will not be reversed by ceasing ormodifying the dis-
charge (Section 125.121(a) of the Clean Water aet). 1In such cases, it
must be H']udged that the discharge will not result in irreparable harm
during the peried in which nonitoring can be conducted, and that there
are no reasonable alternatives to onsite dispesal of the wastes. The
di scharge must neet a numberofconditions, among them it may not
exceed a limti n? perm ssi bl e concentration (Lecy for the liquid and
suspended particulate phases of the waste follow ng dilutions nmeasured
fromthe boundaryof a m Xxi ng zone(defined as 100 m from the point of
discharge): it my not exceed the Lp¢ for the solid phase or result in
bioaccumulation; permit conditions may require environnmental nonitoring
of discharges orother appropeiate conditi ons.

Drilling fluids determ ned unacceptable for disposal under the
Qcean Discharge Criteria or under State authority interritorial waters
may be considered for ocean dunping at a designated ocean dunp site for
land disposal. In federal notes of discharges and dunpsite designa-
tions are authorized under Title 1 (The 'Ccean Dunping Act”) of the
Marine Protection, Research and Sanctuaries Act. The regulations that
I mpl ement this aet (40 cFr 220-229) provide for the calculation of a
limting permissible concentration based on liquid, suspended particu=-
late, and solid phase bioassays. Land disposal is regulated under the
Reseource Conservation and Recover, Act (RCRA).

EPA's Region 1x (San Prancisco) i ssued the first of f shore wneDES
permt, to the shell 0il Conpany, in 1976. It |ater issued pernits for
the Atlantic and the Gulf of Mexico. Also, wells have been drilled
of fshore Alaska with EPA concurrence. |t devel oped a general permt
now in force in the GulfofMexicoand California but also issues in
t hese regions individual permts that are designed to protect biologi=
cally sensitive areas(e.g.,the Fl oner Garden Banks in the Gulf of
Mexico) .

In additien t0, Or as adjuncts to, the Ccean Discharge Criteria
and the effluent limtations, wNepes permts nmay make special perohibi=-
tions(e.g.,0n the use Of pentachlorophenol Or asbestos), require
speci al discharge practices (e.g., shunting to the nepheloid | ayer or
predilution), and require bi 0l ogi cal orotherstudi es te noni ker the
marine environnent trchanges as the result of discharges. These
conditions may conplement those inposed by uMs. For exanple, EPA and
s jointly required and aided in developing a biological monitoring
program f or Georges Bank.

Before Epa exercised its authority overoffshore drilling dis-
charges, the Bureau of Land Mnagenment and the Conservation Division
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of the U S. Geological Survey (now conbined as mms) pl aced speci al
requirements ON operatorst hrough | ease stipulations and 0CS operating
orders (Rieser and Spiller, 1980). Lease stipulations commonly give
the MMs district supervisor the authority to require special discharge
practices when appropriate, for exanple, distriet supervisors nay
specify nonitoring gprograms and depths at which di scharges aze to be
rel eased in biologically sensitive areas. The objective of operating
orders is to ensure safe operations. MMS (perating Order 7 specifi=-
cally addresses polluticm, and, while noting that fluid di sposal is
subjectt o the requirenents of EPA, thiS order also requires informa=
tion on t he constitutents of drilling £luids and additives. The use
of fshore of pentachlozophencl i S prohibited undes this MMs authority.

The NepEs permits of the Environnmental Protection Agency and the
operating orders and ot her requirements of the M neral s Managenent
Service (and consequently industrial operating practices, i ncluding the
use of additives) vary according t 0 geographi C regiens. For example,
in 72 percent of wells in a sample in the Gulf of Mexico in 1982,
additives were used that were not approved for use in EPA Region II {a
mid-Atlantic regi on), where the concept of generic drilling £luids has
been adopted (paiten, Dalton, Newport, 1983). Regienal differences
have been taken into account because of envizonmentai conditions, or
to protect sensitive or val uabl e habitats.!' (See Table 23.)

Gover nment regulation has spurred extensive research, both in
anticipation of permit conditions and as a result of those conditions.
EPA's initial attempts t O regulate drilling di scharges were repeatedly
challenged by industry. More recently, however, there has been growing
cooperati on between industry and government, resulting in the develop-
ment Of nONitoring peograms (e.g., t he Georges Bank monitoring pro-
geam) , the Region II biocassay protocol (U.S. Environnental Protection
Agency Regiom II, 1978}, a pProgram for samplinguseddrilling fluids
(*PESA muds®) and for conducing toxic.gay testing and chemical anal yses
of them, and the specification of generic drilling fluids (Ayers,
Sauer, and Anderson, 1983).

THE MASS LOADING OF DRILLINGDiSCEARGES IN RELATION TO
THAT OF OTHER INPUTS TO THE MARINE ENVIRONMENT

Ag part of the review of the discharge of drilling fluids and cuttings,
the quantities and frequencies of these discharges and their components
will be examined in light of their mass loading inte the coastal occean
compared to that of sediments and trace metals from other natural and
anthropogenic sources. Because these inputs vary gceatly with time and
place, the comparisons that follow do not necessarily ceflect relative
effects. They are useful, however, in considering the magnitude of

'1An alternative explanation for the difference in regulations
for the Gulf of Mexico and EPA Region II is that the list of approved
additives for BPAR Region II was not up to date in 1982 because there
had been no drilling there since 1981.
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drilling-fluid discharges on the ocs. Caution is advised concerning
the estimates used--nost are approximations.

Drilling Discharges

Several estimates of the magnitude of drilling-fluid discharges on the
ocs are available (see Table 10). These result from theoretical cal cu-
| ations or product use inventoriesfromexplicatory, devel opment, and
production wells in the Gulf of Mexico, md-Atlantic, and North
Atlantic {(Georges Bank) ocs areas. These statistics display approxi=
mately a fourfold range in nean total solids and chrom um di scharged
perwel |, but a much narrower rangeinmean barium di scharge. Mst of
the variation is due to the fact that smaller discharges are made from
the shal | ower devel opment and production wells in the Qulf of Mexico.

River Inputs

Table U conpares the average annual discharges of water and sedinents
of major rivers in Nerth America. Although sedinment discharge is
general ly related to drainage area and water discharge, sone rivers
(e.g., the Eel River in northern California and the copper Rives in
Al aska) contribute disproportionately large loads of sediment to the
sea. Sedinent discharges are frequently episodic and highly variable
from year to year. For example, in 1969 t he Santa ciara R ver in
California flooded and discharged 1 x 108 netric tons (&) of sedinent
during 2 weeks, conpared to an annuwal average di scharge of2 x 10°

t. This event increased sedimentation in the Santa Barbara Basin 10
E01050mm conpared with the Long-term annual sedinentation rates of 1
05 m

The total loading in 1980 of particulate material fromdrilling
di scharges on the U.S. ocs is estimted as 1.85 ,x 10°t, conpared to
eves 4 X 10°t per year for merth American rivers. Mst of the |oad.
from drilling di scharges was in the northern Qulf of Mexico, and was
equival ent to approximately 0.8 percent of the Mssissippi River’s
input t0 the Gulf.

Barium added as barite {BasOg), i S commonly present in deilling
£luids at much higher concentrations than in nmarine oriverine sedi-
nments and thus serves as an effective tracer of drilling-fluid contam
ination of marime sediments. Barium is present in am average concen-
tration Of 62 ug/1l in Mississippi River water (Hanocr and Chan, 1977),
but nost of the barium discharged by rivers is in relatively insoluble
particulate material in an average concentration of 600ug/g (dry
wei ght] ofsuspended, sedi ment (Martin and Maybeck, 1979) .

The aver age mass emi ssion of bariumby the Mssissippi Rver is
approximately 1.5 x 10°t per year, alnost all ofwhich is particu-
late (Table 12). The release of harium fromocs drilling activities
has been estimated to be 3.2 x 10° t per year. Since these estimates
are approximations, it is perhaps nore appropriate to say that the mass
em ssions of barium from OCS drilling di scharges appear to be of the
same order of magnitude as those from the M ssissippi River.



TABLE 106 Average Diacharges of Particulate Solide, Basjum, and Chromium Erom OC5 Wells

Gulf of Mexico,
Average Well
{Gianess! and
Arncld, 1982)

Gulf of Mexico,
Five Exploratory Welle
{Pekrazzuole, 1981)

Mid-Atlantic,
Exploration Well
{Ayers ek al., 1980)

Georges Bank,
Eight Exploratory Wells
{Danenberges , 1983)

Gulf of hexico,
Forty-Mine gxploration,
Development and :
Production Mells

s ' ’ {Boothe and Prasley, 1983)
Depth of walad(-b $,686 3,329 4,970 4,900 3,122
Total solide {t) 3,160 2,160 1.2203 590
Bar {te 600 152 w.o. 492
Barium b (t) 312 391 n - 256
Chrome lignoeulfonate - 20 45 26 ; 10
Chromium € q&) - 8.6 1.3 0.8 | 0.3

O
2 pridling fluid solide only (does mot include cuttings) < x uj’ wts
s ox ng fluid 8 ¥y nol L3 .
D Baglum estimated at 52 percent of barite welghtk. Wée o ( \:]M ?55351’;*’—-
€ Cheomtum estimated at 2.9 percent of cheome 1ignosulfonate weight. It
7y
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Chrom um added mainly in the form of chrome lignosulfonate, May
also be nore concentrated in drilling £iuids conpared to riverine
sources (Table 12). Mss enissions of chrom um associated with sus-
pended Sediments in North Anmerican rivers aee estinated as 76 X 163
t per year, while the dissol ved imput has been estimated at 22 x 103
t per year. Em ssions of chromium frem drilling operations (estimated
from usage Of additives or anal ysis of dischazged material) averages
about 580 ug/g dey weight Of SOl idS. In contrzast to barium,
however, MUCh of the chromium in drilling £luids is soluble and will
disperse differently frzom particulate conmponents when discharged into
the ocean. Drilling discharges of Chrom um equal j USt over 1
percent of the input of North American rivers.

Anthropogenic \\ASt es

A beoad variety of other wastes, including nunicipal sewage, industrial
wastes, and dredged material, is introduced into both coastal and ocs
watees Vi a pipelines, barges, ships, and of fshore drilling vessel s and
pl at f or ns. abl e 13 conpares direct waste i Nputs into the U S. coastal
ocean, i ncluding deilling-fluid di scharges. It should be kept in m nd
that the cone.eneratiens, bicavailabilities, and geographi c lecatiecns
of such inputs vary greatly and consequently so do their effects.
Thus, Table 13 does not compare t he environmental Significance of these
wastes. 1t does indicate that the mass em ssions of dredged Materials
sewage sludge, and industrial wastes exceed those of drilling fluids.
The amount of suspended selids im Southern Califermia nuni ci pal
wast e discharges is approximtely 2.5 x 105 t per yeag (Bascom,
1982) , that im drilling=-fluid di scharges on the California ocs is 1.7
X 104 t per year. These nunicipal wastes include approximately 230
t per year Of chromium; the £igure for California derilling dischacges
is roughly 10 t per year. The intreduction of chrom um frem U S. 0oCs
drilling discharges, approxi mately i X 103 ¢ per year (Table 12),
approaches that from waste di Sposal in the New Yoek Bight, 1.4 x 10
t per year {(Muellee et al., 1976).

Other Human Impacts

Discharged drilling fluids and euttings may settle on the bottom and
harm benthic organisms within some area around the rig. These effects
may be primarily physical and, providing that bottom Sedi nents are not
modified OVElr a long period of time, may distuzb the seabed nuch in the
way that storms, dredging, the di sposal of dredged material, and
certain £ishing activities do.

Dredging fOr surf clams Spisula sclidissma covers average swat hes
1,5 mwi de by 46 cm deep (Ropes, 1972), which might disturb 4.3 X 103
ﬁ‘?ef sediment per vessel per day. There were 98 sucf clam hoses
wor Ki ng along the U.S. east coast in 1974 (Ropes, 1982). 1In contrast,
Gianessi and Arnold (1982) estimated that an average Of 442 m? of
drill solids ar e discharged per well over approximately 90 days.
(Regarding this conpari son, it needs to be kept in mnd that £ishing
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TABLE 13 Ocean Disposal of Var lous Wastes by Geographic Areas, 1973 to 1980 (Millions of Tons)

Atlantic ocean Gulf of Mexico Pacific Ocean Total
1980 1973 1976 1980 1973 1976 1980 1973 1376 1980

Industrial wastesd 3.643 26336 2.920 l.408 0100 o 0 0 0 5.051 2,733 2.92a
Sewage sluded 4.898 5.270  7.309 0 0 () 0 0 0 4.898 $.271  7.309
Construction and

demol ition debg {a? 0.974 0.315 .289 o 0 [ [\ o 0 0.914 0.335 0.0119
Ds edged wastesl - 89.376  92.485 60.1366
Wood incineration? 0.0 0.009 .01 0 0 0 0 0 0 0.013 0.009 w0.011
Dr A33ing fluideC 0 e 0.008 1.94 .85 1.67 0.12 0082 0.17 2,06 1.932 1.H48

and cuttings

{2.018) 1.88%) {2.5%)

102.87 102.695 73.081

Sources EPA (1980).

applying multipiier or 1.33 mns/yd].
from 1980 data given in this scurce.

{71

wells drilled off Alaska,

Sources U.5. Army Corps of Engineers (1982).

oOriginal values of million cublc yards of material converted to tons by

This value can vary significantly d pending on meter fal.This multiplier was delivered

Source: Quantities based on estimated value of 2,000 per well (dxy welght of fluids and cuttings sol ids. Pacitic includes

137



44

dredges and traw s disturb in situ sedinent, with attendant physical
effects; the discharge of drilling fluids and cuttings adds foreign

substances to the marine environment.)
These conparisons to river inputs, anthropogenic Wastes and ot her

human inpacts are made not to suggest that the effects of driIIin%
di scharges are mniml by conparing themto traditional usesof the
ocean’s natural resources; rather they indicate that the use of natural
resources virtually always results in sone potentially undesirable side
effects. Wth each activity? appropriate and effective pollution pre
vention and mitigation measures are needed. Regardless of the relative
contributions of pollutants to the marine environment from other
sources, it is the mandate ofthisstudy to provide an effeotive
assessnent of the environnmental risks of drilling fluids and cuttings.
In neeting that charge, the chapters of this report provide nore
detailed consideration of 'the conpositions, locations, and frequencies
of drilling discharges; their fates, including dispersion and chem cal
transformation; and their effects on marine biota.
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THE FATES OF DRILLING DISCHARGES

| NTRCDUCTI ON

The fates of drilling fluids and cuttings di scharged in the marine
environment are determned by diverse physical, processes (curcent,
gravity), chem cal processes (reaction, serptien), and bi ol ogi cal
processes that all serve to disperse or concentrate constituent
materials. The various dissolved and particulate constituents behave
in different ways when encountering seawater and transport fozces in
the ocean. Even so, sone generalizations can be nade, and they allew
predicting t he fates of drilling fluids.

Al'though the ocean is a continuous liquid with a long time scale
for mixing, it remai NS an inhomogeneous solution. Inhomogeneities are
caused by energetic that set’ uwp horizontal density gradients of |iquid
(£rents) and vertical ones (pycnoclines) t hrough which transfer is
relatively siew. Wthin the boundaries established by density gradi-
ents, inhomogeneities tend to be less as a consequence of the conser’
vative nature of the major conponents of seawater; yet heavy metals,
nutrients dissolved gases and organi c matter Ny be nom conservative
both in.quantity and chemi cal form asS a result of geochemical and bio=
logical processes. The forces of the ocean, however, age continuously
at play, reducing these gradients and producing nore constant composi=
tion. While molecular diffusion’ in any liquid brings about
homogeneity, the rate | S slow (1073 cm /8) conpared to the rates

!Molecular diffusion is the gradual m Xxing of molecules of two
or more Substances through random thermal motion. In a sclutiem in
which t he concentration of a substance vari €S in space, the amount of
that substance which per second diffuses through a sucface area of 1
em® | S proportional t 0 the change in concentrati on per cm along a
line normal to t hat surface (dM/dt = &§de/dn). The propoetionality
constant ¢) i S the di ffusion coefficient which for seawater is
about 2 X 1079,
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produced by mixing er eddy diffusivityin the ocean (approxi mately
1 em?/s in the vertical and10°to 10 cm?/s in the horizontal)
(Okubo, 1971).

The ocean’s Properties and conposition are nonuniform because of
many factors. Major anong these are heat exchange with the atnosphere,
which |eads to evaporation and surface cooling, which both increase
density; and surface warmng, rziver runoff, and rainfall, which all
decrease density,. Changes in density cause mxing both vertically and
horizontal |y, and, togetherwith wi nds and tides, provide nost of the
energy for ocean mxing. Qther factors that ace not very impor tent to
physical m xi ng al SO cause inhomogeneities. Phytoplankton growth
decreases concentrations of nutrient elements and alters the cacbon
di oxi de components, causing an increase in pH. River runoff adds
sedinment and dissol ved mater ials , including anthropogenic conponents
derived fromvarious uses of water. Sorption processes, in which trace
metals and organi ¢ conpounds sel ectively adhere to orexchange on sur-
faces, also resul t in the inhomogeneous di stribution ofinter ials.For
exanpl e, trace netals may adsorb to clay minegals , which then are
deposited on the seafloor, whileothermater idle, such as pelychlor -
inated b iphenyls (PcBs ) , may concentrate at the sea surface. In addi-
tion, fine particulate solids and the associated Sorbed mater ials in
S uspens ion often flocculate 'when mixed with seawater , ther eby incr eas-
ing the settling rate ofthesolids andaltering the physical and

chemical character isties of deposited sediment.

Wien dischargedi nto the ocean, a material compused of finely
divided i nsol ubl e mater ials or solutes immediately is subject to a
process of dilution in a ‘concentration gradient decreasing from the
poi nt of discharge. To reverse this process (for instance, by bio=-
accumulation ) requires sufficient energy to overcome the dilution
process. Conponents that are held in solution or suspension are
rapidly diluted by a factor of 105 to 10°within the first hour
(Sverdrup et al., 1942) from the eddy diffusion resulting fromthe
ocean turbul ence generated mainly by geocstrophic flow*, ti dal
currents, and wind mxing (HIl, 1962) . Neutrally buoyant ordissolved
mater ials Wi || forma dispersion (dilution) plume, riding the path of
cuez ante through the ocean, always deer eas iag in concentration. Those

tthe rate of transfer of mass in water is proportional to the
gradient of concentration. The proportionality coef ficientis called
eddy &if fus fvity . |t is not a physical constant, but depends en the
natur e of the turbulent notion. (This motion is that of a liguid
having local velocities and pressures that fluctuate randomy. It is
also called turbulent f 1lew. ) The ranges of eddy dif fusivity per unit
mass are about Q1 to 100 ew/s in the vertical and about 168 to
10°ef/s i n the horizomeal direction (Sverdrup et al., 1942) .

'The oceanic flow resulting frem the earth's rotation.
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mater i al s that are negatively buoyant separate froem the suspended plume
according to their specific settling characteristics. They may then
be reconcentrated by gravity on the seafloor , where they may be buried
by physical and b iolegical processes, I esuspended and tr anspor ted , or
chemcally altered by benthic processes.
The fates ofmaterials discharged into the mar ine environnent aze
i nfluenced heavily by the dispersive and transport energy of the ocean
at the discharge site. This eneegy donminates the rate of dispersion
after the dynamic energy induced by the actual di scharge has decayed.
I n ocean discharge operations this dynami c energy has been used exten-
S ively to cause rapi d dilution. Discharges in the wakes of moving
barges (Hood €t al., 1958; Ketchum and Ford, 1952) , outfall diffusers
(Colonell, 1981; Yudelson, 1967} and hi gh- pressure jets (Brandsma e t
al. , 1980) are very effective ways to reach dilutions of several orders
of magnitude within only a few metersof thepl ace of di scharge.
Dispersion from a point source into the marine environment varies
with site | ocation and depth of di scharge because of the variability
of several {important factors influencing the turbulence (eddy diffusi-
vity ) of the water column and the bottom boundary layec:

Vertical or hor izemtal stratification by tenperature , salinity,
and suspended sedi nents

¢ Wind and tidal energy interaction

e The topography of large-scale bed forns

e Variable bed conditions (bioturbation, bed forms , and neaz=bed
transpert) .

These factors vary not only from site to site; storm events also affect

ambi ent fl ow cenditions. These factors together provi de a genecal
ramework for analyzing the fates Of drilling £luids and cuttings.

BEHAVIOR OF THE DISCHARGE PLUME

The phenomena observed dur ingdr illing-fluid di Scharges are explained
by the OFfshore Qperator’s Committee model (Brandsma et al., 1980)
which is illustrated in Figure 2. The initial plume is denser tham
seawater and goes theough a Stage of convective des eerie until it
encounters the seabed or becones neutrally buoyant from icss of solids
and water entrainment. As a result of the density gradient of the
plume, the plume then collapses and goes into a stage of passive dif-
fusion. The same plume behavior would be observed in subsue face or
shuwited discharges except that, because of its density, the plume would
be confined teo that part of the water column deeper than the point of
discharge. In addition to the main or lower plume, a visible or uppet
plune iz also Ecgrmed., This results from turbulent mixing of the lower
plume with seawater as it descends. The upper plume contains only a
small fraction (less than 10 percent of the dishcarged material.
Practionation of the contaminants may occur during any of the
stages in dispersion, depending on whether the materials are scluble
Ot 8olids heavier or lighter than seawater. Neutrally buoyant solids
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may settle t0 an appropriate density discontinuity, where theK may be
transported at an intermediate depth for long distances fromthe site
of disposal. .

Rapid flocculation and aggregation of the clay-sized particles
oceur When drilling fluids encounter seawater. These finely divi ded
particles are dispersed in drilling £luids by the electrical charges
between particles and lignosulfonate, which is used in drilling as a
deflocculant. This suspension is destabilized by decreasing lignosul~
fonate concentration and by particle ion exchange with seawater
el ectrol ytes paeticularly polyvalent | 0NS. The rate at which agglom~
eration occurs depends om the frequency of collisions and on the
ef ficiency of particie contacts. Particles in SUSPENSi ON eollide With
eachotheras the result of twe nechani sns of paeticle novenent. Pac=
titles nove relative to each other because of thermal €Ner gy (brownian
notion) and because of the turbulence of the seawater. In the eceans,
i f colloids are large (0.1-luM) or the £luid shear rate i s high (10-
200 em?/s), the relative motion of particles created by turbulence

far exceeds brownian motion and thus flocculation depends essentially
on turbul ence.

The decrease in number of particles in a well-mxed (velocity

radi ent) £luid from aggl oneration is expressed by the equation (Stumm
gnd I\/Drga%n, 1970) : %9 P y

n

n du
H Ln s - £+, K =a _BV’ .
with N, o o °cr mg;

where a is the number of particles, #, isS the initial number Of par-
ticles, V i S volume Of total selid mass suspended per volume of
medium a. isthe fraction of collisions |eading to permanent

aggl oneration, t is time, and du/dz is the velocity gradient. 1In a
practical way this expression indicates that, fer a medium containing
10/ particles pex cni, of dianmeter approximating lum, V becomes
approxi mately 5x10~% cm3/em®. For a = 1 and agitation chaz=
acterized by a velocity gradient of 10/s (equivalent to a ' nedi unf
stirred beaker, but generally less than ambient ocean turbulence) Ky
is of the order 1.5 x 10-5/s. In thi s example, half theparticles
would agglonerate in a period of approxinmately 4.5 h. The high dilu-
tion rates in the ocean will reduce the rate of f£locculation downstream
by reducing the concentration of particles. Materials will be precipi-
tated for extended periods of eime because of the complex interactions
of m croscopi ¢ particles suspended in highly ionic soclutions.

In the case of drilling fluids, nDSt of the discharged material
(barite, flocculated clays, and formatien SOl i dS] sinks to the beet.em
near the well Site with the distance from the dischazge point (within
560 M for most OCS areas) dependent on depth ofwater, lateral
transport, particle Si Ze, and density of material (Ayers etal., 1980a;
Ayers et al., 1980b; Ray and Meek, 1380; Trefry et al., 1981; Trocine
and Trefry,1982).How long the settled material renmi NS at the well
site depends onmenvironmental factoes (SUCh as water depth and energy
regime) that govern sediment I esuSpensi on, transport, and di spersion.
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A smaller portion Of the discharged ma ter ial, | ess than 10 percent
of the solids and some ef the water and sol ubl e components {Ayers et
al., 1980 b), remainsinmewater columm. This fraction ofthedis-
charge, Whi ch breaks away from the fast-descending main plume to form
the upperplume, i S transported away f£rom the well by ambientcurrents.
The fate of theupper plume (as wel| as the nmain plume if it reaches
neutral buoyancy before encounter ing the seabed) depends |argely on
oceani ¢ dispersion processes. Diffusion as a physical process in the
«environment NS been the subject ofconsiderable study over the past
geveral decades.  Batchelor (1952), Ichye (1963), Joseph and Sendec
(1958) , Richardsen (1926), and stommel (1949), devel oped the theory
of this process. In the 1950s t he use of fluorescent dyes to measure
di ffusion directly (Seligman, 1955; Moon et al., 1957, »richara and
Car penter, 1960) Provi ded many data on the ratesof di Spersion (dilu=
t ien ) under differ ent oceanographic conditions. In a sumacy ofdye
di ffusion studies, okubo (1968) conpared the horizomtal variance ia dye
concentration i N the upper N Xed layer Of four geographically separ at sd
areas of the continental shelf and two estuaries (Figure 3). These
exper iments show that, regardl ess ofthe detail ed oceanogragh ie condi -
tions, variance exhibits a general trend. Specifically , it
increases with time by power between 2 and 3 in dif ferent Scal e dif -
sonfields, current regines , and sea surface conditions. Thus , lecal
ver iability appearsS tO0 have a relatively m nor influenceondi spersion
conpared to geneeic hydrodynam c processes, those common te continental
shel f and estuar {ne waters.

In one of the classical experinents in epen ocean diffusion, Folsom
and Vine (1957) measured the spread of ‘a radioactive tracer overa
hori zontal area of 40,000 k= in 40 days. During this tinme it mxed
vertically, through 60. m This mixing corresponded to eddy diffusivi-
ties of 107 cm?/s in the horizontal and of 1 cm®/s in the verti -
cal dir action. The effect of bottom fr ictien and r esulting mixing by
tidal and other bottem CuUrrents was not seen in these data because of
the (great water depths inthearea observed.

The cnergy for mixing dilutes any contam nants by m xing themwi th
uncontaminated wWater. PFremthisit fol |l ows that popul ations of noa=
motile or Weakl y motile Organi sns |ike phytoplank ton, zcoplankton .

1 arvae, and eggs wll be exposed to the contam nated plume while other .
exposed organi Sms will be carieaouUt of the plunme as diffusion of the
Plume progresses. . .

The discussion of dispersion thus far has largely focused on the
mized layer and relates priner ily to dilution Of the busyant pl une.
This plume represents less t han 10 percent ‘' of the discharged materi al
in drilling fluids and cuttings. The bulk of the material, which

* A'S tatistical termdenoting the mean of the squares of var ia-
tions f rem the mean of a frequency distribution. I'n this r epos t,

variance refers to the square of the meanofdyeconcentration vacia-
ion in a horizontal field from the peak concentration at the center.
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FIGURE 3 Variance aS a function Of tine in dye diffusion experiments.

rapidly sinks to the bottom, is dispersed or remains in place depending
on the eddy diffusivity of the bottom boundary layer. A reasonable
model for the eddy diffusivity of the bottom boundary layer has been
developed (Businger and Arya, 1974; Grant and Glenn. in press; Lorng,
1982)

¢ U .2
»
v o Z/h

*n

where ¢ o is von Karmens constant (equals 0.4}, Us is shear
velocity, ¢, is stratification correction, h is boundagy layetr
thickness and Z is roughness length established by measuring
near-bottom average velocity profiles.

Thus, as this expreasion indicates, mixing is sffected by all of
the following: the depth of discharge (since eddy diffusion has a
maximum) ; how the sediment is distributed over the water column when
resugspended; how stratified the flow i3 (aince stratification decreasses
mixing, thus increasing ¢ p); and the boundacy shear stress Ue.
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U« is a critical paraneter for sedi ment transport because it encore- -
passes the interaction anong wind (waves), tides (currents), and
sedi ment .

In considering the fates of those materials that reach the bottom
resuspension and transport are of primary interest. For this reason,
parameter Ue becomes very inportant. U determnes the mean fric-
tion on the large-scale flow field and the eddy viscosity. Eddy vis-
cosity isS related to eddy diffusivity by a paraneter known as
Richardson’s nunber, which represents that fraction of the turbul ent
energy (eddy diffusivity) generated by the shearing stresses that
mai ntain turbulent mxing against the density gradient. U« is also
rf?l ated to the transport of the resuspended sediment through the mean

oW,

On the continental shelf, nmean flow usually is determned by the
conbination ofwinds and tides. Against a solid boundary the average
velocity profile of nean flow is logarithm c (Bowden, 1962). The eddy
diffusivity generated by frictional losses fromthe interaction of £low
with the bottom then provides turbul ence for the transport of sedinents
al on? the bottom boundary |ayer. . ,

nstant aneous stress, if great enough, resuspend sediment. This
stress is associated with the combined wave and current £low, which is
coupled through the nonlinear interaction of steady and oscillatory
flows. Thetime-nean-stress determnes the friction of the nean flow.
Above-the wave boundary |ayer, time-nmean-stress is enhanced by wave-
current i nteraction above that value determned solely by current.
This enhancenent has been established theoretically by Grant and Madsen
(1978, 1979) and Smith (1977), and in the field by Cacchioneand Drake
(1982), Gant et al. (1982), and in the |aboratory byKenp and Simons
(1982) and Bakker and Doom (1978%. . .

The ot her important feature of the system i S the sediment type.

The initiation of motion is clearly related to it, as is seabed rough-
ness, a paraneter ofconsiderable inportance in flowsolid phase
interactions. Bed forms devel op under conbined flows eves sand beds.
Under low flow conditions, silty-sandy beds are primarily controlled
by bioturbation (Grant et al., 1982),-which influences seabed roughness
by causing nounds and furrows and adhesion in the sediment. The fates
of drilling fluids in different sedinents may vary greatly.

FATES OF prirnine FLUI DS AND curTrnes

The discharge inte the ocean of heterogeneous drilling fluids and
cuttings results in much fractionation.  The biota of the water colum
are affected by that portion of material that becones and renains
waterborne, the portion that depends on passive diffusion and convec~
tion for dispersion. The rates of dispersion are a critical deter-
mnant of the fates of these materials inthe water cclumn and their
effects on the pelagic bieta, Effects on the benthos result from that
portion of material that settles to the bottom where it can be incor-
porated i nto the sedinents, resuspended, transported, and dispersed.
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Fates in the Water Colum *

The preceding brief synopsis of the nature of dispersion in the ocean
and the behavior of materials discharged at sea provides a background
£or considering morespecifically the fates of drilling fleids and
cuttings that are discharged into the waters of the continental shelf.
In the case of cuttings discharges,therel atively large particles
settle rapidly near the weil. Soluble and particul ate £luid additives
adhering to the cuttings are to some extent Washed off as the larger
particles settle. Wen whole £luid i S di scharged, most of the material
forms a plume which descends rapidly until it encounters the seabed or
reaches neutral buoyancy due to water entrai nnent and solids loss to
settling. 1Im addition, a ViSible oz upper plum i S formed due to tuc-
bulent mixing of t he lower plume Wi th Seawater. Ayers et al. {(1980b)
have estimated that the ampunt Of material renmaining in the upper plume
on discharge is 5 to 7 percent of the total discharge. Under mest
conditions on the ocs, this portion is of primary concern. in consider=
ing the fates of materials in the water column. In deeper water (about
86 m or more depending onr site conditions), the lower plume will reach
neutral buoyancy before encounteri_ng the bottom Inthis case, both
plumes will be of comcern in considering water column fates. That
portion Of the settled naterial that i s resuspended theough sedi nentary
processes will be considered later alcng with the fates of settled
material .

Many field studi es have traced the di spersion of the materials
contained in the buoyant plume., The studies of Ayers et al. (1980b),
Ecomar (1978), Ray and Meek (1980), and Trefry et al. (1981) generally
agree W th those of Ayers et al. (1980a) and Trocine and Trefry (1982),
which Wi || Dbe considered in sone detail here as representative studies
on the dispersion to be expected under continental shelf conditions.
The data obtained in the ayerset al. (1980a) study are summazized | N
Table 14, which represents two widely different discharge rates from
an exploratory platform at 23 M depth in the Gulf of Mexico. The St udy
was conducted in the summer under calm Sea conditions, conditions that
did not favor rapid dispersion. For the two discharge rates studied,
the rates of change ofsoiids concentration at f£iest decreased rapidly
with distance (prinmarily because of settling), within 45 min the first
study and 152 min the second: this was followed by a much S| ower
average change in their concentrati on (primazily because Of passive
di ffusion) of approximately 0.1 mg/i/m Or less. Depending upon the
di scharge rate, the rapid bulk discharge of whole fluids resulted in
an initial dispersion of the £iuid to between 30 and 50 ppm (SOl ids
concentration) within these distances. Further dilution of the pl une
occurred, approachi ng anbi ent total selids concentrations between 350
and 1,500 mfrom the discharge. At the low discharge rate the trans-
missivity values persi Sted below ambient values for SOnewhat Llenger
than di d the values of total solids concentration. Thi S is because
fine colloidal material has relatively little mass, but is very
effective in scattering lighe.

The tiNe required fOr a pollutant to di sperse to neac-ambient
levels i S an inportant pacameter in aSS€SSiNQ the impact of that pol-
lutant. Since tine and distance are related by the Vel OCity of the
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TABLE 14 Dilution and dispersion of discharge plumes3

Suspended Trans- Change in
Di stance from Depth® solidsS mttance Suspended
Discharge Rate  Source (m (m (mg/1) (< sol i ds (mg/1/m)
275 bbl/nd 0 - 1,430, 000 - -~
6 8 14,800 - -
45 11 34 2 378.6
138 9 8.5 56 . 0431
150 9 7.0 48 0.013
364 “ 9 1.2 37 0.06
625 9 0.9 71 0.001
Background 0.3=1.9 76-85
1,000 bbl/h O (Whole nud) == 1,430,000 T "
45 11 855 0 .
51 12 127 0 21.3
152 11 50.5 2 6.7
375 16 24.1 4 0,12
498 14 8.6 23 0.13
777 13 4.6 21 0.0L
878 2 1.2 7 0.028
957 12 0.83 76 0.005
1,470 11 2.2 82 -
1,550 . .9 1.1 82 ---
Background ’ : 0.4~-1.1 80-87 --

&pilution and dispersion of two plunmes produced by high-rate high-vol une
di scharges of used chrome lignosulfonate drilling £luid from an of f shore
exploratory platformin the Gul f of Mexico.

Boepth at which highest plume concentration was found.

Enaq:i:?um solids concentration and mininum transnittance observed at the noted
| stance.

4250 bb1 di schar ged.

SOURCE :  Adapted from Ayers et al. (1980a).

anbi ent currents, a plet of the distance from discharge divided by
current speed reflects the required tine (transport tine) to reach
given dilution. Ayers et ai. (1980a) used this type of analysis to
determ ne the concentration over time ofbariuminthe plume of the
rapidly discharged bulk drilling fluids (Figure 4) . In this study
barium concentration was reduced to between g.001 and o.01 percent of
its concentration in the drilling fluid within 5 min of discharge.
Simlar dispersion rates for chrom um werealsoreported.
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The studies of Trefry,Trocine,Proni(inpress) and Trocine and
Trefry (1982) focused on the careful analysis of particulate barium

chremium, and iron in the surface plune as drilling particle tracers.
Bariumis a particularly useful tracer because it is present in drill-
ing fluids in high concentrations (up to 449,000ug/9 of solids) , it

has relatively |ow concentrations in the uncontamnated environnent
(from200 to 600 ug/ginnear-shore sedinments in the northern Qulf

of Mexico), and its primary anthropegenic source is drilling fluids.
On occasion, chromum has been used as a tracer. Iron is associated
W th ferrochrome lignosulfonates and ot her components of drilling

fluids and has been found to be a good tracer of bentonite clays with
which it associates. Iron was found at levels of 200 rig/l in seawater
and 250 wg/g in ambient Qulf of Mexico sedinents. Particulate
chromumand iron concentrations in the upper water colum 200 = down-
stream of the di scharge showed di spersion ratios of 05x10at the
surface and 1.5 x 10°at 10 m depth. These ratios weresinilar to
those for £luid solids and show that chrom um and iron closely follow
the dispersion of the fluid solids. Particulate barium on the other
hand, showed a dispersion ratio of 1.4 x 10°at the surface and of

3.0 x 10°at 10 m which is two to three times greater than that, for
the otherdrilling-fluid solids. Barium thus behaves differently than
drilling solids, probably becauseof its relatively high density. The
data indicate a di spersion (diIutionP ratio of 108 for drilling

solids within a distance of 200 mof a platformwth a surface current
of30to 35 cm's. Although the fluids were discharged ia this case in
the formof a fine pray 10 m above the sea surface, the results of
this study substantiate those of Ayers et al. (1980a,b). The analyti=-
cal techniques used here, conbined with data comparing metal ratios in
drilling fluids and innatural sediments, provide a powecful tool for
tzacing drilling £luids in the ocean for long distances fromthe dis-
charge site. Particul ate barite was detected in one sanple at 3.2 km
fromthe site at a concentration of 750 rig/l in an anbient concentra=
tion of 50 to 100 rig/l. The dispersion ratio at this distance was
found to be 109.

In the studies described above, conponents of the drilling £iuids
invesgi gated had either settled to the bottom ordiffused by a factor
of 10°to less than 1 mg/1 wWithin 100 to 200 m1less than 1 h after
di scharge. A concentration of 3¢ to 50 mg/L of mud solids was reached
within a few mnutes after discharge.

At water depths at which the main plume encounters the seabed (50
mor |ess, depending on site-specific conditions) it may be inferred
that |less than 16 percent of the drilling £luids (143,000 g/1 in the
Ayers et al. [198Ga] experinents) eventua?ly become transported by the
wat er ecotumn plume. Dilution of this portion of the discharge to 30
to 50 mg/1 indicates mxing wth a volume of seawater 2,500 to 5,000
times greater between 5 and 20 mn after discharge. These conditions,
whi ch oceur soon after di scharge, place bounds on the possible extent
of exposure of pelagic organi sms such as phytoplankten, zooplankton,
and micronekton t0 discharges of drilling fluids.

In deeper water, the lower plume reaches a condition of neutral
buoyancy bDef Ore it encounters the seabed. ThuS, both plumes are of
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interest in water columm fate considerations. At this time, virtually
all field measurements Of drilling fluid solids and soluble component
concentrations i N the water columm have been made on the upper plume.
Laboratory measurements and nodel cal culations indicate that concentra=
tions in the lower plume are approxinmately an order of magnitude higher
than in the upper pl une (Brandsma amdé Sauer, 1983).

Benthic Fates

Ayers et al. (198Ca) showed that over 90 percent of discharged
drilling=-fluid solids settled directly t O the bottom The distance
from the well Site and settlement time are primarily a functien of
current and wat er depth. Several studies have evaluated the deposition
and accunul ation of the solids on the seabed (Boothe and Presley, 1983;:
Bothner, 1982; Danmes and Moocre, 1978; Ecomar, 1983; EGsG Environmental
Consul tants, 1982; Gettleson and Laird, 1980; Meek and Ray, 1980; .
Northern Technical Services, 1983; Trocine et al., 1981). Usually
these studies have included anal yses of sediment sanples feor such
metals as barium, chromium iron, lead, and Nercury. Of these metals,
barium has proven to be the nost useful tracer of drilling fluids.
Most Ot her metals Show mederate {0 no elevation and are restricted to
near-rig (Wthin 125 sedi nent s (Boothe and Presley, 1983). 1In most
of the studies total sedinentary concentrations of the el ements wee.
determ ned and no attenpt was made te distingui sh among metals present
as sulfides or hydrous oxides, t hoSe seguestered i N organic matrices,
or those adsorbed om the surfaces of clay particles. Barium would
likely persist as particles of BaSOs, al though the gradual
di ssol ution of this phase should occur since Seawat er is undersaturated .
with respect to BaSO4 (Chow, 1976: Church and wWolgemuth, 1972).In
surface Wat ers, biogeochemical scavenging would N nim ze increases in
the concentrations Of dissolved barium

The redistribution and ultimate fates Of the settled drilling
sol i ds depends upon many environmental factors. The mest i nportant
factor, as discussed eaclier, i S the shear vel ocity, which depends on
the shear between the bettom forns and the flow fluid. The Sedi nent
type, bioturbation, bottom configuration and suspended sediment=
established stability layers ace the primary factors i nvol ving the
solid phase that influence the shear velocity. The flow field charac-
teristics are determned by the interaction of waves and currents. The
highest energy is imparted { O the surface water particles by wave
action, which induces OSCill atory motion. The effect of waves on par-
ticle NDti ON decreases with inczeasing depth, and at depth D it IS only
afraction, exp (=2+0/Ly, of that at the surface. L is the
distance between a Wave crests, i.e., the "wavelength.” This factor
becones about 1/2 for a depth of one-ninth of a wavelength, 1/4 for
two-ninths of the wavel ength and so en. SOnMe motion i S contributed to
water par- titles by wave action uneil D is about half the
wavel engt h. Chagac- teristies of typical sea WavesS are ShOwn in Table
1s.
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TABLE 15 Typical Sea \Wves

Peri od Wavel engt h Vel ocity Goup Velocity
Type of Wave (s) (m (m/s) (m/s)
Ground swel | 15 350 23.4 11.7
Swell 10 156 15.6 7.8
Ccean waves 7 76 10.9 5.5
In anchorages 3 14 4.7 2.3

SOURCE:  Adapted from Barber and Tucker (1962).

The continental sheif regions are subjected not emly to these
typical waves, but to storm swells with periods of 14 te 20 s.  such
swells inpart metion to particles in the water colum, and trigger
interactions with the bottom sedinents over nost of the shelf.

The potential effects of storms on sedi ment transport Or novenent
of drilling solids are veryinportant. Drilling solids may build up

=Zor extended periodsat certain tinmes of the year, but one major Storm
event may be sufficient to nove the entire layer the solids have
formed. Whether this happens depends ofcourseon depth ofwater,
intensity of 'storms, biological stabilization ordestabilization
texture of the anbient sediments and stratification of the flow by
suspended sedinents. These arethe inportant factorsto consider in
predicting the fates of deposited drilling solids.

Concern about the sensitivity of hard-substrate epibiota to the
physical and toxic effects of drilling fluids has pronpted special
-studies and Regul atory restrictions, such as those related to the
Plower Garden Banks of f the Texas coast. Exploratorydrilling activi-
ties around the Flower Garden Banks have been nonitored to determne
the possible effaces ofthese activities On the coral reef ecosystem
associated with these banks. In these activities drilling fluids and
cutti ntgs had to be shuntedtowi thin 10 mof the bottomto protect the
banks from the possible plume fallout of materials dispersed in the
water column. Studies by Continental Shelf Associates (1975, 1976) and
Gettlesen (1978) indicaté that barium concentrations i n ambient sedi -
nents vary from 10 to 600 ppm of whole sedinent. Postdrilling anal ysis
showed the average barium concentration at 100 mfromthe drill site
to be 3,000 ppm; at 1,000 mfromthe drill site, the average barium
concentration was 1,000 ppm From 100 to 1,000 m the concentration
decreased inversely with the square root of the distance, and was
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radially symmetrical around the discharge. The relatively weak
currents and | ow wave energy at the site (bottom currents had a value
of about 10 cni's) resulted in the settlenent of nost of the solids
associated with drilling fluids and cuttings within 1,000 m of the

di schar ge.

Stronger currents were observed in the Tanner Bank area off
southern Cal i forni a (Ecomar, 1980; Meek and Ray, 1980). Maximum bottom
currents reached 36 em/s and averaged 21 cm/s. Approximately 863,290
kg of solids were discharged over 85 days. It was inferred from sedi-
ment trap data that 12 percent of the ‘solids settl|ed within 50 m. It
was estinmated that between 44 and 94 percent of thiS material was in
tucn transported directly Or by resuspension fromthe deill site by
currents, Si NCe little accumulation WAas observed.

Even stronger currents were observed during a study conducted in
the Lower CoOKk Inlet, Alaska (Dames and Moore, 1978). Maxi num bottom
currents of tidal origin reached 99 em/s. Sediment trap sanples showed
that the cutti n(I]S and some drilling-fluid particles (barite) were
carried initially to the seaftoor. However, because of the strong
tidalcurrent, di spersion of the settled material was rapid. Tele=-
vision examnation of the seafloor at the well site immediately after
drilling showed no visible accunmul ati on of cuttings. Barium levels
were not elevated. On the Ot her hand, different results were observed
in a study conducted in the mid-Atlantic OCS (EG&G Environmental Con-
sultanes, 1982). MAXi NUM bottom current reached 18 cni's and the bottom
was too deep (126 m) to be affected by storm waves. 1In this case,
elevated piles of CUltings and sediment barium levels an order of mag=
nitude above anbient levels were both observed in the area of the well
site immediately after drilling and 1 year later.

Data from six types Of drilling operations, three in shal | ow wat er
34 M) and three in deeper water (76-102 n), showed that water
depth WAS a major controlling factor ON bottom deposition (Boothe and
Presley, 1983). Detailed Sedi ment anal ysesS revealed that the only
conmponent of the deilling di scharge remaining in the sediments at a
statistically Si %ni ficant level beyond 125 m was barium. A MBSS
balance Study showed that only 11.6 percent of the total barium dis=
charged from 25 Wel | S seill renmined within 560 mof the platform. As
can be Seen in Table 16, shallow water locations have approximately 10
times less total barium cemainimg withim 500 m. Little (5-10 times)

t 0 no elevation of other drilling rel at ed metals Was Seen in near=
pfatfagm sediments, and only a few stations showed any hydrocarbon
el evation.

TWO areas of particular interest i N oil and gas devel opnent are the
nearshore Beaufort S€a im the Arctic Ocean and Norton Sound in t he
Beaufort Sea. These areas differ from the Ot hers studi ed because they
are covered with ice for a large part of the year, and drilling in the
i mmedi at e future will occur in both ar eas shoreward of the 20-m depth
contour. A drilling-£fluids discharge study was conducted in the
Prudhoe Bay area of the Beaufort Sea im the winter of 1979, inm which
discharge tests Were condueted both bel ow and above the ice (Northern
Techni cal Services, 1981). 1In the below~ice di Scharge, rapid disper-
sion was observed in the 8 m water column, with only loose flocs of
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drilling materials col|ecting on the bottom These were then resus-
pended and transported by episodic events (probably from changes in
baronetric pressure) that produced bottom currents of up to 10 cm's.
The determination of trace netals and barium concentrations in the
sedi ment before discharge and 2 to 3 weeks fol | owing showed no change.
The study of discharge disposal on ice, in which fluids and cuttings
were discharged onto the ice surface and allowed to remain until the
spring breakup ofthe ice, caused a broad ultimate dispersal of the
materials. A recent open-water study (in an area wthout ice cover)
at the Tern artificial ice island in the Beaufort Sea confirmed the
earlier studi es (Northern Techni cal Services, 1983? . Drilling fluids
and cuttings were prediluted With 30 tines their vol une of anbient
seawat er and discharged at the zate of 60 bbl/min into the current
inpinging on the island. The suspended sedinent concentrations were'
reduced by a faetor of 1,000 within 100 mand 15 min of discharge, and
no Statistically significant patterns of increase in barium, chromium,
Or lead concentratiomswerefOund in the surrounding sedinents.

Arecent open-water study was nade in Norton Sound {(Ecomar, 1983)

8@ ving further data en the behavior of drilling £luids and cuttings
ischarged into shallow waters. This study was conducted under
extremely adverse weather conditions unlike those of any other simlar
study, and therefore nmay seneas a limiting case in analyzing the

di spersal of fluids and cuttings in general. Currents at the Site were
between 18 cniS at 11 mdepth and 80 cnfs at the surface in a sout hwest
direction, and Wave-i nduced notion reached 750 cm's. These conditions
Can be conpared to those in a Gulf of Mexico study, in which the
currents reported were similar, but wave-induced nmotion was enly 9
em/s. The main difference observed in dispersion patterns was that,

in thefirst study, the wave notion increased the quantity of fluids
and cuttings supported by thesurface plunme longer than at other sites;
otherwise the decrease in ratio of solid concentrations in the fluid
to that in the plume was about 5 x 10° for all cases studied 20 min
after t he discharge.

Table 17 sunmarizes the important role of environmental factors in
determning the fates ofsettled [Jaterials around a well site. The
rel atively dispersive enexgy of the areas is represented by the maxinmum
bottom currents. \Ater depth i S important because it affects how nuch
wave-induced oscillatory currents above the seabed interact with bottom
currents to induce sedinment resuspension (Gant and Madsen, 1978) . 1Ia
the studies reported in the table, visual evidence of discharged fluids
and cuttings was seught through bottom tel evision or submersibles. in
Cook Inlet, there was no visual evidence of drillingas soon as the rig
left.On Tanner Bank, there was al so no visual evidence of discharged
material. In the mid-Atlantic, di scharges at the well Site were still
visible 1 year afterthe rig had noved off |ocation.

I ncreased barium levels in the sedinent immediately after drilling
provide another indication of the fates of settled materials. In Cook
Inlet, barium levels did not increase. ia this area, the energy was
so high that the barite particles were rapidly swept away. On Tanner
Bank, barium concentrations in the sedinment were increased near the
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TABLE 16 Mass Balance of Total Excess Sediment Barium Surrounding Offshore Drilling Sitea
Total .
Barium Mean Total Excess Barium (TEB)} in
Wates Used (TBU)  BAEXAC  Sediments (103 kg) within Percent of TWU within
Drilling Depth  Mode of in Driliing 0-300m Radius (m)s Radius (m}
Slte! Type® (W) pischarge® Activities Radiuve cnn nnnn kef.
(103 kg) tg/mey 500 1000 2660 3000 Tl G
Weat Cameron ES 13 Sur Eace 2,424 25.8 20. 3 -- - 132 0.4 ~-- - 55 Boothe and
294 Presley, 1943
Vernilion B o2 Sur face 229 28.0 22.0 — - 193 9.6 - - 84.0
381
Matagorda DS 29 suc face 2,334 27.5 21.6 -- - 131 0.93 - - 5.6 -
686 '
Migh Island 113 76 Sur face 1,518 173.0 136.0 -- T 3,093 $.0 - - 72.0
A-243
Br azoB PS 34 Sur face 3,043 19.2 15.1 -- - 70 1.5 -- - 6.7 ©
- s )}
w
Vermilion PD 79 Sur face 4,964 732.0 575.0 -- -- 2,330 11.6 -- .- 47.0 -

32)

)



TABLE 16 (continued) ,

Total
Bar fum Mean Total Excess Bar lum {(TEB) in
Water Used ('hill) BAEXAC  Sedimentg {103 kg)within Percentof TBUwithin
Orilling Depth  Hode of in Drilling 0-500m Radiue (m)* Radiug {m)
Sitet Type (m) Discharge® Activities  Radius Ref.
{103 kg) (9/w® ), 500 1000 2000 3000 500 1000 2000 3000
Nigh 1sland ES 55 Shun tas 127 8.8 - 6.9 21 - -- 5.4 16.5 -- -- Cat t leson and
A~502 Laira, 1960
Mustang 1sland ED 15 Shunted 820 14.0 11.0 3 1 -- -- 1.3 36 - -
A-85
Nigh island ED 95 Sur face 574 12.7 10.0 19 46 30 14 3.4 8.1 16.0 .
A-367
Nigh | sland SD 112 Shunted 396 143.0 117.0 129 16} - - 30.0 33.0 41.0 - Continental
A-364 Shelf aAsso-
ciates, 1483
Nigh Iasland ED 124 Shunted 618 43.4 34.0 78 -- - 5.5 12.6 - - Gettleson and
A-389 Laird, 1980
New Jersey £D 120 sur face 443 8.2 6.4 16 42 T3 1.5 3.7 9.5 19.0 BG&G, 1982
(18-3) 684

tAll drilding sites are in the northwest og north central Gulf otuextc;:o, except for Mew Jersey 684, whichislocated An the western Atlantic 156 km oft
the coast off New Jersey.

i

# Explicatory (E), development (D) , or production (P) in shallow {8} or deep (D)watec .
*Shunted discharge pipes were located within 10-15 m of the seafloor .
Hiean total exceas bar ium in tbe sediment column areal concentrate ion (BAEXAC) within a 500-meter radius of the drill ing a ite = TEB509/2x ( 500)* .

a1 1 6B data were est {mated using the procedure descrlbgd In Soothe and Presley, 1983 except for the TEB3qgggvalues for this study. These TEBy 00

v alues were estimated by fitting a power curve of the form y»ax® to the BAEKAC data for alk stations includingthe 3006m ONES. Thesesegr @88 ions were
significant {p < 0.01) f or allsixdrilling sites baaed on an Fteat. The range of R?® values was 0.34 to 0.62. The area (representing TEB) under each
power curve rotated 360° and from 500-3000 s radius was integrated. This value was added to the TEBggg value to get the TEB3Q00 values given. No

actual samples were collected between 50€ and 3000 m cadij férom the dci1lling a lees.. These TEBjgpg valuee ace included for compar i8om purposes ko give an
estimate of the TEB present within 3000 m o€ these drilling sites.

SQURCEs Soothe and Presley, 1983
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TABLE 17 Effect of Environmental Factors on Study Results

Cock Inlet Tanner Bank 14i . d-Atlantic

Environmental factors

Maximum bottom 99 36 18
current (cm/s)

water depth (m) 62 55 120
Study results

Visual evidence of

discharged material No No Yes
i medi ately after

drilling

Increased barium

levels in sedi ment No Yes Yes
immediately after

drilling

SOURCE : Adapted from Ayers (1981).

well site. In the low—energy mid—-Atlantic area, increased barium
levels in the sediment around the well Site were still found 1 year
after drilling. These results show that the length of ti ME the settled
material renmins concentrated at the well Site depends on environmental
£actors that govern I esusSpensi on. and di Spersion after settlenent. This
period of time ranges fI OM hourstoyears.

The processes that govern resuspension of settled particles and
their subsequent di SPasSi ON are known i N theory but have not generally
been applied to the fates of deposited drilling fluids and cuttings.
Particles are eroded from the seabed When the eddy diffusiviety becones
geeat enough to overcome the adhesive forces of the sedi ment and the
effect of gravity. Eddy diffusivity, as di scussed earliec, is a
complex function of current veloecity, roughness of the sediment, and
tuzbulence induced by waves. The adhesive fOrces of the sedinent are
& function of sediment composition, sediment fabrie, Sedinentation
rates, and biological processes, including bioturbation, tube con=
struction, and microbial bimding. In Sonme studies, only cuzrent
veloeity and particle Size distribution have been USed to predict
sedi ment erosion frem the seabed (Fi gure 5). According to these
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criteria, the critical entrainment velocity decreases with d- easing
grain Sise down to fine sand size particles, thereafter varying greatly
dependi ng en the cohesiveness and consolidation of sedinents. Itis
now well ® st ablished that shear stress (closely related to eddy vis=
cosity), and not velocity,isthevarianie of interest since it takes
into account the seabed roughness factor and turbulent motion from
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PIGURE 5 Rel ati onshi p between current speed, particle ‘diameter, and
sedi ment ecosion,transport, or deposi ti on (after Kennett, 1982)
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waves; velocity alone does not. Pigure 5 indicates that a velocity of
100 em/se or nore i S required toerode CONSOl i dated clay-sized sedi=
ments from the Seabed. Most of the time on the shelf, mean flow is
insufficient o nove sediments, but waves resulting in bettem orbital
vel ocities? which cause sufficient shear stress toerode sediments, are
common. starm waves during seasons of heavy weat her arethe main
detterrri nant of sedi ment transporti N ManNy continental shelf environ’
ment s.
Both settling asd erosion ofpacticles on the Seabed is related to

a nondimensional fall diameter S+ of a sedinent particle in the econ=
ventional Shields' diagram [ Madsen and Geant,1976). Theterm Ss i S

a function of both particle diameter, particle density, and density of
the fluid medium while the Shiel ds’diagram fails t 0 consider seabad
roughness, biological effects, and sedinment mxtures, it is useful in
“showi ng that particles of considerably different densities (e.g., ben=
tonite, barite, Shales, and sandstones), such as those in drilling
fluids and cuttings, will under go selective di spersion under prevailing
continental shelf current (10 to 50cm/s)and wave (5 to 15 S) condi-
tions. Purthermors, t he effectsoforganisms, from mcrobes to large

AN
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mammals, MY increase or decrease the critical eddy viscosity |ay
changi ng bettem roughness and sedi ment cohesiveness (Grant el al.,
1982; Newell et al.,1981).
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THE Bl OLOG CAL EFFECTS OF DRILLING DI SCHARGES

INTRODUCTION

There are two NBj Of environmental concerns about discharging used
drilling fluids te the oceans: (1) that these fluids may kill marine
organi sns, preduce harnful sublethal responses in them, Or alter eco-
systens; and (23 that some of these fluids may contain metals and
organi ¢ conpounds that accunulate in marine organisms to concentrations
that coul d harmthem ortheir consuners, including humans. A substan=
tial body of scientific research addresses these concerns. The purpose

of this chapter iS to sunmmarize and critically evaluate this litera=-
tuze.

Eval uating theeffects of a conpl ex mixture on the marine envizon~
ment requires MANy kinds of information. The acute lethal and chromic
toxicities of the conpl ex mixtuge and Of its ingredients nust be known.
Biclogical I€SPONSES of marine organisms to sublethal concentrations
of the mixture must D€ not only measured but also eval uated in terms
of their ecological significance and inplications for human health.
Chemical conpositions of mXxtures zesulting in acute and subl et hal
effects need to be determ ned. Laboratory studies Of the mixture's
acute, chronic, and subl et hal effeces shoul d be interpreted in the
context of expected or measured concentrations and exposure durations
inthe field. Finally, the |ong-termresponses of macine organisms,
communities, and ecosystenms exposed to these m Xtures should be docu-
mentedint he field. The information available on drilling fluids with
zegard t 0 all these points -provides the basis for evaluating these
fluids effects on the marine environnent.

TEE TOXICITIES OF DRILLING FLUID COMPONENTS

& common pPractice in evaluating thetoxicity ef such a conplex mxture
asadrilling fluid is to determne the toxicities of its components

in biocassays. The assumption is nBde that t he toxicities of the indi-
vidual CONPONENtS are approximately additive and that no physical or
chemical interactions among ingredients affect the toxicity of the
mixture during its formulation or USeE. These assumptions are probably
invalid W t h regazd to used treated drilling fluids. Sprague and Logan

(1379) showed that the calculated SUM of tOXiCities of ingredients in
a used dzilling £luid WAS not always a §00d predictor of T he acute
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toxicity of the whole used fluid to freshwater fish. In spite of these
limtations, bioassays With drilling-fluid ingredients are likely to

be useful in identifying the relative toxicities ofconponents. If
these toxic orphysically damaging ingredients are identified, they can
in some cases be replaced by less harnful substitutes. The ocean dis-
charge of fluids containing such ingredients also can be regul ated.

Acute Lethal Toxicity

Acute |ethal bicassays (usually run over 96 hours) are used to conpare
the relative acute toxicities of different drilling fluids and
drilling-fluid ingredients and the relative sensitivities of different
species. They establish the basis for determining quantitative rela=
tions between exposures and effects. They are quick and inexpensive
and therefore a wery popul ar neans of initially screening and ranking
the potential hazards of chemicals that mght be released to the envi-
ronment in substantial quantities. They alse hel p determine the ranges
of concentrations to be used in studies of chronic and subl et hal
effects. :

Acute lethal bicassays cannot be used al one, however, to predict the
environnental effects of discharging drilling £luids to the ocean (see '
extended discussion of limtations In Chapter 5). In such biocassays,
animals often are exposed to drilling-fluid ingredients, drilling
fluids, or drilling-fluid fractions in concentrations substantially
hi gher and ‘for nuch longer than in the field. H gh concentrations and
| ong exposure tines are often needed to produce statistically signifi-
cant results with a reasonably small nunber of test animals, |f - “°
chronic as well as acute bioassay data are generated it may be possi-
ble to extrapol ate (using application or safety factors)t 0O environ=-
mentally nmore realistic exposure concentrations

Tabl e 18 presents sone of the data available eon the acute lethal
toxicities of drilling~fluid ingredients to marine and estuarine

or gani sns.

Maj or I ngredients

Of the five ingredients that nmake up nore than 90 percent of most
water-based drgilling fluids, namely, barite, bentonite, Lignite, chrone
lignosulfonate, and Sodi um hydroxi de (Pezricone, 1980), only chrome and
ferrochrome lignosulfonates and sodium hydroxi de are npderately toxie
(LSO of 100 to 1,000 ppm) t O any but the most sensitive sSpeci es and
life Sstages of narine organisnms (Table 18). The 96=n 1cso of Naos for
rainbow trout in fresh wateris 105 to 110 ppm {Logan et al., 1973;
Sprague and Logan, 1979). “The toxic effects of this material are
attributedto €l evati On in pH. Chaffee and Spies (1982) cepoet that
addi ng sufficient NaoR to seawater to increase pd from7.8 (control)

to 85 or 9.0 reduced the growth rate and increased the incidence of
devel opmental anonmalies in enbryos of the starfish Patiria miniata.
Because ofthe higher buffer capacity of seawater 2x10“eq/i/pH

Unit conpared to that of fresh watee, no significant change in pH
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TABLE 18 Acute Toxicity of Dr 841 ing Fludd Components to Estuar ine and Max ine Organiasms?

Compound

Bloassay Organism

96-1 LC50 (ppm)

Se ference

Aguage 1°{Hyoning
bentonite)

Barite {barium
sulfate)

Calcite {calcium
carbonate

Sider ite { bron
cag bonate)

Carbonox® {3igni tic
material)

Lignite
Chrome ) ignosulfonate
Chrome-treated

} ignosul fopate

Persochrone
lignosulfonate

I ron Lignosulfonate
Ccl?.uhmic caleium

caronate workover
additive

Oyster Crassostrea virg inica
Shr imp Pandalus hypsinotus
Copepod Acar t |a tonsa

Alga Skeletonema costat fum

Several f ish and Invertebrates

Sailfin molly Mollieniasis
latipinna

She imp Pandalus hypsonotus

Copepod Acart iatonsa

Alga Skeletonema costatium

Sail €in wolly M. latipinna

Sail £§n molly M.latipinna

Several fish and invertebrate

Sail fin molly M. latipinna

Sail fin molly M. latipinna

White she imp Penacus set iferus

Bungeness ceab Cancer magilster
Dock shrimp Pandalus danae

Whiteshr impPenaecussetiferus

White shr iup Penaeus setiferus

>7,500
100. 000
22,0(30

9, 600
>7,500

>100. 000
>100, 000
590

385- 1650
> 100, 000

>100, 000
>7,500
>15,000
12,200

465
2108
1202

2,100

1,925

Daugherty, 2951

Dames and Moore, 1978
EGsG Bionomics, 1976a
EGgG Bionomics, 1976a

Daugherty, 1351

Grantham and Sloan,
1975

Dames and Moage, 1978

EG&G Bionomics, 1976a

EG¢G Blonomics, 1976a

Granthawm and Sloan,
1975

Grantham and Sloan,
1975

Daugherty, 195 1

tiol k ingaworth and
Lockhart, 1975

Hlollingsworth and
Lockhact, 1975

Chesser and McKenzie,
1975

Carls and Rice, 1980
Cagls and Rice, 1980

Cheager and McKenzie,
1975

Chesser and McKenzle,
1975

L



TABLE 18 (continued)

Compound Bloassay Organiam 96~1 LCS0(ppm} Se ference
Jelflake® (sheedded sevecalf ishand invertebrates >7,500 Paugher ty, 1951
cellophane)
1mpermed® {pregela- Several £dsh and inver tebrates s0n-7, 500 Daugherty, 1951
tinized stacch)
Oyster Crassostreavirginica 3,000 Daughec ty, 1951
FPibertex’ (shredded Several fish and invertebrates >7,500 Daugherty. 1951
cane £iber)
Mica several fi Sh and invertebrates > 1, 500 Daugherty, 1951
Low-molecu lar—we ight White shrimp Penaeus set t€erus 3,500 Chesger and McKenzie,
polyacrylate 1975
Quebraco (tannin} Sailfin molly M. latipinna 158 #o11 ingswor th and
Lockhart, 1975
Modi€ded hemlock bark White shrimp Penaeus setiferus. 265 Chesser and McKenzie,
extract (tannin} 1975
Sod ium acid pyrophos- Sallfin really M.latipinra 7,100 Grantham a n d Sloan
phate (HazliP209) 1975
Oilfod (Na tetra- Several fish and invertebrates >7,500 Daugherty, 1951
phosphate)
Quadra for? (Wa poly- Several fish and inverktebrates 500-7 , 500 Daugherty, 1951
phosphate)
0il well cement Several fish and invertebrates 70- 450 Daugherty, 1951
White lime Several f ish and invertebrates 70- 450 Daugherty, 1951
Formaldehyde Pompano_Ttachinotus carol inus 25-31 8irdsbng and Avault,
1971
powac ide &° Sheepshead minnow Cypt inodon 0.52 Borthwick and Schimmel,
1793 Ba penta- variegates {2 wk. fry) 1978
chlorophenate)
Pi nf ish Lagodon rhomboides 0.066 Borthwick and Schimmel,
{48-h prolagvae) 1978
piesel fuel Many fish and invertebrates a.1-1 ,000 Heff and Anderson, 1981

AIMCO et al. {1969) defines LCS50 toxicities as followsas
moderately toxjc, 100-1,000 ppm;slightly toxic 1,000-30,006 pPws practically nomtoxic, 10,0900

ppm.
b1 44—y LCSO.

very toxic, <1lppm;toxic, 1-100 ppm;

8L
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occurs when drilling fluid | S discharged to the ocean, Dased on the
evidence to date, barite, bentonite, and Lignite can be classified as

practically nontoxic (having rcso val ues greater than 10,000 ppm).

Al though EG&G Bionomics (1976a,b) reported that barite was noderately
toxic(96-hLCS0 of 385t0 1,650 ppm) 1O a copeped, Acartia tonsa. and
an alga, Skeletonema costatum, nortality in these bicassays can
probably be attributed to physical abrasion by suspended barite parti-
cles and not to chemical toxicity.

Chromium

Drilling £luids MRy contain chrom umin a variety of chem cal forms,
but mostly complexed with lignosulfonate. It is generally bel i eved
that virtually all the chromumin a drilling £isid that has been used
for an extended period will be in thetrival ent state, even though it
may have been added as inorgani C hexavalent Chrom um (Skelly an
Dieball, 1969). This may not always be the case. In a chromate-
treated Chrone lignosulfonate £luid maintained at a p# of 9to 11,
hexavalent Chrom um may persist for a leng time at reom tenperature (23
to 24°C). At higher temperatures typical Of thoSe encountered near

the drill bit (50t0 1209C), chromate is reduced rapidly totrivalent
chromium and becomes complexed with the lignosulfonate NDl ecul e (Skelly
and Dieball, 1963). Chromium=lignosulfonate CONpl exes are guite stable
at normal operating tenperatures and ps, and chrom umis not zeadily
released (McAtee and Smith,1969). At temperatures above about

150°C, chrome lignosulfonates | 0Se their ability to thin deilling
£luids, primarily because of thermal degradation Of the organic portion
of the molecule and not because of a change in the physical or chem cal
germ of t he chromium (Carney and Barris, 1973).

Ther modynam ¢ caleulations indicate that when chromate~treated
chrome lignosulfonate drilling £luid i s discharged to the eccean and
diluted Wi th seawater any chromium i 0ONS in the teivalent state,
Ce(I1I), should be transformed to the hexavalent state Cr(VI), and any
Ce(vl) discharged with the f£iuid should remain in that val ence state
(Cranston and Mueray, 1980; Nakayama et al., 198la,b,c; van der Weijden
and Reith, 1982). The oxidation of Cr(III) to Cr(VI) occurs Very
slowly in nogmally Oxygenat ed seawater, however, and Cr(III) tends
rapidly t O adsorb tO Or cemplex with suspended organic nmaterial and
clay. In the complexed state, Cz(III) i S very resistant to oxidation.
Manganese oxi des im seawater or sedinents MAY aeccelerate the oxidation
of Cr(III) tO Cz(Vi), while OXi di zabl e materials like E55 and nany
natural organic conpounds creadily reduce Ce(Vi) to Cr(III) (Nakayama
et al., 1981b; Smillie et al., 1981). Cr(VI) is also reduced rapidly
to Ce{III} in anoxic sediments (van der Weijden and Reith, 1982). AS
a result Of these interactions, seawater may contain di ssolved cheomium
in the form of Cr(III}, Ce(VI), and organically bound chrom um
{Nakayama et al., 19%98le).

Trivalent chromium salts are not very soluble in seawater and have
low toxicities (See, for exanpl e, Oshida et al., 1981). Most Speci es
of marine animals are much more sensitive to hexavalent Chrom um salts
than to trivalent salts, although species vary greatly in their
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sensitivities to the first (Eislezr and Hennekey, 1977; Frank and
Robertson, 1979; Reish et al., 1976). Some species appear tobe
equal |y sensitive to Cr(vi) and cc(I1I). The 48-h Lcsos of Cz(vI), as
NasCr0s, and of Cr(IlI), as CroO3, are 16.37 and 19.27 ppm
Respectively for the marine copepod Acartia clausi (Moraitou-
Apostolopoulou and Verriopoulos, 1982%. The reported LC50 value for
Cr03isabout 385 tines higher than the value at which this cz(II1)
salt is soluble in seawatez, so the bioassay has no environmental
neani n?. Publi shed val ues for the acute lethal toxicity (usually 96-h
LCS0) of inorganic hexavalent chromum salts to marine animals
typically f£all in the ran%e of 0.5 to 250 mg/l. Polychaete WOIrnNs are
very sensitive; teleost fish are not.

Slightly sol ubl e ‘hexavaleat chrom um salts, such as cal cium chromate
and zinc chromate, aze carci nogeni c in mammals fol | owi ng tracheal
i nhal ation and intranuscul ar 0S intrapleural injection (Norseth, 198l).
Chromates al so show evidence of genetic toxicity in sevecal in viteo
tests. Trivalent chromum salts have shown 1iittle or no evidence of
carcinogenicity and genetic toxicity. Wiwen ingested in small amounts
by marine ahimals or man chromates woul d be reduced to the trivalent
state by organic materials in the digestive tract, and therefore would
a0t represent an importamt carcinogenic hazard.

Iin used chrome lignosulfonate drilling fluids, t he proportion Of
total or dissolved chrom um present in ionized inorganic form i S not
known (Liss et al., 1980). Sincenpst of the chromium is associated
W th the lignosulfonate, or clay fractions ‘of the £luid or both, data
on the toxicity of ionic chromum species do not accurately . indicate
the contribution of chromumto the toxicity of drilling ‘fluids.

Hydrocacbons

Diesel fuel (No. 2 fuel 0il) sometimes is added to water-based drilling
fluidstoi nprove the lubricating properties of the fluid when drilling
a slanted hole. As nuch as 2 to 4 percent diesel fuel may be added
under some circunstances. Because nmuch of theadded diesel fuel

qui ckly becomes adsorted to particles in the drilling fluids,

discharging these fluids to the ocean rarely results in an oil sheen

on the surface. In sone circumstances, a ®pill® of diesel fuel or oil-
based fluid i s used teo helpfreestuck pi pe. This pill nay or nay not
be kept separate from t he bulk fluid system recovered, and di sposed

of onshore. Bven When the pill i S kept separate, a small amount of
<fi|ie_sgl fuel from the pill may beconme m xed with the bulk drilling

ui d.

Thereis grow ng evidence that diesel fuel may contribute signifi-
cantly to the toxicity of drilling fluids that contain it. Conklin et
al. (in press) reported a statistically significant inverse relation-
ship (r = =0.58, p<0.05) between the 96-h wcso of 18 drilling fluid
sanples collected at different depths from an exploratory well in

Mbile Bay, Al abama, to nolting grass shzimp_Palaemonetes pugio, and
t he concentrations i N these fluids of petrol edm hydcocarbons |raent|f| ed

as derived frzom a no. 2 fuel oil. The drilling £luids contained 170 to
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8,040u1 Of petroleum per liter of whol e fluid, and had acute
toxicities of 14,560to36041/1, respectively.

The toxicities of crude and refined petroleums to marine organi sns
have been studied extensively (see the reviews of Baker, 1976; Malins,
1977; Ne€f and Anderson, 198l; Rice et al., 1977). The acute toxici-
ties of different petroleuns to different species of marine organi sns
are extrenely variable. Most 96-h LCS0s fall in the range of 1 to
1,000 mg of oil per 1liter. SONME very Sensitive larval and early life
stages of marine animals may have LC50s of shout 0.1 to 1 mg/l.

Subl et hal responses te petrol eum hydrecazbons, especial |y behavi oral
modi fi cations, have been reported following acute €XpOSUre to petroleum
concentrations in the low m crogram per liter (parts per billion)

range. Because the most toxic major conponents of petrol eum aze the
light aromatics (i.e., benzenes, naphthalenes, and phenanthrenes) and
closely related heterocyclic conpounds, the acute toxicity of a parti-
cular crude, refined, or residual petroleum product is usually directly
corzelated W th the concentration in it of these conpounds.

No. 2 diesel fuel iS a petrol eum hydrocarbon distillate of noderate
volatility used in medium and high speed engines in industrial and
heavy mobile Service (such engines comonly power drilling rigs). No.
2 diesel, fuel has a boiling range of 350-700% . \Wile the properties
of 0.5, diesel fuels are generally defined by ASTM Specification
D-975,the exact conposition of a sample of No.2di esel fuel will vary
with the source, refining techniques, seasonal climatic requirenents
and the demand f or ot her products at the processing facilit(}/. No. 2
di esel, fuel may include.20-40 percent cracked conponents and 15 to 50
percent by weight aromatic hydrocarbons. No. 2 diesel fuel may also
contain a variety of additives, used in providing properties such as
oxidation inhibitien, dispersancy, corrosion protecti on? cetane ..
i nprovement, and anti-static protection. The toxicity and environ=
mental effects of additives to diesel fuel are evaluated, aS an element
of registering the products with the =pa.

Mbst of the aromatic hydrocarbons in diesel fuels are benzenes and
naphthalenes, Wi t h nmuch smaller amounts of polycyclic aromatic hydro-
carbons (aromatics containing three Or more fused aromatic rings.) An
American Petroleum lInstitute reference No. 2 diesel fuel for Di ol ogi cal
effects research contained 38.2 percent by weight aromatic hydrocarbons
(Neff and Anderson, 198l). A total of 39 percent of the chenmical com=
ponents in the fuel were identified by gas cheomacography/mass spec-
trometey. Of the i dentified components,22,000 ppm WEr € benzenes,
65,190 ppm were naphthalenes and biphenyls, and 11,962 ppm were poly=
cyclic aromatic hydroecarbens. A conprehensive review of the fates and
effects of petroleum hydrocarbons Was published by the National Acadeny
of Sciences in 1975 (National Acadeny of sciences, 1975) and is
currently being updated (publication is anticipated late in 1983) .

A sample of drilling £1luid which had been treated with diesel fuel.
and IMCO Pree Pi pe from an exploratory well on Gecrges Bank contained
481 ppm total hydrocarbons, 31.6 percent of which Were in the arcmatic
fraction. of the i dentifi ed components 8.7 ppm Wer e benzenes, 2G.1 ppm
were naphthalenes and biphenyls, 3.1 ppm were polycyclic aromatic
hydrocarbons, and 0.8 ppm Wer e dibenzothiocphenes (2 i NQg sulfurz hetero-
cyclics) . Thus, the hydrocarbon composition of the drilling £luid
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sanpl e resenbled that of diesel fuel except that it was deficieat in
benzenes which aze quite volatile and probably had, evaporated during

usage or during extraction/clean-up for anal ysis.

B ioc ides

Halogenated phenol bioccides, such as Dowicide B and Dowicide 6, which
have been used as drilling-fluid additives in the past, are quite toxic
t 0 benthic invertebrates (Land, 1974; Zitko,1975). Their use is now
prohibited in drilling fluids and all other drilling or production
operations on the ocs (Federal Register, 1979). The use of parafor=-

maldehyde i S permitted. [tsS acute and chronic toxicities to narine
animal's are nuch lower than those of chlorinated phenol biocides (Table

18) , Paraformaldehyde i S used in amounts up to 300 g/bbl (about 1,500
ppm) , Paraformaldehyde depolymerizes t O formaldehyde, the active

biocide, upon contact with watec. Formaldehyde is suspected ofbeing
a carcinogen when adnministered to rats via inhalation, but the

carcinogenicity Of traces of fornal dehyde in solution to mazine
organi sms is unknown.

Surfactants

Surfactants are USed in small amounts in some drilling fluids te aid
the di spersion of poorly soluble conponents, sueh as aluminum stearate
and gilsonite, in the aqueous phase of the fluid. Polyethoxylated
alkyl phenol s 1like Aktaflo=E or Aktafle-S nay be added to drilling
flui ds at concentrationsofltol0 1lb/bbl (2,850 to 28, 500 ppm)

(Anerican Petroleum Institute, 1978), Structurally related polyoxy=
et hyl ene esters and ethers have acute toxicities in the rangeeflto
40 ppm for Atlantic salmon Salmo salar and of 2.5 to 14,000 ppm for the
amphipod Gammarus oceanicus (Widlish, 1972). Ani oni ¢ surfactants Of

the linear alkylate sulfonate and alkyl aryl sulfonate types are, sone-
times used in drilling £luids. They have acute toxicities (96=hLCS0)

to freshwater and marine invertebrates and fish of 0.4 to 40 ppm (Abel,
1974). Toxicity increases with decrease in, water hardness (orsalin-

ity) and decrease in alkyl side chain |ength.

Chrzonic and Subl et hal EBffects

Rel atively little research has been performed on the chronic and
sublethal effects of individual drilling-fluid ingredients on marine

ani mals. The researeh that has been done has focused on barite,
hydrocarbons, and various bicecides.

Barite

Several experinents studied the effects of barite on recruiting benthic
invertebrates from the plankton to sandy sediments in experinental
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aquaria receiving unfiltered estuarine water (Cantelmo et al., 1379:
Tagatz et al., 1980; Tagatz and Tobia, 1978). The abundance of most
species Of meiofaunal ani mals was Si gnifi cantly decreased by the
presence of barite on the sand. A 5-nmlayer of barite significantly
inhibited recruitment of macrofaunal polychaetes and molluses. 1he
grain Size distribution, mneralogy, texture, and organic content of
sedinents have a profound effect om settlenent of planktonic larvae
(Thorson, 1957, 1966). Mich of the effect of barite on recruitment of
benthic invertebrates owed to barium nmediated changes in sedi nent
texture, and not to the chemical toxicity Of barite. Barite has a nuch
£iner grain size (mean less than 60 um) than sand. The sand sub~
strate | N conmtrol aquaria contained no silt-clay fraction, whereas in
aquari a containing sand-barite mixtures, the clay-silt fraction was 5.6
to 16.3 percent (Cantelmo et al.,1979). Such changes is sedinent
characteristics render the sediment mege Suitabl e f£or some species and
| ess suitabl e forothers.

Exposed to a substrate of particul ate barite for periods up to 106.
days, shrimp Palaemonetes pugio i ngested the barite (Bzannon and Rae,
1979; Conklin et al., 1980). A though this did not affect survival of
the shrimp, they wereobserved toshow several sublethal responses.
Barite ingestion caused damage to the epitheliunms of the posterior
m dgut, possibly by abrasion. The shrinp accumulated bariumin the
exoskel eton and soft tissues. Barium concentrations ia the carapace
and other tissues of intermolt shrimp exposed to barite for 21 days
wece hi gher than cocresponding concentrations in control shrinp.  The
chemical form and physiol ogi cal significance of elevated barium con
centrations in barite-exposed animals | S unknown.

Thonmpson and Bright (1977) applied Separately barite and bentonite
clays to small colonies Of three reef corals, Diploria strigesa,
Montastrea cavernosa, and Montastrea annularis. The surface of the
corals Was heavily coated, DUl [NEy were able {0 clear their surfaces
tapidly. D. strigosa Cl eared itself faster t han did t he other species.
Barite and bentcnite clays were cleared at about the sane rate as
natural calecium cacbonate sand. During exposure for 29 days to 10 and
100 ppm ferzochrome lignosulfonate in a flowthrough SyStenm polyp
retraction in corals Madracis decactis Was Significantly greater than
in contrels (Thompson, .

Morseetal. {1982) descri bed histol ogi cal damage to delicate gill
ctenidia Of Sea scallops Placopecten magellanicus exposed for up to 20
days to suspensions Of 100 ppm Or Qreafer of attapulgite clay or to
solutions of 500 ppm or greater of ferrochrome lignosulfonate.
Ferrochrome lignosulfonate, but not attapulgite, caused a decrease in
the rate of the Cili a-nedi at ed partiele nmovenment across the frontal
surface of the gill filaments.

Hydrocarbons

Because of the low bioavailability of sedi ment-adsorbed hydrocarbons,
most benthic marine ani Mal S ace able to tolerate hi gher nom nal con=
centrations of hydrocarbons in sedi nents than in Seawater. Chronic

exposure to sediments initially containing 500 to 1,200 ppm crude oil
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resulted in weight |0ss and hepatocellular vacuolization in Entgj I sh
SOl e Paralichthys vetulus (MeCain et al ., 1978) , reduced condifion
index and altered tissue-free amno acid ratios in clanms_Protothaca
staminea and Macoma inquinata (Augenfeld et al ., 1980; Roesijadi and
Anderson, 1979), and reduced feeding rate in the polych_aeteﬁgr_mm
pacifica {Augenfeld, 1980). Andersonet al. (1378) contam nate
natural marine sedinents with Prudhoe Bay crude oil, either as a
surface | ayer (5,000 to 6,000 ppm oi |l initially) or by mxing the oil
with the sedinents (100 ppm oil initially), and placed the sedinents
intrays in the intertidal zone ofthe Washington State coast for 100
days. The oil treatnents did not substantially affect recruitment of
benthic aninmals to the sedi ment trays. When three experinmental eco-
systems at the Marine Ecosystems Research Laboratory at the University
of Rhode |sland weredosed with 190 ug/l (ppb) No. 2 fuel oil in the
wat er colum for 25 weeks, 109 mg/kg (ppm) petrol eum hydrocarhbons
accumul ated inthe bottom sedi nents (Grassle et al., 1980; Oviatt et
al ., 1982). The macrofauna and meiofauna i N t he benthos of the oiled
tanks declined significantly conpared to those in controltanks. The
greater effect of No. 2 fuel oil than crude oil on recruitment nmay owe
to the higher concentration of toxic aromatic hydeocarbens in the first
or to danage to pelagic | arvae caused by the presence of petzoleum
rl\%drocar bons in the water colummn in the experimental ecosystem tanks.
re than 5 years atter a spill of No. 2 fuel oil near Falmouth,
Massachusetts, effectsoftheoi| wege Still detectable insalt narsh
biota Where the oil came ashore, probably because the petrol eum hydro-
carbons persisted in the marsh sedi ments (Sanders et al., 1980).

Biocides <.

Tagatz et al. (1379) studied the effects Of three biocides ON recruit=
ment of benthic invertebrates to sandy substrates in aquaria. Recruit-
ment of mostspecies t0 the sand substrate was di m nished by two

chlorophenol biocides prohibited for ocean disposal, Dewicide G ST and
Surflo B-33. The paraformaldehyde biocide, Aldacide, Which is approved
fordi scharge, had no effect on recruitnment at concentrations of 14 and

273 ug/l.
THE TOXICITIES OF UsEp DRI LLI NG rLuiDs

Bi oassay Procedures

A used drilling £luid, especially a treated one used in a deep hol e,
I's an extrenmely heterogeneous mxture. It contains \Wter-soluble
materials, clay-sizedparticles Of moderate density that settle slowly
I n seawater, and |arger or denser particles that settle rapidly. 1In
addition, montmorillonite and attapulgite clays in fluids floccul ate
upon contact Wi th seawater, formng larger particles that tend to
settle nore rapidly than dispersed clay. These fractions tend to
separate rapidly when the drilling £luid is added to seawater in a
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bi oassay aquarium as they do when they ace discharged £rom a drilling
rig. Flocculation nakes it extrenely difficult to design a bioassay
protocol in which test organisns are exposed unifornly and reproducibly
to a drilling fluid-seawater mxture of known concentration or that at
least roughly sinulates the kind of exposure an organi sm m ght

encounter in the vicinity of the drilling-fluid discharge in the gield.
Because of the conplexity of the chem cal and physical processes that
take place When a useddrilling fluid IS discharged to the ocean, none
of the bi oassay protoeols used to date are completely satisfactory:
however, these protocols are at least consistent wgith currently
accepted bi 0assay procedures.

The Sinpl est approach has beento add diffecent vol unmes of whol e
drilling fluids to a volune of seawater to achi eve several concentra-
t ions. est organisms are then exposed, to these mixtures, which ace
aerated, mixed, Or |eft unm xed during the bioassay (Houghton et al.,
1980; McLeay, 1976; Tornberg et al.,, 1980).

Anot her apptoach iS to evaluate the toxicity of different drilling-
£luid fractions Or m xtures of drilling fluids and seawater that
roughly simulate the likely exposures of organisms in different marine
habi'tats. These bioassay protocols are simlar to those recomended “
for evaluating the environmental inpact of dredged naterial (EPA/COE,
1977). The latter assays have been adopted with m nor modifications
by EPA for bioassays t 0 comply W th NPDES pernts for discharging
drilling fluids on the m d- and Noeth-Atlaatic OCS (Jones and Hulse,
1982). In these EPA bioassay protocols one pact drilling fluid is
mxed with four parts seawater, and the phases ase allowed t0 Separate
for one hour.The supernatant | S calledthe suspended particul ate
phase, and the sedimented fraction the solid phase. A liquid phase is
prepared Dy centrifuging and filtering the suspended particul ate phase
through a o.45- mfilter. Other investigators have used an initial
dilution ofipart drilling fluid with 9 parts seawater and a settling
period Of 20 h (Gerber et al., 1980; Neff et al., 1980, 1981).
Protocols using even greater initial dil utions ofdrilling f£luids are
being eval uated by investigators associated with the EPA labogatory in
Gulf Breeze; Florida.

There | S growi ng evidence chat the degree of initial dilution of the
drilling £luid has inportant effects on the conposition, and therefore
the toxicity, Of the three drilling £luid fractions (Neff, unpubli shed
observations). Because Of the particulate attraction among elay
materials in a deilling f£luid Sl urry, a 4:1 dilution of fluid does not
realistically separate into appropriate phases (i.e.., suspended parti=-
culate and settled solid phases), but rather unnaturally partitions the
solid and chemical conponents of the drilling fluidintothe two
phases. FPield data have shown ' Chat drilling fluids are diluted Dy
1,000 ti nBS within a teanspoet period of Lass than 1 min after
di scharge (the corresponding distance from the di scharge pipe is a
function of current, e.g., 4 mat a cucrent velocity of 15 cm/s). Thi S
. high initial dilution MEANS that the di Schar ge phases occuring in the

field would be Significantly differeat than those observed in the
protocol of4:l dilution. Thus, the method of preparing the bioassay
mixtuce may substantially influence the estimated tOXiClIty of the
drilling fluid or drilling-£fluid fraction. Bioassay techniques now
used also present difficulties in filtering the suspended particul ate
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phase (excess solids stay in suspension) and in the opaqueness of their
testsol utions (especially of chrome lignosulfenate fluids), which
seriously interferes with making bioassay observations on juvenile
crustaceans (e.g., mysids). During the course of the bioassay,
drilling-fluid solids may accumulate on the bottom of test chambers,
creating a viscous zone in which small zooplankton becone entrapped.
small copepeds, SUCh as Acartia tonsa, have been observed mired in

| ayers of settled drilling~£luid sol | ds (Gilbert, 1981), a sSituation
unlikely to occur in nature.

There is some confusion in the literature on the toxicities and
bi ol ogi cal effects of drilling fluids about the appropriate units to
express exposure concentrations and Leso values. The units nost
frequently used in the general aquatic toxicology literature are parts
per million (ppm), Which for |iquid or semiliquid solutes in water may
be calculated in mlligrams or microliters Of solute per Lliter.For
Solutes with densities near 1.0 kg/1 the differences in nomnal con-
centrations calculated in the two ways are not great. The density of
used drilling fluids, however, vazies from1.07 to 2.27 kg/1 (9 to 19
Ib/gal). Large di screpancies can arise in expressing concentrations
of drilling £luids in seawater or concentrations of ingredients in
drilling fluids as either mg/l or ul/l. A 19-1b fluid m ght be
reported to have a 96-h 1cso val ue of 1,000 ul fluid/ 1 seawater or
one of 2,270 mg fluid/1 seawater. The two values are equivalent, but
when the numbers are expressed only as "ppm,* Substantial errors can
arise in conparing the toxicities of different fluids. The units
expressing exposure concentrations shoul d be clearly defined and
standardi zed. Results are alse occasionally reported as pgpm phase.
| f a predilution of 4:1 WAS used in preparing the phase, t%en t he
actual phase concentration has to be nultiplied by 0.20 to correct back
to whole drilling fluid concentration.

Flow-through exposure systems al so have been used for studyi n(rq long=
termand sublethal effects (Conklin et al., 1980; Rubenstein et al.,
1980%. There is the danger that drilling £luids nmay fractionate in
such systems, and particularly that deilling=-£luid Solids nmay aceumu-
late i n exposure tanks. No neasurenents have been made of the varia-
tions over time in the concentrations and conpositions of deilling
fluids in these tanks.

Acut e Lethal Toxicity

The acute lethal toxicities of nmore than 70 used water-based drilling
fluids have been evaluated with 62 species of marine animals gfzom the
“Atlantic and Pacific Cceans, the Gulf of Mexico, and the Beaufort Sea
(Carls and Rice, 1980; Conklin et al., in press; ERCO, 1980; Cerber et
al., 1980, 1981; Gilbert, 1981; Houghton et al., 1980; Marine Bi oassay
Labs, 1982; McLeay, 1976; Neff, 1980; Neff et al., 1980, 1981; Tornberg
etal., 1980). Five major animal phyla found in the marine environment
were represented by the bioassay organisms, including Chordata (12
speci es of £ish), Arthropoda (30 species of crustaceans), Mollusca (12
species of molluscs) , Annelida (6 species of polychaetes), and
Echinodermata (1 species of sea urchin). Larvae and other early life
stages (considered to be nore sensitive than adults to pol | utant
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stress) were also included. The results of these biocassays are
sumari zed in Table 19. Nearly 80 percent of the 400 LC50 values
resulting wece higher than 10,000 Ppm TwO LC50 values were below 100
ppm, both for t he copepod Acartia toOnsa exposed to heavily treated
drilling flui ds from Mobile Bay, Al abana (Gilbert, 1981). The
estuarine copepod Acartia tonsa and the oceani C copepod Centropages
typicusweret he NDSt sensitive speci es tested (EG&G Bionomics 1976b,c:
Gilbert, 1981). other relatively sensitive species included iarvae of
the dock shrimp_Pandalus danae, pi Nk sal non fry_Oncorhynchus gorbuscha,
larvae of the lobster Homarus americanus, juvenile cocean scallops
Placopecten magellanicus and mysid shrimp (Mysidopsis, Neomvsis,
Acanthomysis [sic__Holmesisg], and Mysis). In most cases, organisms
in larval and early juvenil e life stages were nore sensitive than
adults. Ml ting crustaceans were NDIr € sensitive than intermolt ani mal s
(Conklin et al., 1980). Crustaceans as a group, and in particular,
copepods, mysids, and shrimp, were nore sensitive than other mgjor taxa
to drilling £luids. This is probably in pazt because NDre bicassays
were pecformed With crustaceans in sensitive early life Stages than
with Organi Sms in other taxenomic groups at these stages. There were
no discernible differences in tolerance to drilling fluids among
aninals from the Atlantic Ccean, Gulf of Mexico, Pacific Ocean, and
Beaufort Sea.

Whenever conpari sons were made, species were found mece sensitive
t 0 suspended particulate phase preparati ons taan to liquid phase
preparations, I ndicating that suspended particles or sorbed materials
in the drilling fluidscontributed substantially to their toxigities.
The liquid phase of certain drilling £luids was also_toxic. These
toxicities may be due to a conbination of the chemical toxicity of the
liquid phase £luid ingredients and chemical s associated Wi th the
particulate phase or the physical toxicity in the form of izritation
and damage toO delicate gill and Ot her body structures of drilling=-fluid
pacrticles. Physical abrasion by particles may increase the uptake and
therefore the chemical toxicity of soluble components of drilling
£luids .

Drilling fluids vary in their toXiCitiesS. Infermation about the
types and compesitions Of drilling fluids used in biodssays is incom-
plete. ‘Fluids that have been tzeated heavily with chrome or ferze-
cheome lignosulfonate, chrome lignosulfonate-bichromate mixtures,
surfacetants, sulfide Scavengers or diesel fuel are the most toxic.
Both the soluble and particulate phases Of such f£luids ace toxic
(Conklin et al., in press). Fluids and "spud fluids” (used during
initial deilling) have a M nNi MUM of additives ané tOXiCitiesS that, in
most cases, are not markedly different from that, of suspended clay
{McFarland and Peddicord, 1980). The soluble fractions of these fluids
are usually nontoxic (Neff, 1980; ERCO, 198Q).

In swmary, LC50s are useful primarily for ranking and comparing the
celative {OXI C.iti eS of different chenmical S or miztures and for compae=
ing the sensitivities of different SPECi €S Or life Stages to a parti-
cular pollutant. The joint IMCO et al. group of experts on the
Scientific aspects Of macine pol | ution (1969) has used 1cso values to
classify different grades o degrees Of ¢he acute lethal toxicity of
chem cal S to macine animals: very toxic chemicals have LcS0 values of
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less than 1 ppm; toxic ones of 1 to 100 ppm; noderately toxic ones of
100 to 1,000 ppm; Slightly toxic ones of 1,000 to 10,000 ppm; and
practicably nontoxic ones of greater than 10,000 ppm The summary Of
the results ofacute |ethal bicassays presented in Table 19 can be
interpreted using this classification. Larval, juvenile, and nolting
crustaceans are mre sensitive to drilling fluids than axe organi sms
in most Other life Stages and Of nDSt other species.

Chronic and Sublethal Effects

I nvestigations of the chronic and sublethal effects of drilling fluids
have been performed with 35 species of marine animals, including 10
speci es of corals,5species of molluses, 15species Of crustaceans 1
speci es of polychaete worm, ‘' 2 species of echinoderms? and 2 species of
teleost fish. Results of these investigations are sunmarized in Table
20. Thel owest concentrations that elieit a particular response are
given. In some experinents, however, this concentration was the lowest
concentration tested. Responses to sublethal concentrations of drill-
|n% fluids that have been neasured include alterations in burrow ng
behavi or and chemosensory responses in |obsters; patterns ofembryo-

| ogi cal orlarval devel opnent or behavior in Several species of shrinp,
crab, lobsters, sand dollars, and fish; feeding in larval and adult
lobsters and cancer crabs; food assim|ation and growth efficiency in
opossum shrinp; grewth and skel etal deposition in corals, scallops,
oysters, and mussels; respiration and nitrogen excretion rates in
corals and nussels; byssal thread formation in nussels; tissue enzyne
activity in-crustaceans; gill histopathology i n shrinp and sal non fry;
tissue-free amno acid tatios in corals and oysters; and polyp retrac=
tion, MUCUS hypersecretion, ability to cl ean surfaces, photosynthesis,
extrusion of zooanthellae and survival of corals. a1l the drilling
fluids eval uated were chrome or ferrochrome lignosulfonate fluids, the
type used most frequently foe exploratory drilling en the U S. ocs,
Several of the drilling €luids tested, including the nost toxicones,
are known “to have contained diesel gfuel or other petrol eum materials
These include several of the fluids from Mobile Bay, Al abama (Conklin
et al., in press: Glbert, 1981 and Jay Field, Florida” {(Atema et al.,
1982; ‘Bookhout et al., 1982; Dodge, 1982: Szmant=Froelich et al., 1982:
White et al.,1982)and amedium Wel ght £luid fromthe Gulf of Mexico
(Gerber et al., (1980, 1981); Neff, (1980). Di esel -fuels, including
No. 2 fueloil,are known to be quite toxieto marine Or gani Sns
(Maling,1977; Neff and Anderson, 1981y, and undoubtedly contribute
significantly to the toxicity and sublethal effects of those fluids
containing them

Studies of chronic andsublethal effects are often better predictors

of the potential environnental impact Of a pollutant than are acute

| et hal bicassays because the first may employ exposure conditions that

sinmul ate those organisns mght encounter in their natural environment.
In nmost of the investigations summarized in Table 20, this ideal was

N
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TABLE 19 Summary ofresults of acute lethal bioassays with drilling
fluids and marine/estuarine organisms.2

Number of Number of Number of
Species Fluids, Bioassays
Organism Tested Tested” Bioassays
Phytoplankton ’ i 9 12
| nvert ebrates
Crust aceans
Copepods 2 17 39
Isopods 2 4 6
Amphipods 4 8 19
Mysids2 5 18 35
Shrim 10 40 76
Cxaba 6 18 3s
Lobsters® 1 2 7
Molluscs
Gastropods 5 5 10
Bivalves 7 14 33
Echi noder ns
Sea Urchins® 1 2 4
Polychaetes 6 14 28
F inf ish2 12 32 90
“TOTALS 62 72 400

3most nedi an lethal concentration (ICS50) values are based om 96=hour
bioassays and results ace expr essed as parts per million (mg/l or
ul/Ll) mud added (Based on revi ew of Petrazzuolo, 1981, with data
from Carts and Rice, 1980; ERCO, Inc., 1980, Gilbert, 1981, Marine
Bioassay Labs, 1982 and Conklin et al., i N press, added).

bincludes results for enbeyonic, larval and early life stages.
SIn many cases, the same drilling £luid was used for biocassays with

several species. In a few cases, more than one investigator evaluated
the toxicity of a single drilling f£luid.
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TABLE 19 (continued)

Nunber of LC50 Val ues (pPm

NOT Too- 1,000- 10,000-
Organism Det er ni nabl e 100 999 9,999 99,999 100,000
Phytoplankton 5 b 0 7 0 0
Invertebrates .
Crustaceans
Copepods 4 2 11 15 7 0
Iscpods 0 0 0 0 ;1 5
Amphipods 0 0 0 0 5 14
Mys ids2 i 0 1 0 21 18
Sheim 0 0 12 15 31 18
Cr abs2 1 0 0 5 16 13
Lobster 0 0 0 1 3 3
Molluscs
Gast ropod 0 0 2 8
Bivalvesd 0 0 0 1 15 17
Echi noder ns
Sea Urchins2 0 0 0 0 1 3
Polychaetes “ 0 0 0 0 9 19
Pinf isnd 0 0 0 3 52 35
TOTALS 11 2 24 47 163 153
Percentage, as a fraction .
of the total nunber of
drilling fluid bicassays. 2.8 0.50 6.0 11.75 40. 75 38.25

3Most median lethal concentration (LCS0) values are based on 96- hour
bioassays and results are expressed asS parts per million (mg/lorul/l)
mud added (Based on review of Petrazzuclo, 1981, With data from Carts and
Rice, 1980; emrco, Inc., 1980, G lbert, 1981, Marine Bi oassay Labs, 1982
and Conklin et al., i n press, added}.

Btncludes results for enbryonic, larval and early life stages.
SIan many cases, the same drilling £iwid was used for bioassays W th

several species. In a few cases, nore than one investigator evaluated the
toxicity of a single drilling filsid.



TABLE 20 Summary of Invedtigations of Sublethal and Chronic Effects of Drilling Fluide on Marine Animals (the Lowest Concentration of Drilling Fluid
Eliciting & Particular Response} .

Species

Exposure

Concentration

Oriiling Piluid Type —and Duration __________ Respoanses

Coelenterates {(corals)
Hontastrea cavernosa
Montastrea annulacis

Dipioria atrigosa

Montastzea annularis

Montastrea annulazris
Poclites asterofides

Montasteea annularis

Madracie decactisg

Porites furcata, P.
astroides, Mantastrea

annular s, Acropora
cervicornis, Agaricia

agaricites

Porites divaricata

Pichocoenia stokesafi

Montastrea annularis

Montastrea annpularis

Montastsea annularfs

Used FeCrc-1ignosulfonate

Freshly prepared FeCr-
Lignosulfopate

Used Cg-lignosulfopate,
ofEshore Louisiana

Used Cr-lignosulfonate,
offshore Louisiana

Used Mobil Bay Cr-
lignosulfonate with
added Cr-lignosulfonate

Ulged Cr-lignosulfonate,
offashore Louisiana

Uged Cr-lignosulfonate,
offshore Louiaslana

Used Cr~lignosulfonate,
offshore Louisiana

Used Cr~lignosulfonate with
diesel, Jay Fleld, Fla.

tiged Cr-iignosulfonate with
diesel, Jay FPield, Fla,

Usned Cr-lignesulfonate with
diesel, day Field, Fla.

25 ml., sl
seawater; fluld

2- 4 amlayer applied
dtimesat 2.5 h
intervals

Burial under 10-12
cm for 8 h

Thin Fevering

100 ppm

100 ppm, 96 h

316 ppm, 96 h

1,000 ppm,9%h
i

100 ppm, 6 weeks,
flowthrough

100 ppm, & weeks,
f lowthrough

1-200 ppm, & weeks.
£ lowthrough

Unable to clear horizontal
surfaces

Decreased growth rate
at 6 months

All colonies dead

after 10 days

Partial clearing In 26 h,
some dead polyps,
extruded zooanthellae

Depreased respiration
and NH3 excretion
rake

Partial polyp retraction,
excess mucus production

Partial polyp retraction,
exceas mucug production

Pagtial polyp retraction

84% reduction in calcifi-
cation rate, 408 reduction
in respiration sate, 268
reduction dm photosyn-
thesis, 498 reduction in
NQ3 and NH3 uptake,
inhibition of feeding

Reduction In skeletal graowth
rate

Geowth inhibition, alteration
of biochemical pathways and
composition, bacterial
infection

Thompgon and Br ight, 1977

Hudson and Robbin, 1980

Thompgon, 1980

Thompson, 1980

Krone and 814ggs,
1980

Thompson, 1980;
Thompson and
Bright, 1980;
Thompson etal.,
1980

Thompson, 1980;
Thompson and
Bright, 1980;
Thompaon et al. ,
1980

Thompson, 1980;
Thompson and
Bright, 1980;
Thompsaon et al. ,
1980

Szmant-Froelich et
al. . 31982

Dadge, 1982

White etal., 1982

16



TABLE 20 {cont inued)

Bxpoause
Concentration
apecles Prilling Fluid Type ® X4 Duration Respongea Reforences
Molluaca
Pacific oyster Crasso- Used medium- and high-we ight 5,000 ppm;6 weeks, Decteased shell growth, Nef€, 1980
strea gigas Cc~lignosulfonate, Gulf of stat ie decreased condition index

Atlantic oyster
Crassostrea virginica

C. virgiaica

Mussel Modiolus modiolus

Mussel Hytilus edulis

M. edulis

Ocean scallop P lacopecten
magellanicus {juveniles)

f.magellanicus (2-day
larvae)

P. magellanicus_(Z-day
larvae)

P.magellanicus( 2-day
larvae)

P.magellanicug (2-day
larvae)

Mexico

Ueed Ce~} {gnosul Eonate, 100 pom, 100 days,

MobileBay, Al a. £lowthrough
Unidentified Cr- 4# 000 ppm
lignosulfonate
Used high-weight Cr- 30, 000 opm

1lignosulfonate, Cook
Inlet, Alaska

Used medium- and high-weight 33,000 ppa
Cr-1ignosulfonate, Gulf of’
Mex ico

©sed medium- and high-weight 250 ppnd
Cr-1 ignosulfonate, Gulf of
Mexico

Used medium- and high-weight 49.4 ppm2
Cr-1ignosulfonate, Gulf of
Mexico

Filtered suspension (liquid
phase) of used Ce-
1 ignosulfonate, Mobile Bay,
Ala., May 15 fluid

1,000 ppm, 96 h

May 29 fluid 180 ppm, 96 h

Liquid phase of used Cg-
lignosulfonate fluid,
Mobile Bay, Ala. |,
September 4 £luid

<100 ppm, 96 h

quhld phase aof used
*Gileonite® fluid

3,000 ppm, 96 h

L iquid phase of used low-
density lignosulfonate

10,000 ppm, 96 h

Reduced rate of shell
regeneration

Altered tissue—free amino
acid concentrations and
ratioa

Reduced rate of byssus thread
format ion

Decreased flltration rate,
increased rate of respiration
and RH3 excretion

Decreased rate of shell growth

Decreased rate of shell growth

Significant Inhibition of
shell formation

Significant inhibition of
shell format ion

Signific at inhibition of
shell formation -

Significant inhibition of
shell formation

Significant inhibition of
shell formation

Rubenstein et al., 1980

Powell et al., 1982

Houghton et al., 1980

Gerber et al., 1980

Gerber et al., 1980, 1981

Gerber et al. , 1981

Gilbert, 1981

Gilbert, 1981

Gilbert, 1981

Gilbert, 1981

Gilbert, 1981
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raete 20 ¢continued

Exposure

Concentration
Species Deiliing 2luid Type and Duration Responses . ___ __.
Crustaceans

Opossum shg imp Mys idogs ig
bahia

4. almyca
”

Coonstripe sheimp Pandalusg

hypsingtus (adults)

P. hypsinotus
{Stage 1§ larvae)

Dack shr imp Pandalus
danae {Stage I larvae)

Kelp shr imp Bualua suckleyi
{Stage 1 larvae)

Grasa she Imp Palaemonetes
puglo lagvae

Sand shr imp Crangon
geptemspinosa

Atlantic Cancer crab
Cancer irroratus

C. irroratus (Stage B11
lagvae)

Cancer cgab Cancer
boreaile

Uged Cr-1lignosulfonate
Mobile Bay, Ala.

Liquid phase of used Cg~
} ignoasulfonate, Gulf of
Mexico

Used bh igh-welght Cr-
lignosulfonate, Cook Inlet,
Alaska

Used FeCr-1ignosulfonate
Cook Inlet, Alaska

Used FeCr-lignosulfonate
Cook Inlet, Alaska

Used PeCr—1ignosulfonate
Cook Inlet,Alaska

Used medium- and high~weight
Cr-lignosulfonate, Gulf of
Mexico

Used low-we ight Cr -
lignosulfonate,
mid-At lant ic OCS

Liquid phase of used Ce~
1 ignosul £Eonate, Mobile Bay,
Ala. , September 4,1979

Liquid phase of used Cx~
1 ignosulfonate, Mobile Bay,
Ala., Septembes 4, 1979

Used medium-weight Cr -
ligrosulfonate, Gulf of
Mexico

50 ppm, 42 days,
£lowthrough

10,000 ppm, 7 days

loo, 000-ppm
suspensgion

2,000-ppm suspen—
sion, 144 h,
3, 250-ppm Liquid
phase, 144h

500-ppm suspen-—
sion, 144 h,
1,050-ppm 1 iquid
phase, 144 h

5, 000-ppm BuUspen~
sion, 144 h

10, 000- 15, 006 ppwm
liquid phase for
duration of
largval development

33, 000-ppm Biquid
phase, 96 h

100 ppm, 20 days,
£lowthrough

100 ppm, 4 days

160,000-ppm suspen-
sion, 96 h
33,000-ppm liguid
phase, 96 h

508 survival from postlarva
to adult

Decreased food assimilat ion
and geawth efficiency,
reduced growth rate

Gi 11 histopathology

Cessation of swimming by 506
of lagvae

Cessatlon of swimming by 50%
o f larvae

Cessation of swimming by 50%
of larvae

No effect on dugation of any
intermolt periods or on dur-
ation of larval development,
significantly increased
mortality at molting

hecrease An activity of the
enzyme glucose-6-phosphate

dehydrogenase in muscle tissue

Mo effect on survival Ok

Ml t1Ng rate

Temporacty inhibition of feeding

Increase in activity of enzymes
aspartate aminotranaferase and
glucose-6-phosphate dehydrogenase

in heart tissue

References

Conklin et al.,1980

Cacr et al. , 1980

lioughton et al., 1980

Carls and Rice, 1980

Car 1s and Rice, 1980

Carls and Rice, 19680

Neff, 1980

Gerber et al.,, 1980

Gilbert, 198}

Gilbert, 1981

Gerber et al.,1981
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TABLE 20 (cent inued)

Bpecies

Crustaceans (continued)

Green crab Carcinua gaenpua

King crab Paralithoides
camschat ica (Stage |
larvae)

Tapner c¢rab Chionoecetes
bairdd (Stage | larvae}

Mud crab Rhithropanopeus
harrigii larvae

Blue crab Callinectes
gapidus larvae

Amer lean lobster Homarus
amer icanus (adults)

H. amer icanus [larvae]

H. amer icanus (adults)

H. amer icanus {adulta)

Used low-we ight Cr-

1 ignosulfonate,
mid-Atlantic OCS

Used PeCr~1ignosul fonate,
Cook Inlet, Alaska

Used PeCr-lignosulfonate,
Cook Inlet, Alaska

Used low-welight Ce—-

lignosulfonate, Jay
Field, Fla.

Used low-weight Ce-~

lignosulfonate,
Jay Field, Pla.

Uged low-weight Cr-

lignosulfonate,
wmid-dtlant ic OCS

Used medium-weight, Cg=
1 ignosulfonate, Gulf of
Mexico

Used med Rum~ and high-weight

Cr—-lignosulfonate,
Mobile Bay, Ala.

Unknown

33,000-ppm liquid
phase,; 96 h

2, 800-ppm suspen-
pension, 144 h
12,900-ppm liquid
phase, 144 h

2,800~-ppn liquid
phase, 144 h

100,000-ppm fluid
aqueous f ract ion
and suapended
particulate
phase, complete
larval development

50,000-ppm fluid
aqueons £ract ion
and auspended
particulate phase,
complete larval
development

10,000-ppm liquid
phase, 96 h

2,000-ppm liquid
phase

10-ppm suspens ion,
3-5 min

1-2 an layer, 4 days

Exposure
Concentration
Deilling Pluid Type and Dugation Responsea Roferences

Increase imactivity of
enzymes aspar tate
awminotranaferase and
glucose—-t-phosphate dehydro-
genase in muscle

Cessation of swimming by 508 of larvae

Cessation of swimming by S08 of larvae

No effect on survival of development
rate to first crab stage

Significant decrease in survival of
megalopa, altered larval behavior

Incgease in activity of tbe enzyme
aspartate aminotransferase and
decrease In activity of enzyme
glucose-6-phosphate dehydrogenase
in heart tissue

Increase in duration of larval
development by 3 days

Decreased chemogensory response of
walk ingleg chemosensora to food cues

Inhibition of feeding behavior

Gerber et al., 3980

Carla and Rice, 1980

Carls and Rice, 1980

Bookhout et al., .1982

Bookhout et al., 1982

Gerber et al.,1960

Gerber et al., 1961

Derby and Atema,198}1

Atemwa et al., 1982

)
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TABLE 20 {continued)

()

()

Specles

Crustaceans {continued)
H. americanus {adults)

H. amer icanus (Stage IV
larvae)

it. amer fcapus (Stage v and
v lagvae)

Polychacte ¥orms
Lugworm Arenicola cristata

Bchinodesms
Sand dollar Echinarachnius
parma (embryos)

Dat stagflah Patiria
miniata {embryoa)

Teleost Fish
Kiliifish Fundulus
hetezroclitug {embryos)

F. hetegoclitus {embryos)

Pink salmon Oncorhynchus
qorbuacha

Used Cr-Rignosulfonate,
Mobile, Ala. ,
June 26,1979

Used Cr-1ignosulfonate, Jay
Field, Fla.,
July 29, 1980

Used Cr-lignosulfonate
fluida, Jay Pield, Fla.,
and Mobile Bay, Ala.

Used Cr - 1 ignosul f onate
£luids, Mobile Bay,
Ala.

Used Cz-1 ignosulfonate,
MobileBay, Ala.,
June 26, 1979

13 vsed Cr-lignosulfonate
fluids, Santa Barbara
Channel, Call €.

Used Cr~lignosulfonate,
MobileBay, Ala.,
June 26, 1979

Vged freshwater Cg~
lignosulfonate
Guif of Mexice

Used high-welight Cx-
1ignosulfonate
Cook Inlet, Alaska

Bxposure

Concentration
Driliing Fluid Type and Dugation

Responses

References

7-am layer, 4 days

7. 71-ppmsuspen-
sion, 36 days

1-4 mm layet

1 0-ppm guspens lon
£lowthrough with
an accunulat ion of
4,5 wm at 100 days

J, 1316- pp@ sus-

penalon, duration
of development

500- 100, 000 opm
fluid aqueous
fraction, 48 h

3,8 16-ppul gun~
pension, duration
of development

10, 000-ppm liguid
phase, duration
of development

30, 000-ppw sus-
pens lon

No effect on feeding behavior

Partial inhibition of MOl ti nQ,
detect lon of food cues

delayed

Delays inbugrow construction, altered
burrowing behavior

33% mortality

Depreased fertilizatlon, delayed
development, developmental anomalies

Significant decreasein growth rate,
increased incidence of developmental
abnormality tes

Retarded embryonic development,
depressed embryonic heart beat sate

Depressed hatching success, depressed
embryonic heart beat rate,
developmental anomalies

Gill histopathology

Atema et al., 1982

Atema et al. , 1982

Atewma et al., 1982

Rubinstein et al. , 1980

Crawford and Gates,}981

Chaffee and Spies, 1982

Crawford and Gates, 1981

Sharp et al., 1982

#Boughton et al., 1980

8cCaoncentrations originally rzepos ted as ppm suspended solida, converted here to estimated ppm total fluid added.

S6
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not net. Pelagic and sone benthic animals were exposed to suspensions
or soluble (liquid phase) preparations of drilling fluids continuously
for periods of time nuch longer than they would be in the water column
near an exploratory rig. Benthic ani mal s were exposed t 0 layers Of
whol e drilling £luids or to fluids mxed with natural uncontam nated
sedinents. Unless a drilling fluid is shunted directly to the bottom,
it will fractionate as it descends through the water colum. Soluble
fractions of the fluid not tightly sorbed to clay particles, including
the nore soluble and toxic aromatic fractions of &iesel fuel, may not
reach the bottom at all. Lighter elay fractions will be ecarried
farther away than dense barite fractions. Thus, it is unlikely that
benthic fauna on the ocs will ewerencounter a layer of unfractionated
drilling fluid on the bottom Despite the methodolegical shortcom ngs
of these studies, however, several of them provide useful insights into
the subtle biological responses of marine aninals when exposed to sub-
lethal concentrations. of drilling fluids. ‘They also suggest the types
of responses to look for in field studies of the effects of drilling=-
fluid discharges on marine conmunities. It is worth noting, also, that
all major taxa have not been treated in a parallel manner in the tests
reported in Table 20. Life cycle tests have not been run on indigenous
or surro?_ate fish species. _ .

a difficulty in performng studies of chronic and subl ethal
responses of mazine animals te deilling fluids is that there is no
conpl etely satisfactory method for precisely measuring actual exposure
concentrations of drilling fluids and their variation” over the course
O the experinent. Thus, results are presented giving nom nal exposure
concentrations, based on amount of drilling fluid or €luid fraction
added per unit volume of seawater.

Di scharges may result in considerabl e concentrations of suspended
solids i n the water colum (see Table 14), which are rapidly dispersed
(see Chapter 3). while the suspended solids thenselves may not bpe
toxic, investigators have shown in |aboratory studies that solids con=
centfations MY interfere W th survival and reproduction of aquatic
speci es (Nimmo et al.,1979; Patfenhofer, 1972; Wilber, 1971). Concen-
trationsof solids that interfered with reproduction in |aboratory
studies (45 umg/1)! (although differences in reproduction were
negligible) are shown in Table 14 to occur as much as 152 m fromthe
poi nt ofdi scharge (assuning a high rate, high volume discharge).
However, exposures in the laboratory experinents have been weeks,
whezeas exposures in the field are mnutes.

Biological responses to whole used drilling £luids Were recorded at
concentrations ranging from1l to 160,000 ppm and to fluids distributed
as a l-mmto 12-cMlayer on natural sedinent. In some cases, sublethal
responses were observed only at concentrations slightly lewer than
.those that were acutely lethal. Forexanple, the 144-h 1csos of
suspended and liquid phase preparations of a used chrone lignosulfcnate
drilling £iuid from Cook Inlet, Alaska, were 1.4 to 3 times higher than

!pel Nimmo, personal conmunication, July, 1983.
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the concentration of this fluid that in the sane period of ti M caused
swimming to cease in50 per cent of Stage I iarvae Of SiX species of
marine crustaceans (Carls and Rice, 1980). |n several other Species,
however, significant sublethal responses were recorded at concentra=
tions 10 to 100 times lower than the acutely lethal concentrations.
These speci es include the Anerican lebster Homarus americanus and
several mollusecs, particularly the ocean scal | Op _Placopecten
magellanicus (Table 20}.

There have been several | nvestigations of the behavioral and
physi ol ogi cal responses of reef Corals to sublethal concentrations of
drilling fluids (Table 20). Exposureto drilling fluid elicits partial
or complete polyp tetraction im the corals, acconpanied in many cases
by hypersecretion Of mucus. These are defensive reactions that, if
t hey persist for long because of continued pollutant insult, lead to
decreased nutrient assinmilation and production, altered bi ocheni cal
composition, depressed respiration and nitrogen excretion, partial or
conplete inhibition eof grewth and deposition of caleium carbonate
skel et on, bacterial infection, and, eventually, death (Table 20}.
These responses are elicited by chronic exposure to concentrations of
100 ppm oOr |ess, though there are large interspecies differences in
sensitivity to drilling fluids. Reef corals are sensitive to drilling
£luids, particularly heavily treated ones containing diesel oil.

While this report Was in preparation, the previously unpublished
results of several investigations became available. These studies
nmeasured the acute toxicities and sublethal, effects of 11 used deilling
fluids obtained from offshore drilling sites in the Gulf of Mexico,
whi ch the Petrol eum Equipment Suppliers Association supplied to EPA.
The mean 96-h LCSG values for bicassays pecformed with the liguid and
suspended particulate phases of drilling fluids amd suspended whole
£luid preparations for opossum Shri nmp_Mysidopsis bahia were 176,500,
25,145, and 649 ul/l respectively. The mean 96-h LC50 for suspended
whole fluid preparations, of the 11 drilling fluids for l-day old larvae
0% grass Shri np_Palaemonetes pugio was 14,516 ul/l. Thege WAS a
statistically significant inverserel ationship between the 96=h 1C50
for opossum shrinp and the concentration in the drilling fiuids of
petzoleum hydrocarbons identified as No. 2 fuel oil (r = =0.73, p <
6.08). Drilling-fluid toxicity was not correlated to concentration Of
chromumin the fluid (r = =0.5, p > 2). The drilling fluids
contained 100 to 9,430 mg/kg(ppm) petroleum hydrocarbons, and 42 toO
1,345 mg/kg total chrom um

Wien 1 h oidembryosof hard shell clams Mercenaria mercenaria were
exposed to liquid and suspended particulate phases of the 11 drilling
£luids for 48 h, the concentration causing 50=percent | nhibition of
shell formation ranged from 87 to greater than 3,000 vl/l for the

1liquid phase and 64 to greater than 3,000 u1/1 for the suspended

particul ate phase. Liquid phase preparations at concentzations as low
as 10 to 100 ug/l i nterfered with fertilization oF caused abnormal
embryonic devel opment in sand dollars Echinarachnius parms ané Sea
urchins Lytechius variegatus, L. pictus and Stronagylocentrotus
purpuratus. Reel corals exni bit e% several sublethal cesponses fol | ow
Ing exposure for 24 h to 25 v1/1 whole drilling £luid followed Dy 48

h recovery. These responses included protein leoss, changes in the size
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and concentration ratios of tissue-free am no acids, and depressed
calcification ‘rate. The drilling fluids eliciting sublethal responses
at the |owest exposure concentrations werethose nost acutely toxic
and containing the highest concentrations of diesel fuel.

M crocosm Studies

Various types of experinental mcrocosnms have become popul ar in recent
Kﬂears as links between |aboratory experinents and field observations.
crocosms have been used a few times to study the effects of drilling
£luids on recruitment of planktenic | arvae to benthic comunities. In
these experinments, drilling fluid is layeredon or mxed with the
bottom Sediment or injected into natural seawater flow ng into aquaria
(Rubinstein et al., 1980; Tagatz et al., 1978, 1980, 1982). Most of
these experiments have tested relatively high concentrations of
drilling fluid on or in the sedinments (990,000 ppm), Whi ch depressed
the recruitnent of sone species. Qther species werefound in greater
nunbers in the sediments contaminated with drilling fluids. Certain
speci es of bacteria and microeucaryotes (ciliates, nematodes, etc.)
were nore abundant in contam nated sedimeats than in clean ones (Snith
et al., "1982). These effects coul d owe to changes in sedi nent texture
fromthe presence of drilling f£luid, t 0 organic enrichnent of
sedi ments?” or to the particular chemical conpositions ofthe f£iuids.
When marine aquariaweresupplied with unfiltered natural, seawater
containing 50ul/1 (ppm) of used chrome lignosulfonate drilling fluid
for 8 weeks, the nunbers of tunicates, molluses, and anmnelids settling
inthe sandy substrate or on the walls of the aquaria were signifi=
cantly decreased conpared to those settling i n control aquari a (Tagatz
et al.,1982). Differences in conmunity structure in control and
experinmental aquaria receiving 50 ppm drilling fluid were indicated by
a decrease in species abundance by Spearman's neasure of rank cozrela-
tion and an increase in species diversity as measured by the Shannon-
Weaver index. These differences ceuld have owed tothe physical or
chem cal effects of suspended drilling fluids on survival or settlenent
of planktonic larvaeorto the accumulation of drilling fluids in the
sediments over time (which Was noted but not quantified) altering
sedi ment texture.

Field Studies

Table 21 provides summary information on the few field investigations
that have been conducted of the environnental fate and effects of
drilling fluids and cuttinggs di scharged to the marine environnent.
These studies corroborate predictions derived from |aboratory studies.
The effects of drilling-fluid discharges to marine ecosystems? where
detected, are localized 10 an area around and downcurzent of the dis-

charge and tothe benthos. o
Gettleson (1978) monitored the condition of reef corals on t he East

Flower Garden Bank off the Texas- Loui siana coast before, during, and
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TABLE 21 Summary of Major Field Investigatioms of the Environmental Pate and Effects of Drilling Pluids and Cuttings Discharged to the Environment

Location

Objectiven

Eaat Flower Garden
Bank, NH Gulf of Mexico

Palawan island,
Phillipplnes

Lower Cook Inlet, AK

NJ18-3 Block 684,
MidrAtlantic OCS

Georgen Bank,
Mid~At lant ic OCS

Uv.5.Beaufort Sea,
AR

of £shoge Southern
California

Canadian Beaufort Sea

NW Gulf of Mexico

Pate of drilliing €fluids
shunted to i@ m above
bottomy effects on coral
ceef 2,100aeters away

Effects of drildling discharge
on coral reefs

Fate of drilling discharges
and effects on benthic
comnunitiea

Fate of drildling dischacgess
effects on benthic communitys
bicaccumulation of metals

Fate of drililing dischargess
effects on benthic community;
blcaccumulat jon of metals

Bffects of above-ice and
below-ice disposal of

dr il ling mud and cuttings on
benthic commpunitiess
bioavailabiliiey of metals

Effects of deilling discharges
on fouling community omn
pontoons of semisubmersible
rig

Metals from drilling die~
chatges in sediments and
benthos

Distribution of metalsin
sediments and blota in ofl
producktion fields

Dridlling at 329 m water depths coral
zone at 20-50 meters 6 NWof deill
sites bottom currenta toward WSW

darill site

Drilling direcktly on reef at 26 m
2 weiladrilled 3 m aparty 3 cm/a

currents to the north

Drilling at 62 m waterx depth, 4.6-5.3 m
tides, mean maximal tide curcents

42-108 cm a between bottom and
surface

Drilling at 120 m water depthy
hottom curgents < 10 cm/s
628 of time, sediments

2048 si Lt /clay

Rigs at 80 and 148 m monltored;

cepidual bottom current 3.S cm/8)
frequent severe stormaj sediments

<18 silt/clay

Water depth 5-8 @ ice cover moat

of year with buttom scour in
shallower aseas

Platform on cite 2-3 yeatrs,
sampling 4a August

Deiliing from artificlal islandy
Kk apid seaaona 1 etos ion and ice scaur

Shallow water, high suspended sediment

load

Phygical Characteristics

Regultg

ceg

Dril) £luids and cuttings
distributed to 1,000 m £xom
discharge; no impact on
coral zone

70~90% reduction insome ape.
of Jiving corals within 115

x 85 m area; epifauna assocjated

with corala affected to 40 m

Little accumulation of mud 6
cuttingas on bottom; no effects
on benthes attributable to
dischargea

Visible cuttings pileiSim
diametersy elevated Bain
sediments to l.6kms abundance
of predatory demersa i spp.
increaseds large decrease in
abundance of benthicinfauna
near r g with some bloaccumu—
lation aof Ba and possibly Cr
by benthic infauna

Evidence of cuttingswithin

200 m of rigs; elevatedBa in
bulk sediments to 2 km; no

ef fects on benthos attr ibutable
to dr illing; no bioaccumulat fon

0.5-6 cm £luid and cuttings

on bottom but cacg led away
quicklys no effects attgibut-
able to discharges on benthoss
possible uptake of Babymacco-
algae and Cuby amph iphods

Surfaces within 10 m of dis-
charge had different fouling
community, attributed to

deilling fluid accumulation

Elevated levels of Hg, Pb, 4n,
Cd, As, and Crip sediments
near discharge with elevated
Hgto 1,800 m; no correlation
between metals 4m sediments and
biota

Decreaaing concentration
gradients of Ba, Cd, Cp, Cu,
Pb, and zp in sediments arcund
some £iga. Metals not elevated
in commerclal species of shcimp
and £iah

Gettleson, 1978

Hudasop et al., 1902

Dames & Moore, 1970
Houghton et al., 1980
Lees Houghton, 1980

EG&G Environmental
Consultants, 1982

Battelle/W.H.0.3,, 198)
Bothner et al., 1982
Payne, et al.,1982

Nor them PTechnical
Services, 1961

Benesch et al., 1980

Crippen et al., 1980

Tillery and Thomas, 1980

{)
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after the drilling of an exploratory well approxi mately 2,100 m sout h-
east of the reef. Discharges were shunted to 10 moff "the bottom

Al though sone of the discharged fluid and cuttings were distributed by
currents to a distance greater than 1.000 mfromthe rig, none could
be detected in the coralreefzone, which was shallower than the depth
of discharge.

Hudson et al. (1982) found little or no suppression of growth in the
coral porites |utes fromdrilling-fluid discharges made in exploratory
drilling near a coral reef off Ppalawan |sland, Philippines. Living
foliose, branching, and plate-like corals were reduced by 70 to 90
percent, however, in an area 115 by 85 m around -the wellheads, possibly
because of the snothering or texic effectsofthese discharges.
Comuni ties of small organisns Living in crevices and cavities in and
anong the coral heads (coelobites) were severely disturbed within 40 a
of the wellheads (Chei, .1982). Mnor changes in coelobite conmunity
structure were observed up to 100 mfrom the wellhead, Ani mals Lliving
on the surface of the reef were less affected.

Lees and Houghton (1980) studied benthic communities inthevicinity
of the €.0.s.T. well in Lower Cook Inlet, Al aska, before, during, and
after the drilling operation. Changes in benthic comunities were seen
near the drilling pl atform during the course of the study. None eould
be unequivocably attributed to the drilling operations, however,
because of irregularities i N faunal distribution, probably owi ng to
differences in successional stages amng the azeas sanpled and the
failure to resanple control sites. They concluded that, in the very
hi gh energy environment of Lower Cook Inlet, the rate of accunul ation
of ‘drilling fluids and cuttings on the bottom was not sufficient te
affect neasurably benthic Popul ations. Although popul ations of an
opportuni stic species Of polychaete, Spiophanes bombyx, My have
increased after deilling, such resistance is characteristic of dynamc
environments. In a relateda study of the sanme drilling rig, Hought on
et al. (1980) placed pi nk salmon fry, shrimp, and hermit crabs in live
boxes at 160, 200, and 1,000 m downcurrent from the drilling=-fluid
di scharge. 1In an observation made after 4 days, no nortalities could
be attributed to the fluid's di scharge plume.

Detailed studies have been performed on the shortand |ong-term
effects of deilling fluids and cuttings on benthic comunities around *
an exploratory drilling platform in New Jersey 18-3 Block 684 On the
md-Atlantic ocs off Atlantic City, New Jersey (EesG Environnental
Consultants, 1982; Gillmor et al., 1981, 1982: Maurer et al., 1981;
Menzie et al., 1980). A zone approximately 150 min di ameter of
Vi sibl e aceumulation from drilling discharges (primacily from deill
cuttings) was observed inthe immediate vicinity of the well site,
while el evated levels of clays were detected up to 800 m sout hwest of
the site immediately after drilling ceased (during a first post=
drilling survey 2 weeks later). A side-scan sonar survey 1 year after
drilling ceased reveal ed scour marks left by anchor chains and
depressions left by the anchors. drill cuttings and debris had
accunul ated heavily in an area about 40 to 50 min dianeter immediately
south Oof the well site. The height of the cuttings pile was estimated
tO be less than1 m During the “second postdrilling survey, elevated
levels Of clay wese not detected southwest of the drill site. In both
postdrilling Surveys, concentrations of bariumin the upper 3 cm of
sedi ments were elevated (up to 3,477 ppmin the first survey and 2,144
pem in the second survey, conpared to 148 to 246 ppm before drilling)
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near the rig site and decreasing with distance fromthe rig. The
concentration Oof bariumwas elevated in sedinents up to 1.6 km from

the drill site. Neither the concentration of chrom um nor of several
other metals Was el evated in sedinments near the rig foll owi ng drilling.

‘ The abundance of hake_{urophycis chuss), cancer crabs (Cancer spp.).
and starfish (Astropecten americanus) | ncreased between the predzilling
and fierst postdrilling surveys in the inmediate vicinity and to the
south of the well site. These animals may have been attracted by the
increased microrelief Of the accumul ated cuttings or by clumps of
mussels Mytilus edulis that had fallen Of f the drilling ri g or anchor
chains. Withinabout150m Of the di scharge sessile benthic aninals
such aS Sea pens_Stylatula elegans were subject t O burial by drill
cuttings.” The second postdrilling survey found Sea pens completely
absent fromthe main cuttings pile, al though they were observed anong
patches ofcuttings away from it, One year after drilling, hake and
cancer crabs Were no longer concentrated near the rig site, and star-
fish had a patehy distribution throughout the area.

Beforedrilling, the abundance of benthic macrofaunal in the
vicinity of the rig site was greater than that at a nearby s bench-
mark station (8,011 ani mal sPnr-rer-sus 3,064 animals/m2). The
abundance of benthic macroinfauna at the rig site dropped to 1,729
animals/m® i medi atel y after drilling, and then rose to 2,638
animals/m?® one yesr later. These changes in abundance were the sane
for the four maj or taxonomic groups (polychaetes, echi noder ns,
crustaceans, and molluses). Peolychaetes predom nated in the macroin-
fauna at the study site during all thcee survey periods. Their
rel ati ve abundance, however, decpped from 78 percent in the predrilling
survey to 70 percent in the first postdrilling survey and to 66 percent
in the second .postdrilling survey, conpared to 70 percent at the nearby
LM benchmark station. Molluses Were the only group to return tO0 their
original abundance at the site within 1 year agter drilling.

The abundance of the brittle star Amphioplus macilentus substan=-
tially decreased within 100 mog the rig site and remained decreased
at the time of the second pestdrilling survey. The abundance Of small
brittle stars (Of di SC diameter less than 1.5 mm) decreased more than
that Of larger specimens. The number Of polychaetes measured during
the first postdeilling survey was significantly lowes at stations near
the rig site that had el evated levels of clay (from drill cuttings)
conpared with nearby stations that Show no elevation in Sedi nent clay
concentration between predrilling and postdeilling surveys, The
composition of polychaete feedi ng gquilds, however, was similar in all
three surveys (Maurer et al., 1981). Wth the exception of these
cases, benthic macrofauna decreased in abundance simlarly between ehe
predrilling survey and the two postdrilling surveys fee the major
speci es within 211 taxnomic groups. W th the exception of a few
stations | ess than 100 m sout hwest (downcuczent) of the drill Site that
had markedly reduced benthic fauna during the first posedrilling
survey, there was ne relationship between direction, distance from the
rig site (OUt to 3.2 km), or sediment bari um concentration and the
extent of decrease in abundance of any major taxonomic groupor Maj Of
Speci es. \
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Unfortunately, there were no control stations sufficiently far from
the rig site to ensure that they werenot affected and thus that they
%;ovi ded true reference points to evaluate the three benthic sanplings.

ta from nore distant stations mght establish better how nuch changes

i n benthic fauna resulted fromdrilling orfromomefactors. Sta-
tions farthest from the rig site and considered beyond the influence
ofdrilling discharges (Stations 55, 56, and 38) showed the sane
patterns of faunal change as did stations near the rig site. The
conposi tion and abundances of benthic fauna observed in the two post-
drilling surveys wece note |ike those observed in the earlier s
benchmark programin the area, particularly fromBuM Station A3
{Boesch, 1979), than Like those observed in the predrilling survey.
Because of natural temporal variability, the predrilling survey may not
have provided a suitable baseline (at |east as far as maczobenthos
abundance 1levels are concerned) t0 evaluate the results of the post-
deilling surveys. Natural tenporal wvariability is the probable cause
for the large, area-w de changes inmacrobenthic abundance that was
observed between suzveys. This premse is supported by considering
that an exploratory well was drilled approximtely 2.8 kmnorth
(upcurrent) of t he nonitored well site shortly before t he predrilling
survey, If area-wide inpacts occurred as a result ofdeilling this
well, they should have influenced the stations north of the test weil;
however,nodi fferences in conposition and abuindance wereobserved
bet ween these stations and stations south of the test weU. The

. Previously-drilled well was drilled by the same operator using the sane

drilling fluid conpany and programand drilled theough simlar forma-
tions as the test well. Water depth, bottem topography and currents

at both sites are similar. Thus. simlar distributions- of--drillihg="
di scharges around each well woul d beexpected. If natural variability
I S ignored, pmdrilling maczofaunal abundance appears to be el evated

(with respect to BwM benchmark data) even though some of the stations
could have been exposed to inpacts fromthe previous well. However ,
data from the nonitored well suggest that macrofaunal abundances
decreased upon exposure tO drilling di scharges. This contradiction
strengthens the arguments that, except for those stations in the -
immediate well-site area, the observed decrease in macrofaunal
abundance between pre= and post-drilling surveys resulted from natueal
tenporal variability. .
_ Species richness (nunmber of species per 0.2 nf) at the rig site
dropped from 70 + 7 in the predrilling survey to 38 # 10 i nmediately
after drilling and then rose again to 53 £ 8 one year later. Shannon
diversity (g") and evenness (J*') showed enly very small changes between
t he predrilling and the two postdrilling surveys. Diversity decreased
slightly, probably in part because of increased evenness, which was
observed in the postdrilling surveys. These changes inspecies
richness, diversity, and evenness were simlar at stations near the
well site and-at the three stations considered to bebeyond the
influence of¢ drilling discharges.

The authors concluded that the physical and biological effects of
exploratory drilling discharges on the benthic environnent of a
| ow-energy area of the md-Atlantic ocs persisted for at ieast 1 year
atter drilling activities ceased. To the extent that the decreased

)
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abundance and species richness of benthic macrofauna around the rig
site immediately after drilling resulted from drilling discharges,
there Was evi dence of recovery during the year after drilling ceased.

A simlar investigation is being perforrregfor the Mnerals
management Service (fornmerly the Bureau of Land Managenent) on Georges
Bank, sout heast of the Massachusetts coast (Battelle/Woods Hole
Cceanogr aphi ¢ Institution, 1983; Bothner et al., 1982; Payne et al.,
1982) . Small amounts of cuttings were detected in bottom Sediments
within about ' 200 m of the exploratory rigs im Blocks 312 (94 m water
depth) and 410 (137 m water depth) fol | OW Nng drilling (Bothner et al.,
1982) . Mo pile of cuttings Was Vvisible in any wottem photograph.

Bari um concentrzation increased im the top centineter of bulk sedinents
bet ween predrilling and postdrilling SUrVEYS up to 3.5 times (from 32
t 0 110 ppm) within 200 M of the rig | N Block 410. A smaller | NCrenent
in sedi ment barium concentration was observed in the upper centineter
of sedinments collected fromwthin 200 mofthe rig sitein Block 312.
El evat ed 1levels of barium, but not chrom um were detected inN bulk
sediment sanples wp to 2 kmfromboth drill sites. The silt-clay
fraction Of the sediments, representing about 1 percent of the total,
contained el evated concentrations of barium and chzomium at stations
up to 6 km downcurrent of the Block 312 drill Site aftesr 6 nonths of
drilling.

Buzing the first year of the nonitoring program benthic sanples
wer e collected four tines on a seasonal basis (in Jguiy and Novenber
1981, and in February and May 1982) from 47 sampling stations
upcurrent, i N the vicinity, and downcurrent of the lease bl ocks.
Drilling began at the two rig Sites in Blocks 312 and 410 in Decenber
and July 1981 respectively. Drilling was observed to have Little
i mpact on the abundant and diverse benthic macroinfauna during the
girst year of nonitoring (Battelle/Weods Hole (Oceanographic
Institution, 1983). In Block 312, where drilling Started shortly after
the second survey, theze was a change in the abundance of several
species at some stations within 2 km ef the zig where Bothner et al.
{1982) showed that barium (and by inference the solid conponents of
deilling fl ui dS) accumulated between the first and fourth surveys.ln
February, shortly afterdrillingstarted, SOME Species increased in
abundance at stations closest to the ri g and declimed at stations
farther away. The abundance of the corcphiid amphipod Erichthenius
rubicornis Showed a marked decline in February at some statioms.
Barium WaS not Observed to accumulate at these Stati ons until May.
Thus it is doubtful that the popul ation changes observed resulted
directly from t he accumslationof di scharged drilling £luids on t he
bottom sinece the di scharges accumulated after the amphipod popul ation
had declined. However, the distribution and abundance of E._ rzubi-
gornis, an epifaunal suspension feeder, and Of certainm Ot her species
acound the rig may have been influenced by the accumulation on the
bottom of drill cuttings, most of Which are di scharged during the
drilling of the shallow portion Of theholeearlyin drilling (Ayecs
et al., 1980a). Severe winter storms in February 1382, however, caused
substantial sedinent resuspension and bettom SCour at these stations,
as docunented by bottom photography. Changes in sediment texture
resulting from t he storms probably were a NBj Of CauSe orthe benthic
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infaunal changes Seen near the rig in February. Mst of the
macrofaunal species that declined in abundance near the rig site-in
February substantially increased in abundance in Muy. Thus, any
effects of drilling discharges were apparently of short duration.

The much mlder effects of exploratory drilling on the benthes of
Georges Bank than those on the md-Atlantic ocs probably result in
large part fromthe difference in the amounts of drilling fluids and
cuttings accunul ating on the bottomat the two sites. The |ower energy
environment of the md-Atlantic o¢s all owed nore drilling fluids and
cuttings to accumulate on the bottom than did the higher energy
environment of Georges Bank.

Northern Technical Services {(1981) investigated the effects of
above-ice andbel owice disposal of drilling fluids and cuttings on the
nearshore benthos of the U.S. Beaufort Sea. Approxi mately 2.6 x 10°
1 of drilling effluents weredi scharged bel ow the ice at shall ow water
(5.5-m and deep-water (8.2-m test locations near the Reindeer Island
Stratigraphic Test \el| site approximately, 15 kmnorth of Prudhce Bay,
Alaska. In addition, approximately 3.5 x 1051 of drilling effluents
were di scharged on the ice in6.7 m of water. Reference sites were
| ocated nearby in 4.9 and 7.67 mof water. Four days after the test
discharge at the deep water site, a layer of drilling fluid and
cuttings Of 5 to 6 em Was observed on the bottom under the discharge
point. About 3m east of the site the estimated depth of the |ayer was
about 0.5cm. At the shal | ow wat er site t he maxi num accumnul ati on of
drilling fluid and cuttings was about 1 to 2 cm

In eozder Of relative abundance, the benthic fauna of the study area
included polychaetes, molluscs, and crustaceans. The experimental and
reference stations in shallow water (5 m) and in deep water (8 m
differed significantly in infaunal abundance, diversity, species gich=
ness, evenness, and bi omass. The experinental discharges took place
in late April and early May 1979.  Analysis indicated thatthe abun-
dance of some species changed at the experinental and reference sites
between May and August. The changes probably weredue to seasonal
effects. Atthedi sposal site above ice, the nunbers of polychaetes
and harpacticoid copepodswere Significantly fewer than at the nearby
deep-water reference site in August 1979 and January 1980, Grain size
and trace netal analyses of bottom sedinents fromthe two sites indi-
cated that drilling effluents did not remain for leng at the disposal.
site. The authors attributed the differences in polychaete and
harpacitcoid abundances at reference and above-ice disposal-sites to
natural di fferences inambient physical conditions (mainly sediment
grain Size) at the two sites.

Anphipods (Onisimus Speci es and _Boeckosimus Speci eS), placed in live
boxes on the boftomor at mid-depth 3 to 12 miromthe discharge points
for 4 to 89 days suffered few nortalities. Trays containing clams
(Astarte species and Ligcyma fluctuosa) were deployed for” up to 89 days
on the bottom at the deep-wafer reference site and the above-ice
experimental discharge site. Afterddays, 1 to2 clans weedead in
both reference and experimental trays. After 87 to 89 days, 7 clams
(26 percent) were dead in the experimental tray and 9 were m ssing,
conpared to 1 dead in the reference tray. The experinental tra %ad
al so been disturbed, however, which could have contributed to tKe
nortalities observed.
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Benech et al . (1980) studied fouling communities On submerged
pontoons Of & semisubmersible drilling rig off southern California.
The horizontal pontoon surfaces within 10 m downcurzent Of the dis-
charge pi pe where solids accunul at ed had diffegent foOuling communities
than pontoon surfaces where these solids did not settle. Differences
were attributed primarily tosedimentation of the drilling fluids and
cuttings. Sedinent-intolerant species disappeared and sediment=-
tolerant species became nore abundant on the fluid-exposed pontoons.

In summary, the effects of drilling fluids and cuttingsS on benthic
and foulingcommunitiesis rel ated to the amount of material acecumulat=
ing on the substrate, which in turn i S related t O current Speed and
rel at ed hydrographic factors. In a high~energy environment, £luids and
cuttings do not accunul ate and have notbeenobserved to atfect the
benthos. | N low-energy envi ronnents, more material accumulates, and
inthe vicinity of the drill site the abundance of certain benthic
species is reduced as a result of burial, the species’ inconpatibility
W th clay, or the chem cal toxicities of the conponents of drilling
fluids Or cuttings.

BIOAVAILABILITY

Hydr ocar bons

Highly aromatic di esel fuels {containing 30 to 40 percent aromatics)
such as No. 2 ‘diesel fuel aze anong the most toxie petrol eum peoducts
to Mmarine organi sms. Most of the petrol eum hydrocarbons is a used
diesel-treated drilling fluid probably will be sorbed to t he bentonite
clay fraction of the £luid and be i ncorporated in the sediments.
Petzoleum hydrocarbons sorbed tO organic or inorganic particles
generally are | ess biocavailable t 0 mazine Organi snms than hydrocarbons
in solution or dispersed ia t he water column (Augenfeld et al., 1982;
McCain et al., 1978; Roesijadi et al., 1978a.b; Rossi, 1977; Lyes,
1979; Neff, 1979). The bicconcentration factor (concentration in
tissue/concentration in Sedi nents) for petrol eum hydrocarbon uptake
from sedi ments and detritus by macine ani mal S usually falls in the
range of 1 to 2. Augenfeld et al. (1982) reported IMBXI MUM bicaceumula=-
tion facters Of 7.9 and 11.6 for phenanthrene and chryseme respectively
by the clam Macoma inquinata from Sedi ments. Al though particle-sorbed
petroleum hydrocarbons are less bicavailable t han hydrocarbons in
solution, there could be sufficient Uptake of hydrocarbons from dreill-
I ng fluids to contzibute Significantly to the toxicity of those £iuids
that contain diesel oil. There have been no published |aboratory
investigations to dat e of the uptake O petroleum hydrocarbors from
di esel -treated drilling £luids.

Heavy Metals

Metals commonly found in drilling f£luids are barium, chromium, cadm um
copper, iron, mercury, lead, amnd zinc, (Table 22). Compounds containing



TABLE 22 Trace Metal Concentrate

lons jp ODrilling Fluide From Diffecent Sourcesd.

Drilling Fluld Ba cc cd Cu Fe Hg Pb in Others References

48 canadian HD 0.1-909  NO 0.05-250 0.002 “nD N 0.06 Slferd, 1976
Axctic fluids 9,250 1,700

3 Barite CLS NO ND 0.16-54.4 6.4-307 NO 0.2-10.4 0.4 6.6~ 3.8-19.9 NI Relson et ... 1980
flulds 307 4,226 12,270

2 Mid-Atlantic 229,100- 3,112~ 0.6-0.8 5.8-7.7 ND <0.05 102. 6- 36.0~ 1.8-2.3 As Ayers et al., 1980a
CLS £ luida 303. 100 1,159 P 210.5 48.4 13.5-17.0 Ni

o 22.7-2a. 0V

3 Mid~Atlant ic 823~ 5$7-90 2 ND ND | -2a 10- 241 101~ 20-33 EG&G, 1980
CLS fluids 19,300 197

Balt imore Canyon 202,000 856 nD 20 19,000, ND ND HD Liss et al., 1980
cLs fluid

Gulf of Mexico 449, 000 378 ND ND ND ND No No 10, 800 Al Ayers et al., 1980b
CLS €luiad

Gulf of Mexico 133, 000 200 NR 2a0 16,000 ND ND Nb Liss et al., 1980
CLS Eluid

Gulf of Hexlcg ND L} ] 0.51 ND ND ND up ND Page et al., 1980
spud kw142

Gulf of Mexico high- ND 257 0.78 ND ND MD 1.3 No Pageet al., 1900
denalty CLS £luial

Gulf of Mexico mid- ND 396 1.70 ND ND ND 5.0 ND Page et al., 1980
density CLS fluial

Gulf of Mexico low= ND 596 1.18 ND up ND ND ND Page et al., 1980
dennity CLS £lulal

Gulf of Mexico ND 485. 2 3.0 48,2 ND ND 179.4 251. 4 McCulloch et al., 19s0
seawater CLS f luid

Gulf of Mexico ND 10.9 3.5 30.2 No NO 134.2 297.3 McCulloch et al., 1960
spud €lulal

Gulf of Mexico high- ND 229.9 10.9 118.8 ND ND 209.5 214, S McCulloch et al., 1980
denaity CLS fluid!?

2 CHuC/gel fluids 4,400~ 28-63 0.5-0.6 6.4-10.4 ND 0,017~ 2.4-12.8 42- 64 Tornberg et al., 1980
AlaskaS 6,240 0.03)

XC polymer fluids 720-1,120 66-176 0.5-1.5 10- 16 ND . 0.0l s- 5.6-56 49-110 Tornberg et al., 1980
Alaska { 20)S 0.070

XC polymer/unical ND 56-125 ND 2.8-17. 0 ND ! o.028- 9-117 19a-397 Tornberg et al., 1980
flulds Alaska (6)€ 0.217

CLSflu ids 000-7,640 121-172 0.5 10-12 ND 13.03- 16.4 -56.0  49-56 Pornberg et al., 1980
Alaska (4)€ 0.07

Gulf of Mexico 90.000 500 ND 43 27,000 ND 91 370 400 Mn Trefry et al., 1981
CLS fluid

Hobl 1 Bay t reated ND 5,960 ND 47 10,100 ND 22 540 290 Mn Trefry ot al., 1981
CLS fluid

ROTEs ND, not determined; CLS, chrome lignosulfonate; CMC, carboxymethylcellulose.

Aconcentcations are inmg/kg dry welght (ppm).

Eﬂuldaalsoanalyzed by Page et al.(1980) and McCulloch et al. {1980) .
CConcentrationa given on a wet-dry basis.

901

)



107

barium, chromium, lead, and zi NC are intentionally added to drilling
fluids te serve different functions. Other metals the f£luids contain
are trace contamnants of barite and bentonite clay and formation
solids (Kramer et al., 1980; MacDonal d, 1982). Elevated concentrations
of barium, and occasional |y chromium, zinc, cadmium, and lead, presum-
ably derived in pazt frem di scharged drilling fluids, have been
reported i N the water, bottom sediments,or bothin the i medi ate
vicinity of of fshore exploratory wel | s (Crippen et al., 1980;Ecomar,
1978;EGaG Envi ronnment al Conasultants, 1982; EGsG Environmental Con~
sultants, 1982 Gettleson and Laird, 1980; Meek and Ray, 1980; Tillery
and Thomas, 1980; Trocine et al., 1981; \Weel er et al., 19805). The
important question relating to these metals i S whether marine ani mals
can accumulate them i N their tissues from the water or sediment to the
extent that the metals are toxic to the animals thenselves or te
animal s at higher trophic levels, i ncluding, for example, human
consuners of fishery products.

Laboratory Studies

There have been a nunber of laboratory investigations of the bie=

accumulation Of scme metals i N drilling fluids Or drillina=£luid
ingredients (Brannon and Rae, 1979; Carr et al.,1982; Espey Euston &

Associ ates, 1981; Gerber et al., 1981; Li SS et al., 1980; McCulloch et
al., 1980; Page et al., 1980; and Rubinstein et al., 1980). They show
that sone heavy metals in used drilling fluidsare bicavailable to
marine animals. Statistically Significant bicaccumulation of chromium
and barium may oceur, despite“thevery low salability of barium sul fate
in seawater. Liss et al.(1980) have shown that higher concentrations
of chromium and barium than predicted are present in filtrates of sea-
wat er suspensions Of deilling fluids; this may be the fraction accumu-
lated by marine animals. Mueh of the lead, zi nc, and possi bly cadmium
isin particulate form and associ ated with pi pe dope (usually high ia
lead arid zinc) and in the clayorbaeite fractions of the £luids
(Kramer et al., 1980; MacDonald, 1982; McCulloch et al., 1980).

Pield Studies

Several metals in drilling f£luids, particularly barium tend to
accumulate in botetom Sedinents in the i medi ate vieinity and down-
current of the drilling rig, where they may persist indefinitely
(Boothe and Presley, 1983; Crippen et al.,1980:EG&G Environnental
Consultants, 1982; Gettleson and Laird, 1580; Meek and Ray, 1%80;
Tillery and Thomas, 1980; Trocineetal., 1981 \Wieel er et al., 1980).
The question of the bioavailability of these sedimented Netal s to
benthic marine animals has been expl ored by Crippen et al. {1980), and
Tillery and Thomas (1980).

Changes were reported in concentrations of several metals in sedi-

ments and benthic invertebrates in the viecinity of an of fShore exploz-
story zig i N the Baltimore Canyon off New Jersey before and after

deilling (BGeG ENnvironment al Conmsultants, 1982) . Only the el evations
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i N barium concentration in the postdrilling sedi ment samples could be
attributed to the drilling-fluid discharges. Concentrations of
chromum in sediments from the postdrilling Surveys were within the
range Of values obtained for sediments from the predrilling survey and
fromsw stations A2 and@ A3 near the drill site sanpled on five surveys
priortoexpl oratory drilling. COther investigators have identified
bari um as the metal nost enriched in bottom sedinents around drilling=-
fluid discharges. (Bothner et al., 1982; Chow and Snyder, 1980;
Gettleson and Laird, 1980; \Weeler et al., 1980{). This is not
surprising given the high density and | ow volubility of bazite and the
large anounts of it used in nost fluids when drilling deep.

Some sanples of “m xed-species assenbl ages of brittle stars,
molluscs,.and polychaetes Col |l ected during the first and second post-
drilling surveys, at approximately 2 weeks and 1 year after drilling .
ceased, had significantly elevated concentrations of bacium and
chrom um conpared with animals collected in the predsilling suzvey
nearly 1 year before drilling Started (BGsG Environnental Consultants,
1982) .  The reported increase in mercury concentration in tissues of
animals fromthe first postdrilling Survey (Mariani et al., 1980) was
| ater feund to be in error {EGs6 Environnmental Consultants, 1982).
Recal cul ati on of the cange of nercury concentrati ons in molluscs,
brittle stars and polychaetes reveal ed no statistieally significant
increasei N mercury concentration between biota sanpled before and
after drilling. _

In bot h postdrilling surveys the concentrations of bariumin tissues
of mollusesfromthe immediate vicinjty of the drill site were Within “
the range observed during. the predrilling survey. Bari um concentra-
tions i n tissues of polychaete worms and brittle stars fromthe
vicinity oft he drill site weresignificantly higher in sanples from
the first postdrilling survey tham in those collected before drilling
started. Man bari um concentrations | n polychaetes and brittle stars
were 24 and 15 ppm before drilling, and 88 and 218 ppmduring the first
postdrilling Survey. One year after drilling ceased, bari um concentra-
tions in all but a few polychaete and brittle star sanples had returned
to those observed prior to drilling. Concentrations of chrom um were
elevated in tissues of polychaetes during the first postdrilling
survey, and in tissues of molluscs, polychaetes, and brittle stars
during the second pestdrillingsurvey. Concentrati ons of bazium and
chromumin the tissues ofbenthic Organi Sms were not correlated with
the concentration gradients of these netals in bottom sedinents..

Payne et al. {1982) eould find no indication of any increase. in the
concentration of barium chromum or several Other metals in the
tissues of bivalve molluses ArcticS islandica Or Of demersal fish near
exploratory drilling on Georges Bank. A few mollusc samples col|ected
in February and May 1982 contained slightly el evated levels of
petrol eum hydrocarbons, but the source of these could not be
I dentified.

Concentrations of several metals weremeasured in tissues of macro-
| nvertebrates and macroalgae fromthe bottom at a reference and above-
ice drilling-fluid disposal site in the Beaufort Sea 8 and 12 nonths
after an experimental discharge (Northern Technical sServices, 1981) .
Most metals were present in higher concentrations inorganisns from the
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reference than frem the experinental site. The concentration of barium
was found to be el evated in polychaete tubes and macroalgae (Eunephyta_
rubriformis) from the experinmental site, but thi S concentration Was
anal yzed b¥ atom C absorption spectrometry, SO the results may not be
reliable. The macroalgae alse had slightly el evated levels of chrom um
(3.%6 conpared to 1.54 wug/g dry weight at experinental and reference
Sites], amphipods mai ntained in live boxes for 89 days at the expeci-
mental site contained slightly el evated levels of copper (114 conpared
to 89.5 ug/g dry weight at experinmental and reference Sites). Con=
centrations Of other metals anal yzed (chromium, lead and zine) were
similar in both experinental and control groups.

Crippen et al. (1980) nmeasured the concentrations of Several metals
in sediments, drilling fl ui ds, and benthic animals from a drilling Site
in the Beaufort Sea. Mercury, | ead, zinc,cadmium,and arsenic were
present at higher concentrations in the drilling £luid than in the
surface sediment. Sone of these metals were associated with an inpure
grade of barite used to formulate the deilling fluid and probably were
In the form of insoluble netallic sulfides (Macdonald, 1982). Metal
levels in the sedinent near the discharge site were not significantly
correl ated to those found i n nearby benthic infaunal Or gani Sns.

Tillery and Thonas (1980) revi ewed several investigations of the
distribution of heavy metals i N sediments and bicta i N eil production
fields in the northwest Qulf of Mexieo and found that the concentration
gradients Of barium, cadm um cheomiwm, copper, lead, and zinec in sur-
ficial sediments decreased with distance from some platforns. Trace
metal concentrations | N muscle tissues Of four commercially i nmportant
speci es (brown skrimp Penaeus aztecus, Atlantic croaker Micropogon
undulatus, sheepshead Archosargus probatocephalus, and spadefish
Chaetodipterus faber) generally were not significantly higher in
animals from the vicinity of oil production fields than ia aninals from
ot her regions. They found, however, that such metal concentrations
were not determned for other tissues, some of which are NDre likely
than muscie to accumul ate netals.

The results of the |imted field studies tend to corroborate the
results of Laboratory studies. The accunulation in organisnms of heavy
metals from sedimented drilling fluids S | OW.  Most of the metals of
concern are Originally associated with the barite and bentonite clay
fractions ef the drilling £luid (Crippen et al., 1980; Kramer et al.,
1980} and are in the feem of highly insoluble imorganic sulfides or
sulfates (MacDonald, 1982), although Chrom um is associated initially
with lignosulfonate. In A used drilling £luid nore than 75 percent of
the chrome lignosulfonate becones bound to the clay fraction (Knox,
1978; Mchtee and Smith, 1969; Skelly and Diebail, 1969) . Heavy metals
in the form Of insoluble sulfides, adscrbed to particulates, or in the
form of nonlabile organic coerI exes, have a much lower biocavailability
to macine ani nal S than do the metal | ONS in solution (Breteler et al.,
1981; Bryan, 1982 Jenne and Luoma, 1977; Neff et al.,l1978). Page et
al. (1980) showed that mussels Mytilus edulis accunul ated nore chrom um
from a solution Of trival ent chromium salts than from solutions of
ferrochrome lignesulfonate Or aqueous fractions of chrome lignosul=-

fonate drilling fluid. Capuzzo and Sasner (1977) showed that chromi um
adsorbed to bentomite clay WAS less biocavailable t0 nmussel s Mytilus
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edulis and clanms Mya agenaria than was an equival ent amount of chrom um
N a solution of CrCli. Chrom um adsorbed to clay particles was much

| ess availabl e to sea-scal | ops_Placopecten magellanicus than chrom um
in solution (Liss et al., 1980). High levels 0% a metal in a sedinment
or drilling-fluid sanple are not by themselves an indication of bie=
logical hazard. These adsorbed netals have very limted bicavail-
ability. .

Field studi es conducted around offshore platforns report little to
no significant elevation of netals insedi nents (EGaG, 1982; Battelle/
woods Bole Cceanographic Institution, 1983). This same pattern was
seen around shallow and deep water, nmultiple well devel opnent and
production platforns (8-25 wellsperplatform inthe Qulf of Mexico
(Boothe and Presley, 1983). Boothe and Presley did note sone slight
el evation ofnmercury and lead Within 125 mof two deep water |ocations.
Based on anal ytical correlation, the mercury appeared to be associated
with barium concentration and. probably was due to trace contam nation
levels i n the barite.

Toxicity and Biomagnification

Several laboratory and fieid studies have addressed the uptake and
retention by Organi sms ofpotentially toxic substances like trace
metals and organi ¢ conpounds in drilling fluids. The goal of these
studies has been to determine whet her macine organi sns accunul ate
toxins in their tissues to ‘concentrations sufficient to harm the
organi smor ani mals at higher trophic levels, i ncl udi ng man.
Laboratory studies have been useful in indicating uptake and deputation
kinetics and, to a certain degree, the anatomcal fates of accunul ated
materials, but laboratory studies of accunulation and field studies
monitoring tissue are difficult to interpret because organi sms may
sequester and detoxify both metal and organic contam nants (Coombs and
George, 1978; Jenkins and Brown, 1982; Stegeman, 1981). In order to
effectively estimate the biological consequence of tissue orbody
burdens, it is inportant to exam ne the subeellular di stributions of
the contaninants (Bayme et al., 1986; Brown et al ., 1982a; Jenkins et
al., 1982). Because npst bioaccumulation studies of drilling fluids
have neasured only total tissue or body burdens, their usefulness in -
predicting biological effects is [imted. The little metal accumula=-
tion observed in both |aboratory and field investigations, however,
sug/gests that the biol ogical effects of this accunul ation are m nimal.
not her issue that must be considered is the potential for the
biomagnification of accunul ated contam nant body burdens through marine
food webs. This issue has not been addressed directly with regard to
drilling fluids. Pheips et al. (1975) examined the distributions of
heavy netals, however, particularly chromum in Narragansett Bay
organisms representing several trophiec |levels. Their data suggest that
chrom um body burdens decrease with trophic level. In sinmilar studies
in the Southern Californja Bight, Brown et al. {1982b) found zinc and
copper levels decrease with higher trophic level, suggesting that
i norgani ¢ metels do not biomagnify. In these studies, however, total
mercury and DDT body burdens Were found to increase significantly with
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increased trophic |evel. Of the total mercury nMeasured, some %o
percent was organic (e.g., CHsHg). A more direct exam nation of the
biomagnification of mMetal s in the marine environnent would be useful.

CONCLJJSIONS

Based on | aboratory and field studies t0 date, most Water-based drill-
ing £luids used om the U.S. 0CS have low acute and chromic toxicities
t 0 marine Organi Sms im light of the fluids expected orobservedrates
of dilueion and dispersal in the ocean after diScharge. Their effects
are restricted primarily tothe ocean floor in the immediate Vi Cinity
and for a shortdi stance dewncurrent from the discharge. The bio-
accumulation Of metals from drilling fluids appears to be restricted

to barium and chrom um and i s observed to be smail in the field.
Tabl e 23 summarizes the concentrations of drilling fluids eliciting

del et erious responses in marine or ganl SIB.
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CONSI DERATI ONS 1N US| NG THE INFORMATION AVAILABLE ON THE
FATES anp EFFECTS oF DRI LLI NG DISCHARGES

Most information about the effectsofdrilling £luids on marine

Or gani Sns comes from Laboratoey €Xperi Nents. Most of these have

studi ed lethal effects over a short period Of time, typically in 96 hr
LCS0 toxicity tests. The organisms mest frequently used in these bio-
assay tests have been the coastal and estuarine Species readily avail=-
able for testing and easily maintained in the laboratory. oniy a few
assessments of drilling-fluid effects have been made in the £ield, and
these field measurenents are not very advanced.

The Linitations of the laboratory experinents have led to some
criticism of their adequacy and of their applicability in assessing
the effects of drilling=fluid di scharges on the ocs. These criticisms
also apply to current assessnents of the effects of nobst anthropogenic
additions t 0 the marine environment. |Information on the effects of
discharged drilling fluids i S general |y no less substantial than that
on nunicipal and industrial wastes, sewage sludge, and dredged sedi-
ments and in SONMe cespects is of higher quality because of nore
sophisticated research in recent Yyears. fThe i ssue to address is what
degree Of confidence is warranted by hazaxd assessnent nodels that rely
on laboratory Studies of toxic effects aleng With predicted exposure
regi nes for the beathic and pel agi ¢ communities of the various conti=
nental shelf environments. In such NDdel S, testing acute toxicity is
only the f£irst step in eval uating biol ogi cal effects. More sophisti=
cated Measures of environnental effects, some of which are discussed
below, are required in rigorous models. Bven in Sophisticated inves-
tigations, however, a fundanental dilemma remains in relying on either
prospective Studies, which may be limited in theiz environment al
realism, or retrospective field assessnents, which may be limted in
their predictive value.

LABORATORY EVALUATI ONS OF ToxiciTyY

In evaluating the toxic effects of substances on aquatic organi sms, two
types of tests areused:(l)acute toxicity tests, which deternine the
concentration that causes the mortality Ol some proportion of test
organisms, (for example, half i N the LCSO test): and (2) chronmie
toxicity tests, which determ ne what concentration causes SONE othet
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measurable effect. Acute toxicity tests are usually conducted during
a 4-day period (96 n) to provide a standard for conparing the toxici-
ties of different substances and the relative sensitivities of dif-
ferent species. Chronic toxicity tests are conducted over various tine
interval s? for example, 48 h, 96 h, 10 days, or 21 days, and neasure
the effects of substances ongrowth, devel opnent, reproduction, or

behavi or .

Most information ontoxicity is based on the results of acute
toxicity tests. Often this i s the only information available on the
effects of drilling fluids on marine organisns and thus is the infer-
‘mation extrapolated for use in evaluating field situations in hazard
assessnents., Some of the limtations in extrapolating these ‘tests

shoul d be recogni zed:

e Acute tests measure only lethality, not sublethal effects.

e They are not conducted over the course of organisms entire life
stages or life cycles.

e They may not test species that are sensitive orcommercially
i nportant.

« They require using such high concentrations of substances that
they do not sinulate the actual environmental exposure condi-
tions, in which discharges may be diluted by 100 times within

a few meters of the discharge pipe (see Chapter 3).

The nethod used to extrapolate from acute toxicity wvaluestoproba=
ble subl ethal effects foraspeciesis b%/ using an application.OC
saf ety factor. Anapplication factor is the ratio of averaged acute
and chronic values. Where no chronic test valuesareavailable for a
species, a safety factor is used. ror the results on drilling fluids,
the safety (or application) factors that have been used range from
>0.1-.01. In conparison, application factors for nmost texicants,
range from 0.0l to >0.001. Caution nust be exercised in using these
factors because the mechanismeliciting a sublethal toxic effect oran
effect through chronic exposure may not be the same one producing the
more easily measured acute toxicity. ldeally, application factors
shoul d be used in a hazard assessnent only when Pﬂe toxi c responses in
question result from the sane mechanism; in practice this ideal is
sel dom attained. When assessing theactual ratios of acute to chronic
toxicities many being from sensitive species and |ife stages, the
ratios range from0.03 to 0.33, with the majority being towards the
0.33 end. This indicates that the noemal safety factor is
conservative.

Laboratory testsof the acute toxicities of drilling £luids have
been conducted on over 70 species representing 5 major phyla. Mre
than 36 percent of these tests have been conducted on organisms in
larval and juvenile stages. Many of the tests of more sensitive
species test wereconducted on species in their early life stages: 48
percent of all shrinp tests, 43 percent of all decaped tests, 38
percent of all finfish tests, and 8L percent of all mysid tests (Neff
et al., 1981; petrazzuolo, 1983). Since 1980, the enphasis has been
on testing the toxicities of drilling fluids on sensitive species and
those in earlier devel opnental stages (eggs, larvae, and juveniles)
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A range of 96-h rcso val ues covering three orders of magnitude
(102 to 10°pem has been reported i N testing drilling fluids.
Petrazzuolo (1981) concl uded that because of the distribution Of these
values (92 percent are greater than 103 ppm) even sensitive oceanic
Speci es are unlikely t O exhibit lethal toxicities tO0 £luids nuch bel ow
t he lowest known 96-h LcSO value, 50 t0 100 ppm. This concl usi on may
be challenged if the observed distribution ef toxicities is a function
of variable fluid toXiCity and not the result of testing With a few
extrenely sensitive and many insensitive species. 1f it | S found that
a small number Of £luids are MUCh nDre toxic than others, then the
factors contributing to their toxicity nust be identified.

it has been argued chat the results of bicassays W t h intertidal,
estuarine, and nearshore Or gani SNs should not be extrapolated to
predict the effects of fluids on offshore Species. The first groups
of organisms often survive better any rapi d changes in tenperature and
salinity, as well as the rigors of collection, transport, and being
held in aquaria. It has been argued that these characteristics reflect
these species’ insensitivity to chemcal pollutants. Recent studies
i ndicate, however, that at |east SONE nearshore species are as Sensi-
tive as those of simlar norphology found of fshore. For example, LCS0
values fOr two copepods, estuarine Acartia tonsa and oceanic Centro-
pages typicus, Were simlar in tests with several drilling f£luids, even
though the second species was nuch nore difficult to keep in the
laboratory (New Engl and Aquarcium, 1981) .Moreover, a number of the
species listed in Table 20 are found both near shore and on the outer
continental sheif. These include the ocean scallop Placopecten
magellanicus wich constitutes A cemmercial fishery ON Georges Bank but
which is al SO found along the coast of Maine. Other Species with a
similar range of habitat that have been the subject of bicassays
include t he bat star fish Patiria miniata (Chaffee and Spies, 1982),
the cancer crab Cancer Doreal | S (Gerber et al., 1981), and vari ous
speci es of echinoderns (enbryos) (Crawford and Gates, 1981).

The design of some laboratory toxicity tests has also been ecriti-
cized. FOor exanple, the BPA/COE method for assesSi Ng the texicity Of
liquid, suspended particul ate, and solid phases of drilling £luids at
1:4 dilution does not realistically Separate the conponents of treated
deilling fluids. The hi gh ratio of fluid to seawater in this dilution
(as conpared to that in field conditions) cesults in a suspended pac-
ticulate phase that i S frequent|ly unsuitabl e for testing the toxicity
of the fluid. Thus, this met hod of peeparing the bi oassay m xture may
confuse the estimated toxicity valuwe of the drilling £luid or deilling-
£luid fraction. Other probl ens with curreat bi oassay techniques
include their difficulty in filtering the suspended particulate phase
{excess solids Stay im suspension) and the opagueness of their test
solutions {espeCially of chrone lignosulfonate fluids) , which nmakes
eonducting Dhi 0assay observations difficult. Small copepods have even
been Observed mized in layers Of settled drilling-fluid solids (New
England Aquarium, 1981), a situation unlikely t0 COccur in nature.

The sophistication Of toxicity tests of drilling fluids has
i nproved in recent years. Agrowing body ef dat a describes the sub=
lethal effects Of drilling fluids, effects including the abnormal
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devel opment of ' mollusc | arvae and enbryos (Neff, 1980; New’ Engl and
Aquarium 1981), decreased growth rates in mysid shcimp (Carr et al.,
1980) and sea scal l ops (Gerber et al., 1981), and depressed feeding in
adult | obsters_Homarus americanus (Derby and Atema, 1981).  Subl et hal
tests often examne organisns in critical life stages, and when they
are properly designed their results allow a nore realistic evaluation
of the hazards posed by drilling fluids. In spite of the inprovenent
that the tests here cited represent the range of concentrations and
the exposure durations they use may result in longer exposures than
those occurring in the field.

The biological effects of 'discharged materials may also be assessed
throu%h m crocosm studi es of benthic lazval recruitment (see Chapter
4) . The resettlement ofnatural larval popul ations to defaunated
sedi ment that has been mxed with or covezed With drilling fluid in
these m crocosns may to some degree sinulate the devel opnent of benthic
conmunities following a drilling operation. Still, two factors limt
the extrapol ation of results fromthese tests to other regions. First,
the effects on organi sns of grainsize, sedi ment chemistzy, and ot her
physical, chemcal, and mcrobiological factors in the sedinents have
not always been isoclated in experimental designs. Second, the results
of these experinents are limted in that they apply only t0 larval
popul ations.

In sunmary, |aboratory toxicity testing has been useful in gaugi ng
the relative toxicities of drilling-fluid suspensions and wiil continue
to be useful in screening drilling-fluid additives and in attenpting
to understand the” mechanisns of toxicity and sublethal effeets and the
effects Of short-term exposures. Guven the data on the fates of
drilling fluids in the field, especially onrapid plume dispersicn, and
the availl abl e results-of acute toxicity tests, aS well as the- inherent
Limtations in extrapolating from|aboratory results, additional acute
toxicity testing is unlikely to inprove predictions of drilling fluids’
effects ON organisms in the water column. Laboratory tests have not
Realistically.simlated the exposure conditions expérienced by benthic

or gani sns.

BIOACCUMULATION

The bicaccumulation Of nmetals fromdrilling fluids and cuttings has
been addressed by both |aboratory’ and field studies. 1In |aborator
exposures to drilling-fluid conponents and in £ield situations bot
barium and chrom um have been found to accumulate beyond |evels in
control organisns. Chronic ingestion of drilling-fluid solids by
deposit~feeding Or gani sms shoul d be investigated further, since parti-
culate netals may be accunul ated under these circunstances (Liss et
al., 1980). Such studies should consider that undigested solids would
be elimnated fromthe digestive tract and should attenpt to distin-
gui sh between netals that are nonspecifically bound to macronol ecul es
{e.g., t0 enzymes and nucleic acids) and those associated with intra
cellular ligands, | i ke metallothionein, Or sequestered in membrane~-
bound vesicles and thus effectively detoxified (Jenkins and Brown,
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1982) . Bicaccumulation by Organi sms in the water column has not been
examned directly. Their exposure to water-soluble phases is usually
of short duration, -as the fluld plume di sperses rapidly, and thus
bicaccumulation i N these circumstances i S unlikely.

THE VARI ABI LI TY OF DRILLING FLUIDS

It is inportant that a w de range of drilling fluids be evaluated ina
conprehensive testing program. The cooperative program between the
Petroleum Equi pment Suppliegs Associ ation (PESA) and EPAto obtain
sanpl es of used drilling f£luids for toxicity testing, which relied on
random samples, gave sone nuch-needed breadeh t0 the data base on
drilling-fluid conposition and toxicity. Random sampling is essenti al
in such a programif the results are te be credible. Conplete docu-
mentation of the sanples, detailing their source, the nethod used te
obtain them, and their conponents and conponents concentrations are
also needed to allow informed interpretation of chemcal and toxico=
logical testing.

It is elear froma review of the literature (Table 20, Chapter 4,)
that the toxicities ofdrilling fluids to marine fasna vary Up tO three
orders-of magnitude even,though the major constituents de not vary
greatly. Toxic substances are added to sonme drilling fluids.
Hexavalent chromium may be added t 0 ai d deflecculation, Which it
acconplishes mainly by extending the thinning ability of chrome Lligno=-
sulfonate (Knox, 1978). Lubricants, such as diesel fuel, may be added
to reduce torque along the drill string, particularly when drilling
devi at ed (inclined) holes. The drilling fl Ui dS found to be relatively
toxic include those from a well drilled in Mobile Bay in 1979 under a
*no discharge® Stipul ation (Rubinstein et al., 1980) to which both -
hexavalent Chrom um and diesel fuel were added. These additives and
their degradation products are probably. the principal toxic agents in
drilling fl uids.

The purity Of unrefined barite varies substantially; barite mined
from vein di spl acement deposits may contain concentrations of lead and
zinc sulfides I N excess of 1 g/ kg (Kraner et al., 1980) . Because ‘the
concentzations Oof |ead and zinc in deep ocean water are below 10=7
g/ kg (Bruland, 1980; Patterson, 1974), di scharges of drilling f£luid
weighted with barite will cause a tenporary increase ofthesemetals
in the water colum. These sul fide mineeals di ssol ve slowly, however, '
so increases in their dissolved concentrations are difficult to detect.

FIELD STUDI ES OF TEEFaTEsaND EFFECTS OF DRILLING FLUIDS

Direct measurement of the fates and effects of drilling fluids i N the
field is inhecently more Ii JOr OUS than a hazard aSSESSNENt that relies
on models to predi ct such fates along with Laboratory measuzes of
toxieity. On the other hand, field studies suffer the problem of site-
specificity and that of di stinguishing genuine effects frem natural
variability. Furthermore, €ven when effects ace docunented in the
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field, it is generally difficult to determne the significance of their
geographi ¢ extent or duration for the ecosystemor for man. Final
appraisals thus become highly subjective. Finally, field assessments
suffer the inherentlimtations of retrospective studies.

Pield determ nations of environnental fates have been of twe types:
nonitoring dissolved and particulate concentrations of drilling-fluid
constituents during discharge, and nmonitoring the concentrations of
drilling-fluid constituents in bottom sediments and organisms after
di schar ge.

In Studies of the water column, the visible or detectable plume of
suspended particulate matter has sonetimes been sanpled forpotenti al
toxicants. Several recent studies of plume dispersion enployed in situ
transmissometry techniques (Ayers et al., 1980; Ray and Meek, 1980) Or
acoustical techniques (Proni and Trefry. 1981) to sanple areas where
concentrations of suspended matter were highest. In near-field disper-
sion, the advection and di spersion of dissolved and suspended phases
in the surface plume should be qualitatively simlar: greatly under-
estimating dissolved concentrations in the water colummn Seems unlikely.
Plume dispersion studies have been conducted using dye zeleases,
transm ssometer profiling, or discrete water grabs for a variety of
di scharge rates (buik and continuous), water depths (23 to 120 m), and
current speeds (16 to 120 cnm’s). The results of these empirical
studies support the theoretical models (see Chapter 3) and indicate
that the soluble phase is diluted by at least 104 within 1 h after
di scharge. O course, the aistance from the discharge point at which
a Particul ar dilution is reached will vary depending on current
velocity, and time from discharge is generally a befter predictor of
dilution. Apparent dispersion of the suspended particul ate phase is
at least an order of magnitude greater, because nost ofthedi scharged
drilling fluids (probably morethan 90 percent, especially of bulk
di scharges) and essentially all of the cuttings sink to the seabed
within a short distance of the discharge (in depths | ess than about
125 m=-at greater depths the discharges reach neutral buoyancy before
encountering the seafloor)

Wth t%e di spersion of potentially seluble toxicants by a factor
of 10'within 1 n of discharge (corresponding usually to a spatial
extent ofabout 1,000 m), toxic responses in this zone should be
anticipated only if short-term exposures of several hours to the
substance discharged produced ecse val ues in the 100 Ppm (v/v) range.
This conclusion is strongly supported by the plume effects model of the
gpa Adaptive Environmental Assessment\Workshop {auble et al., 1982) and
by Petrazzuolo's (1981) di spersion toxicCity models. The results of
recent analyses of sublethal effects in organisms at critical life
stages indicate that discharges of drilling fluids weuld usually not
approach such values. This conclusion cannot yet be extrapolated with
confidence to shallowwater environments 10 n) and embayments where
di spersion may not be as rapid, although recent di Spersion neasurements
fromthe Beaufort Sea (Nortec, 1983) suggest similar di Spersion in
shal | ow water.

Direct field surveys of the effects on planktenic or nektonic
organi sns have not been attenpted and are probably not feasible given
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and sanpling wvariability and the turbul ent nixing of poten-
iffected and unaffected populations, and in light Of some of the
ons Of prior hazard assessments.

ignificant shortconming in understanding the long=term effects
.ng di scharges concerns the fate of particul ate conponents once
ach the seabed. &an important factor in determning the fate of
1its 1s the resuspensive transport of sedinents that tends to

ind disperse particulate contamnants. Transport depends on
:odynamic regi me of an environnent. while nesa of the fluids
jed on Tanner Bank {Meek and Ray, 1980) and in Lower Cook Ialet
indMoore,1978) gettled to t he seabed rapidly, no accumulation
wminants in bottom sediments WaS observed because stzong

; resuspended and dispersed the discharged material. ©On the
ind, gradients i N barium concentration persisted in the nore

1t benthic environments Of the Gulf of MeXiCO (Boothe and

, 1983; Gettleson and Laird, 1980; Trocine et al., 1981) and the
:eak Of the Middle Atlantic Bight (EGs6 Environnental Con
3,1982). Wthin the Gulf of Mexico, Boothe and Presley (1983)
ind that the degree towhichthey coul d account fer the total

di scharged in sedinments surrounding an exploratory rcig was
rrelated to water depth. 1IN 13 mof the water, only 5.4

of the barium discharged could be accounted for in sediments

j kmof the rig. At another exploratory well in 13 m depth 84
of the barium coul d be accounted forwithina simlar radius
percent Within a radius of 500 m at a production platform

5 wellshadbeen drilled in 79 m of water, only 11.6 percent of
ium Was found within 500 m as conpared to 1.5 percent at a

ion platformin 34 m of water (see Tabl e 16).

iost reports, elevated levels of major drilling-fluid components
:ium were confined te an area within 1 kmof the discharge

Care must be taken in interpreting such results because? con-
ions of drilling fluids can be diluted beyond detection in

that i nclude the upper two cm Of surficial sedinments. In one
iat sampled ONnly the top 1 cm ofsediment, bari um concentrations
:ee {iMeS ambient concentrations 1.9 kmfromthe well (Trocine
1981). Surface layercontamination may pose el evated expesure
»ns to thoSe benthic organisms that feed at the sedi nent-water
se. With time, sedinment contaminants will disperse horizontally
> be verti.tally.mxed in sedinments. Boothe and Presley (1983)
icorporation Of bariumto at least 15 cmnear a production

1 more than 5 years after driliimg had ceased.

studies have attenpted te Neasure the temporal extent of
changes. The effects of discharges on the benthos depends

on how quickly the community recovers, not only in total

and biomass, but alse in the conposition and structuge of the
:y. Popul ations oflarger, deeper burrowing benthic ocganisms,
meribute to the geochemical structure of sediments and to other
3 of the benthos by t heir feediag, burrowing, and respication,
nore slowly than small sueface dwellers (Boesch and Rosenberg,
1wads et al., 1978). Particularly in outer sheif habitats,

1t species may have popul ations dom nated by individual s several
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years old,so substantial time is required to reestablish the natural
age structuze in the community, even given rapid recol onization.
Gillmoretal (1981), in the only study sanpling the benthos 1 year
after drilling-fluid discharges ceased, found reduction in the density

of the ophiuroid AmghioFlu's macilentus ?1 the site of an exploratory
wel | on the outer mddle Atlantic shelf. amphioplus is an inportant
burrower in the beathic comunity in this habitat and is probably |ong
lived, as indicated by itspersistent populations and commnity
structure. Amphioplus al so showed depressed recruitment in affected
areas.

Drilling-fluid discharges may nore greatly damage the ecosystem if
the spatial extent of their effects transcends those observed through
chenmical anal yses of sediments, 0S if their effects are long | asting,
because of slow recovery of communities or habitat nodification (or
both). The postdepositional fates of drilling fluids and the recovery
of altered comunities are! the processes for which data are nost
limted and predictions npst temuwous. Hydrodynamic regines, including
tidal and nontidal currents and wave-induced orbital water novenents,
obvi ously vary from one zegion te another and across the continental
shel f. Purthermore, information on the resilience of benthic conmmuni-
ties suggests that recovery rates from conplete annihilation vary from
weeks in shallow-water communities (that are frequentlh/ di sturbed by
nature) , to several nonths or years for continental shelf communities,
and to many years on the continental slepe and in the deep sea (Boesch
and Rosencerg, 1981). The variability in dispersion in the benthic
boundary layer, the resistance of biota t0 physical and toxic effects,
and the resilience Of communities in different continental shelf
environnents all need te be takem into account in assessing benthic
effects (auble et. al., 1982; Petrazzuolo, 1981).

Concern about the sensitivity of hard-substrate epibiota to the
physical and toxic effects of drilling fiuids has pronpted special
studies and regulatory restrictions, such as those on the Flower Garden
reefsand Tanner Bank. This concern is often translated into treating
all areas where hard- substrat e epibicta exi St (such as reefs,Pocky
outcrops, and canyon heads) as ‘hiologically sensitive areas’ in
environnental inpact statements and when applying |ease stipulations
or permt requirenents. A characteristic feature of hard-substrate
communities is a lack ofsedi ment cover. The absence of sediments
allews the colonization and proliferation of colenial or solitary
epibiota on the hard substrate, Whi ch enhances the structure of the
habitat and affords habitation te a variety of metile aninals seeking
refuge or f ood. The laek of sedi ment cover MAY result from a dynam c
Physical regime that sweepssedinents away or fromthe lack of a source
of fine sedinments fordeposition. In the first case, drilling fluids
dunped or advected iNnto the habitat may not be deposited or accunul ate.
Thus, despite the sensitivity of its biota, the habitat is not very
susceptible to harnful accumulation of drilling fluids. Coneceen should
be directed to hard-substrate conmunities in nmore qui escent habitats.
Organisns in these communities may be sensitive to nearby discharges
ofdrilling fluids if the fluids* rate of accunul ation exceeds tae
Organi sns ' ability t 0 renpbve settling material orif the material i S

\
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toxic. The sensitivity of hard-substrate comunities should be evalu-
ated in light of their potential exposure to drilling fluids and
cuttings rather than through assuming categorically that hard-substrate
habitats are “biologically sensitive.”

EXTRAPOLATI ON OF RESDLTS

A common concern inusingresearch results is whether they can be
extrapolated to a particular case. Such extrapol ation includes that
from | aboratory and other experinental results to the natuzal environ=-
ment and also that from ome environment or §eographi c area to another.
Marine ecosystems on the 0CS clearly vary in their sensitivities to
anthropogenic stress, and caution IS therefore advisable in extrapo-
lating observations from one zegion to another. On the other hand, to
dismss all research results not obtained directly fromthe environnent
anal yzed may amount to ignoring val uable data. Mest inportant in
extrapolating results ace considering the kind of physicochemical
processes affecting the fates of contamnants and the resistance and
resilience of affected comunities.

There are generally adequate data to predict the fates of dissolved ¢

and suspended drilling=£luid conponents in the water column in dif-
ferent OCS enviromments. Such data arenot necessary available on the
long=term fates of deposited materials. The general nodel of a
continuum of magine envizonmeats from those relatively dynamc (for
example, i N Cook Inlet Oor on the inner continental shelf) tO those
quiescent (for exanple, in the Gulf of MexicoorOn the outer shelf)
is adequate t0 conceptualism these differences but net to quantify
them. The emerging theocies of the dynam cs of the bottom boundary

-layer, including their treatnment of the effeets of surface zoughness,

biolegical processes, and heterogeneity of grain size, will be required
in making sound quantitative extrapol ations.

Laboratory experinments have shown no clear differences in the
relative Sensitivities of organisms from different geographic regions
to driliing fluids. Given that drilling fluids' mest profound effects
will likely be on the benthos, this suggests that relative biol ogical
susceptibility will be determ ned primarily by the fates of deposited
materials and by a biol ogi cal community's ability to recover (resil=
ience) . The resilience of benthic communities varies significantly.

It can be predicted approximately (Boesch and Rosenberg, 1381), but not
precisely, for most hard- and soft-substrate communities.

Insummary, because of the lack of quantitative models of the fates
of deposited materials and bioloegical resistance and cesilience, the
extrapol ation of cesults from one environment or geographic area to
another can presently be ealy qualitative.

LONG-TERM PATES aNp ‘ EFFECTS
Most i nformation available On the fates and effects Of drilling fluids

and cuttings comes from studies of single expleratory wells. The leng-
term effects,of drilling di scharges clearly nay be greater when the
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di scharges are made during oil and gas field devel opment, ‘when scores
of wells may be drilled froma single platformor wthin a |ease bl ock.
In drilling multiple devel opment wells gzom a single platform (see
Chapter 2) the volunme of drilling fluids discharged per well is sub-
stantially less, but the ness loading within an area and the duration
of discharges aregreater. For exanple, extensive drilling in the Gulf
of Mexico ocs has gone on for 30 years, With an estimated current
annual discharge of drilling-fluid solids of 1.6 mllion t (Gianessi
and Arnold, 1982), While in the first few years of exploring a frontier
area between 10, UCO and 100,000 t of drilling=-fluid Solids nay be

di schar ged.

Several studies have addressed the long-term effects of oil and gas
devel opment and production inthe Qulf of Mexico, notably, the O fshore
Ecol ogy Investigation (wazd et al., 1979), the Buccaneer Field Study
(Middleditch, 1981), and the Central CGulf Platform Study (Bedinger,
1981} . The Offshore Ecol ogy Investigation conducted in 1972 to 1973
contributed little to understanding the fates of contam nants resulting
from petrol eum devel opnent because it failedtonmeasure the contamin=
ants in bottom sediments adequately. The other studies exanined the
distribution of potential sedinent contamnants (trace netals and
hydrocarbons) along gradients fzom discharge points and conpared these
data to those obtalned from presumably uncontam nated areas. O
course, there are many sources of contam nants other than drilling
£luids and cuttings related to the platferm and its operation. These
i ncl ude corzosion'of materials, produced water discharges, sacrificial
anodes, domestic wastes, vessel discharges, and chemcals used in
operating the platform.Atnost of the platforms Studied, many trace
nmetal s were el evated (including mercury, |ead, ecopper, and zinc) in
surface sedinments compared t0 areas, removed from devel opnent and sub-
surface sediments, and werefound in gradients around the platform
(Tillery, 1980a,b; Tillery et al ., 1981; Boothe and Presley, 1983).
Interestingly, Beothe and Presley (1983) found no evidence of elevated
concentrations of chromium the only ot her metal for which drilling
fluids are a likely source. Bariumwas the only trace netal elevated
around devel opnent and production platfornms whose nmost likely source
is drilling £luids, although it can also be present in formation waters
at higher concentrations than in seawater.

Barium concentrations in surface sediments within 100 to 200 m of
Buccaneer Field platforms (17-22 m water depth) were higher than those
in subsurface sediments and surface sedinents in undevel oped aceas of
the south Texas continental shelf (Anderson et al., 1981). Decreasing
barium concentration gradients werealso observed with increasing
distance from the Buccaneer Fieid platforns (Tillecy, 1980a,b), from
many Of those off Louisiana sanpl ed during the Central Guif Pl atform
Study (Tillery et al., 1981), and from all of the six rigs considered
i n Boothe and Presley’ s recent study (1983) of exploration develop=-
ment, and production Sites. Near Buccaneer Pield platforns, Andecson
et al. (1981) al so noted the presence of bentonite clay, atypical of
local marine sediments and possibly originating fromdrilling fluids.
On the other hand, Beothe and eresley (1983) wese unable to distinguish
any bentonite cl ay that could have cone fromdrilling fluids from the
simlar montmorillonite clays naturally present in Qulf of Mxico
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sediment using sinple sulk x-ray diffraction. It is also noteworthy
chat one study gound barium concentration gradients around several
platfornms in the M ssissippi delta region {(Tilleryetal.,1981),
despite the authoes' assertion that the influence of the M ssissippi
River masks FI atformrelated contanination.

The |l ocalized effects (within 100 n) on benthic comunities
observed in the Buccaneer Field (Harper et al., 1981) cannot be rel ated
unequivoeably t 0 deilling di scharges because of the other contam nant
sources and physical effects associated with the platforms {for
example, seabed scour). However, the barium tracer data are signifi-
cant in that 10 or more years had el apsed since active drilli n% to the
time of sampling at SONE of these platforms. With regazd to the fates
of drilling fluids t hese data suggest that detectable contam nation of
bottom sedi nents, which nay or may not have biol ogical effects, may
persist under sone oc¢s sedinentary reginmes for years and perhaps
decades. The results of these Gulf of Mexico studies ace, at present,
insufficient to q*uant ify the long-termeffects of drilling di scharges
from large~scale Of fshore oil and gas devel opnent is the Guif of Mexico
and to extrapol ate elsewhere. ThiS i S in part because of the paucity:
of long-term observations and because of the difficulties in separating
the effects of drilling discharges from those of othez activities.

G ven the limitationsofthese euif of Mexico studies, what do the
assessnments of single exploratory wells suggest about the long-term
effects of more massive drilling discharges ducing field devel opnent?
Are the operative transport processes for the two kinds of discharges
quantitatively similar? Do greater discharges result in greater, nore
extensive or nore persistent contanination? Are the effects of greater
di scharges simply.additive or are they different from those of dis-
charges fromsingle wells? _

Fuese questions cannot be answered W th absolute certainty. Even
so, the results of studies eof exploratory wells should be pertinent toO
the assessment of leng-term effects. In the water colum, the elevated
concentrations of contam nants and their effects should be vesy small
and transient. Docunented effects of long=term di Scharges on the
benthos are areally |imted and transient. The fates of deposited
materials are NDre strongly i nfluenced. by the dispersal regime (for
example, as determ ned by water depth) than by any other factor. Com=
| am nation ofbottom sediments from nultiple wells appears to be less
than simply additive (Boothe and Presley, 1983). Despite these condi-
tions, the existence of subtle effects caused by contanination over
bread areas in heavily developed environments cannot be ruled out.

OTHER INFORMATION

Information available on the fates and effects of drilling £luids and
cuttings shows that the effects of an individual discharge are 1likely
to be limited i N extent and primarily confined to the benthos. Research
to date | Ndi cates that the environmental risks of discharges £zom

exploratory deilling to nDSt ©OCS communities aee small. Mo additional
research | S needed On the fates and effects of drillimg £luids in the

wat er columm in open water where rapid mixing is likely.
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These conclusions do not hold for shall owwater, low-energy
environments |ike estuaries or embayments Or for some areas under ice
i n theArctic. |f additional information on these topicS i S sought,
it should be on the fates and effects of materials discharged in the
devel opment of production wells and on Particul arly susceptible
envi ronnments.

The above issues are general ones applying to the fates and effects
of all human inputs into the coastal ocean. Better understanding of
the potential contamination of nearshore environments would probably
best be attained by generic studies of the processes that determne the
ecol ogical effects of foreign substances in these environnments.

Transport and Transfornation

There is little information on the dispersion of drilling fluids and
cuttings in the bottom boundary layer. The vast najority ofdrilling
f£luids and cuttings discharged into the water colum settle in little
time near the discharged point. Resuspension and tractive (bed load)
transport determne the persistence, dispersion, and ultimate fates of
contami nants associated with this particulate material. The tidal and
mean currents and wave climates that affect these sedinent transport
processes vary widely among oCs areas. Such differences in physical
regi nes can be clearly seen in conparisons of sedinment contam nation
in Cook Inlet, Tanner Bank, the Mddle Atlantic Bight, and the Gulf of
Mexico (see Chapter 3). Significant advances have been made recently
in measuring sediment transport in the bottom boundary layer and in
nodeling the interactive effects of waves and currents (Gant and

‘Madsen, 1982?. This energing technol oPy and theory shoul d be applied

in any devel opnent of predictive nmodel's on the fates ofthe sedinentary
fractions of drilling fluids and cuttings, if the models are to be
relevant to the variety of erosional and depositiomal 0CS environnents.
Such understanding is inportant in assessing the fate of contaninants
from long-term Oi | and gas devel opment. Predicting the physical fates
of contaminants is alse inportant in judging the susceptibility of
sensitive or valuable environments, such™ as hard-bottom banks "and the
estuaries adjacent to nearshore di scharges.

The biocaccumulation as well as the transport of trace netals in
marine di scharges has been extensively studied. The data on the
subject Suggest that bicavailability iS related to the chenical
activity of the metal-ions. The bicaccumulation of barium in narine_
bivalves, however, appears to be related to the loading of particul ate
Bas04 and not just to the concentration of bariumions in the
environnent. The mechani smof the uptake of barite particles i S not
well understood, nor arethe conposition, transformation, and biocavail=
ability of sone of the organic additives in used drilling fluids.
Petroleun hydrocarbons are included in this category since they are
often found in water-based drilling fluids.



1 4 1
Effects

The Dbiol ogi cal effeets of drilling discharges ace restricted primarily
te the benthes. The conditions of benthic exposure and toxicity are
only partially understood. ‘These conditions include the rates and
routes of bioavailability in benthic Organi snms to contam nants in
resuspended particles and interstitial. waters. Documenting these
conditions would raquize coordinated |aboratory and experinental £ield
approaches because of ¢ne difficulty in duplicating exposure conditions
in conventional bicassays and the need to assess ‘sublethal” effects

in light of their significance for the organism s life and for the
survival Of popul ations. another part of the anal ysis woul d describe
the relative resistance of benthic comunities to the physical and

chem cal effects of sedinent contanminati on fzom anthropogenic inputs,
and the resilience (or speed of recovery) of affected communities.

The devel opment of sensitive and reproduci ble nethods for testing
toxicity is required to standardize assessments of drilling-fluid
conponents and additives.

Resour ce Managenent

Li ke most environnental zeseacch, that on drilling-fluid discharges in
the marine environment should be Cl 0sely coordinated Wi th resource
managenent. Particular regulatory needs in this £ield incl ude sfpeci fy

I Nng operational alternatives for the conposition and discharge o

drilling fluids (especially with regard to additives, including diesel
£uel) and standardizing toxicity tests to screen drilling fluids and
their conponents.
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ALTERNATI VE OPERATI NG PRACTI CES

In response to federal and state statutory requirements and concerns,
a nunber of alternatives to sinple overboard di scharge have been

enpl oyed or devel oped. Table 24 describes alternatives that have been
required, and al SO otmers that have been devel oped or considered. This

chapter briefly discusses these alternatives with regard tooperations?
cost, and risk.

SHUNTING

Shunting refers to the discharge of drilling fluids and cuttings
through a down pipe (shunt pipe) to a predeterm ned water depth.
Shunting has been requized for SOME OCS wells-to reduce the exposure
of organisns in the water column Or tO transport di Scharged materi al
to the bottom boundary layer to reduce t he exposureef sensitive
communities on topographic rises. Shunting to the water column
probably has little effect on di spersion. \Were the bottom boundary
layer i S slower Circul ating than other water masses, shunting to the
bottom can reduce the rate of dispersion.

While shunting Systens can be designed for and operated in water
of any depth, theircostsaNd operating probl ens increase with t he
depth Of the system, and also With the severity of the weather. Shunts
have been used in the Gulf of Mexico in 100 mof water. The addition
of a shunt system adds equi pnent and weight to the already-crowded
drilling eig and another appendage belew the water line in proxinmty
t 0 the marine riser and bl owout control systems. 1 the shant pipe
were te SWiNng leese because of heavy weather or damage it could collide
with and danage subsea connections.

Shunting operations for one well in the Gulf ofMexico enpl oyi ng
a l00-m shunt system ON a jackup [l J Were estimated to COSt about
$107,000 (1982).! With proper Care, such a system can be used

‘James Genders, Cities Service , July 1982, personal
comuni cant  ion.
AN
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TABLE 24 pischarge Alternatives

EXxanpl es_of Exanpl es of
Alternative bj ective Were Used How Requi r ed
Shunting near  Mninize exposure North Atlantic, EPA pernit
surface of pl ankt on mid-Atlantic MMS stipulations
Shunting near  Minimize exposure Flower Garden EPA pernit,
bottom of coral reefs Banks Region VI

Dilution ge=-
quirenents,
rate of dis-
charge
limtations

Barging to
land

Barging t O
ocean

dunp site

Di sposa
on ice

Generic nuds

and approved
additives

Al ternate
processing/

recyeling/
reuse

| nci neration

Injection

Reach greater
dilution to linmt
harmto biota in
the water colum

Avoi d ocean
di scharge

Avoid discharge
in coastal
envi r onnent

Take advantage of
seasonal ice
breakup to
di ssi pate
effluents

Limt toxicity
of fluid

Remove Undesired
cpﬂpongnts; m ni -
m ze discharge

Renmove oil-
cont am nat ed
cuttings

Reduce open-ocean
di scharge

Lower COOK Inlet, EPA permts,

Ceorges Bank

Alabama °a nd
California State
O fshore Lands

Beaufort Sea

North Atlantic,

mid-Atiant ie,
California
Alaska

regions X and |

State regulation

(Requires Era=-
desi gnated ocean
dump Site)

Lease stipulation

EPA permts,
regions 1, I,
IX, X
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on several Wells. Shunting is considered a relatively inexpensive dis-
charge option.

DI LUTI ON REQUI REMENTS anp LiMiTaTioNs ON RATES oF DISCHARGE

Drilling fluids and cuttings can be (and normal |y are) di scharged at

or near t he water surface. This practice results in a Vvisible plune

that may extend over several Kilonmeters. The extent and duration of

the pl ume depends on the energy of the ocean environment. 1In certain
areas, notably Lower Cook Inlet, Al aska, predilution or certain dis-

charge rates have been required in response to seasenal conditions.

The nethods of predilution and mMaintaining certain discharge rates
may require additional equipment, such as pumps and special pit gauges
to NMDONi t or discharge rates. These special nethods can affect cost and
operations by affecting the duration of operations. Drilling nust
occasional |y be stopped to conplete a bulk discharge that is prol onged
because of the high volunes of water required for predilution and the
slow discharge rates allowed. This added time translates directly into
cost fOr the operator. At Ot her times, the necessity of conpleting a
prol onged discharge may restrict the time available to nove mobile rigs
W th respect t0 weather ‘conditions and sea states. The failure to t ake
advant age of good conditions for these activities can increase the risk
of the operation. The data on dispersion presented in Chapter 3 indi-
cates that such requirementsfor predilution and restrictive discharge
rates are not justified in mostocs aceas.

OFFLCADI NG anp TRANSPORT FOR DI STANT DISCHARGE

Deilling di scharges can be transported by bacge or supply boat te an
ocean or land disposal site. Ocean disposal requizes ‘the designation
of a site in accordance with Epa ocean dunpi ng regulations (40 CFR
220-230) . Release at an ocean dunp Site would presumably take the
discharge from a coastal environment for dispersal in deep wates.
Ocean disposal sites in the mid-Atlantic have been used fer industrial
wastes and could be used for drilling di scharges as well, but no ocean
dunp sites have yet been used for these di scharges. Land disposal alse
requi res a suitable Site, but di sposal areas for industrial wastes on
land are increasingly at a premum Obtaining ocean dunping permts
or di sposing of drilling di scharges on land adds to the cost Of
drilling operations.?

The ability to offload di scharges for transport is directly
related t 0 Sea states and weather conditions. Adverse conditions will
peevent Of f| oadi ng as shown in Table 25,

*For example, one Of fshore operator paid $330,000 to barge drill-
ing di scharges from a well to shore (W. D. Fritz, Mebil 0Qil, personal
communication, 1980) The landfilloperatorwhoreceived the wastes
promptly sold them for £ill dire.
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TABLE 25 Percentage of Time That bdrilling Di scharges Cannot Be *
Transferred to Barges Or Supply Boats

@l f of Mexico Georges Bank
O floading to barges
(when seas exceed 1 m 20 not feasibled
O floading to supply boats 2.2 12.4

(when seas exceed 3 n

8seas exceed 1 mtoo nuch of the time to plan such operations.

SOURCE :  Adapted from 0OC, 1981.

During adverse weather os sea states that prevent the off |oading of
deilling di scharges, drilling operations might have to be curtailed
due to a lack of on-rig storage space, resulting in substantial addi-
tional costs.

Scme units, Such as small jack-up drilling rigs, have very Llittle
hol di ng capacity, while Ot her umits, such as large semisubmersibles,
have a greater hol ding capacity. Adequate holding capacity can |essen’
rig downtine in adverse conditions.

O fl oadi ng and transport increase the hazards of offshore drilling
operations. cCare nust be taken to meor the receiving vessel to prevent
damage to the drillingunit. The approach and nmooring of the barge ot
vessel are constrained by weather and by the nooring arrangenments of
the driliing unit. The position of crane facilities on the drilling
unit dictates the available Loading points. The addition of anchoring
systens required on a disposal barge further conpounds the hazards.
Once the transfer of the discharge has been made, additional risk is
entailed inthe transit of the transfer vessel to other areas for dis-
pesal and in the additional. handling of the drilling discharges in
di sposal .

The cost of of f| oadi ng and transport operati ons varies With the
circumstances. For an 18,000-ft (5,49C-m) well in the Gulf of Mexico,
the costof these operations has been estimated at $917, 000 (ooc,
19811. Transport of discharges to shore from a conparable well drilled
of f Georges Bank weuld cost about $3.29 millien; to an ocean dunp site
$3.02 mllion (ooc, 1981). Such costs range from 10 to 20 percent of
the cost of the well.

()

1)
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OTHER TRANSPORT TECHNI QUES

Qther techniques suggested for transporting discharges include a pipe-
line to an ocean dump Site and the use of a menobuoy for | 0ading dis-
charges onto a barge orvesselat a distance fromthe drilling unit.
These arrangements have been reviewed {00C, 1981y, but are not con
si dered nere because of their limted applications and higher costs.

DI SPOSALON 1cE

One discharge alternative has been suggested for use in the Beaufort
Sea and ot her areas where sea ice iS present for parts of the year.
This relatively sinple and potentially inexpensive method is to deposit
spent fluids and cuttings directly on the ice. The method has recently
been teszed (M|l er et al., 1982). As in ocean discharges, the fates
of drilling fluids and cuttings disposed of on ice depend.on site-
specific conditions. Discharges deposited en ice in nearshore areas

subj ect to overflow £leeding fromrivers weuld be widely dispersed
during the annual breakup of the ice. without such flooding, the dis-

charges are dispersed nore gradual ly. Liquid fractions are removed
ducing initial surface melting. Depending on the novenent of the ice,
solids may be eitmerdeposited near the disposal site or carried with
the ice and w dely ceposited over the seafl oor.

SUBSTI TUTI ONS

Altered Conposition

" Just as special fluids are fornul ated for special downhole conditions,

the conposition of drilling £luids can be altered to include less toXicC
conpounds for environmental reasons. For exanple, paraformaidehyde, a
nonpersistent biocide, is used instead of chlorinated phenols on the
ocs . Conparabl e substitutions have been devel oped for [ubricants (for
exanpl e, pazaffinic oils for diesel fuel) . In replacing diesel fuel,
which is toxic, the use of other additives, such as emulsifiers, can
also be m nimzed. (An important purpose of enulsifiers is to inte=-
grate diesel fuel With other conponents of the drilling fluids.)

A variety of mineral and vegetable ail-based products have been
devel oped as alternatives to petrol eum hydrocarbons as drilling £luid
addi tives. while these products are in Limted use in the U.S., they
are used moze extensively el sewhere. Field and laboratory tests of
operating characteristics and environment al acceptability have been
conducted. Tests and trial i Nntroducti ONS continue AS experience is
gained concerning the alternatives' opecating characteristies and
envi ronment al acceptability.

In Substituting ocher oils for diesel fuel (and at other times),
it may be desirabl e to monitor the CONMPOSitiON of drilling £luid tO
quantify and di Stingui sh between various types of hydrocarbons. Gas

chromatographic methods, such as those devel oped by AST™ Committee
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D-19 can pe used. Methods given in part 31, ASTM Standards (1982) can
possibly be applied to whole oils, waterborne oils, and narine sedi-
rrentbs to examne the conposition? quantities and origin of hydro-

car bons.

Processing Drilling Fluids erior to their Discharge

Drilling £luids are processed while they are used to Separate cuttings
(see Chapter 2). Better use of solids control equipnment can in some
instances reduce the total vol ume discharged. So-called “closed nud
systens”, available commercially, acconplish this. Drilling fluids
cannot be reused nore extensively than they are in current practice
because of the need to condition them fordesired functions. It is
always in the operator’s economc interest toconserve and reuse drill-
ing £luids when possible, but the operator must occasi onally dispose

of a fiuwid to use another with nore appropriate characteristics for a
gi ven operating condition

Bach of these alternatives is characterized by different costs and
risks than those of common practice. The costs of such alternative
practices tend to be higher, although in sone instances only slightly
8C.

A more Serious” concern about such alternatives is their risk. The
environnental fates and effects of some alternative £luids and addi -
tives my be less well known than those of fluids comonly used. From
an operational standpoint, the alternatives may require different
operating techniques and handling than commonly used fluids. \hen
using alternatives, operators cannot rely on the training and
experience they have had with comonly used fluids.

Alternative additives and processes may offer advantages in
SﬁeCi al situations but until nore experience With themis acquized,
their operating and environnental benefits and risks will not be
establ i shed.

OTHER ALTERNATIVES

The remai ni né:j alternatives (in Table 24), incineration and injection,
are not considered practicable. Incineration is not because large
amounts of the discharge are inconbustible (ooc, 1981). I njection of
other than the liquid fraction of drilling discharges into porous for-
mations is not technically feasible, Since one peoperty Of drilling
£luid IS to consolidate |ooSe formations encountered while drilling,
thus clogging the pores and preventing the formation from accepting new
material. To inject under these conditions would require high

“pressures, and even then the formations would resist accepting the
material.

)

y
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THE “NO DI SCHARGE" ALTERNATIVE--A CASE STUDY

Al abama’s regul ations for of fshore exploratory drilling in Mbile Bay
prohibit the discharge of solid and liquid wastes like drilling fluids,
drill cuttings, sand, contaminated deck drainage, and effluents from
sewage treatnent UNitS. Only uncontaminated rainwater and water from
the bay used to preload rig legs or to test fire-fighting equipment can
be discharged. A major oil conpany recently accepted these conditions
and proceeded with a drilling program using t he ®"no discharge® alterna-
tive,’ |n the course of planming, alternatives and costs were

consi dered in detail. Col [ ection and disposal of waste materials while
drilling i N shallow Mobile Bay present unique and costly problems. An
obvi ouS solution is t 0 collect all wastes in barges and transport them
t 0 shore for disposal. However, other Net hods appeared feasible to the
conpany and were investigated.

Since the wastes this drilling generated m ght be discharged to
the sea under an NPCES peemit if the drilling occurred on the 0OCS,
barging these wastes to federal waters for ocean disposal was one
alternative considered. However, long lead tines were anticipated in
obtaining the required designation of an ocean dump Site. .The delay
was sufficient to eule out ocean” dunping for the initial well, but
there Were also questions t0 address about the ocean dunping equi prent.
Coul d barges used in other ocean dunping contain the liquids wthout
seeping as these liquids wece collected at the drill site? If rick,
could an adequate sealing system be devel oped? could nore appropriate
barges be devel oped inthe time available? These questions were never
answer ed.

Since most drilling Wwastes would be |iquid, another form of
disposal considered was the subsurface injection of ligquid wastes at
the driiling site and selids di sposal onshore. Al abama regul atory
agencies | ndi cated that a permt could be obtained for an omsite
di sposal well for well fluids and contaminated deck drai nage, but that
injection of sewage treatment effluents would require a permt that the
state would not issue. Specifying am additional onsite injection weil
in the plans that weeal ready under review by regulatory agencies
weuld have delayed obtaining needed permits. Since this option only

partly solved the problems of |iquids disposal, the anticipated del ay
was unaccept abl e.

Di sposal of ali wastes, liquid and solid,at onshore disposal

sites was careful |y eval uated, with potential SitesS inspected by tWO
conpany teans. In this as in simlar cases a problem Was posed by the
limited nunber of acceptable active facilities. Sone sites considered
were only in the planning stage. Permts had not been obtained in sone
cases, and SONME operators had little Or ne experience in managi ng waste
facilities. Some active sites were judged unsuitabl e because of oper=
ational practices.

'Floyd (arret, Exxon, personal communication, January 13983.
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The only active disposal facilities that met all company criteria
were Sites for hazardous Wastes. The mmin disadvantage for™ the company
of Using these sites was a nuch higher disposal cost. A second dis-
advant age ia using these facilities may be the use of linmted disposal
space that mght be needed for hazardous materials.

The pl an £inally adapted by the conpany foe its firstwel | speci=
fies di sposal of selids by landfill and of |iquids by subsurface
i njection. Bothsevicesare provi ded at a hazardous waste di sposal
facility located in port Acthuz, Texas, approximtely 740 km fromthe
drilling site. WASte solids are buried in clay-=lined pitsS. Waste
liquids, containing up te 10 percent suspended solids by volume and
less than 200 ppm oil and grease, are first filtered to renove the
suspended solids for burial. The filtered liquids are then injected
into a disposal well 2,200 m deep. Other liquids require solidifica=
tion and landfill burial. The wastes are Transferred from barges to
trucks at dock facilities about 30 km from the disposal facility.
Backup disposal, capability is available at a hazardous waste disposal
landfill in Al abana approxinmately 3% km noeth of the drill site.
Wiile closer to the drill site, this facility does not have an injec
tion well. Di sposal costs would be much higher at this site because
of the need to solidify all liquids for bueial.

The jackup drilling rig used was specially designed and built for
the *no discharge” operation. This increased the contractor's con-
struction cost by Shut $635,000 to add features not normally required
for drilling in t he Gulfof Mexico. The cost of retrofitting a rig not
specially designed and built for the operation would be a m ni num of
$1 million. The cost ofbringing an active rig in for nodification,
including standby andtransportation charges, could be as nuch as $3
to $4 million. Speci al rig features for thi s operation include exten-
sive use of coaming, drip pans, and drains to capture and coll ect
liquids from all equi pment areas and drai nage surfaces and manifol di ng
the drain lines Of the shal e-shaker tank and the cuttings chutes.
Piping to divide t he solid and liquid wast esS for separate barges Was
installed at the well site. Uncontam nated rajnwater is kept separate
from other | iqui dS to be used in the drilling filuid. Tenporary enboazd
storage space for liquid wastes was alsoe provided t O handle anticipated
short periods when barges mght not be available for i mmediate dis=-
charge of the wastes. Five tank barges, thee hopper barges, and one
tug are used £ull tinme to handle Waste collection and transportation.
Wen drilling a lacge~diameter hole, an additional tug is needed. The
barges required nodifications to prevent pollution. Coaming (rai sed
framng for capturing and directing runcféf or spills) was installed
around the punp and discharge lineson the tank baeges, and the hopper
barges had to be conpartnentalized to stabilize their cargoes. In
addition, nDOring anchors and piling wege required to Mmintain the
barges i N position at the rig.

Wast e deilling fluids, cement, contam nated deill=flosz deck
drainage, and formation CUttings are collected ia an open=top, com-
pacrtmentalized hopper barge. \When filled, the receiving barge is
replaced by another. The full barge is towed to Port Arthur, Texas.
The wastes are transferred to trucks for tzansportation te the disposal
site.



1 5 5

Contami nated rainwater and deck drainage (other than from the
drill floor), effluents fromthe sewage treatment unit, wash water and
other liquid wastes are collected at the well Site in a permanently
.moored, conpartnentalized tank barge. The liquids are periodically
transferred to other tank barges for transportation to Port Arthug, and
then trucked to the disposal Site.

~ Table 26 gives the estimated additional costs of this special
di sposal operation. "

TABLE 26 Estimated Costs of the ‘No Discharge” Aternative

Estimated Costs

{Thousands Of Dol lars)
Minimums Maximu

Rig nodifications

Barge nodifications 500 500
Tug and bacge zental (including fuel) 720 1,000
Barge mooring (pilings and anchor systens) 535 535
Bar ge rig=up on | ocation 250 250
Extra supervision and technical suppprtw_ 250 360
Wast e facility charges
for di sposal
Li qui ds 430 780
Sol i ds 380 570
Total 810 1,350
TOTALSS ~ 3,060 73,995

Zassuming: 250 drilling days and a disposal volume of 110,000 bol
(sewage treatment, 35 bbl; contanminated deck drainage and rainwater, 55
bbl; solids fromdrilling fiuids and cuttings 30,000 bbl.

Bassuming 350 drilling days and a disposal volume of 190,000 bbl
{sewage treatment, 35 bbl; contam nated deck drainage and rainwater,
110,000 bbl; solids fromdrilling fluids and cuttings, 45,000 bbl).

SThe estimat g\d total cost of the well is greater than $2¢ million.



156
REFERENCES

Ayers, R C, Jr., T.C. Sauer, Jr., D.O, Stuebner, and R.P. Meek.  1980.
An environnental study to assess the effect of drilling £luids oOn
wat er quality paraneters during high rate, high volune discharges
to the ocean. In: Synposiumon Research on Environnental Fate
and Bffects of Drilling Fluids and Cuttings. Washington? D.C:
Courtesy Associ ates. Pp. 351-381.

Grant, W.D. and 0.S. Madsen. 1982. Moveable bed roughness in unsteady

oscillatory flow. Journal of Ceophysical Research, 87, (Cl).
Pp. 469-481.

Miller, R.C., R.C. Britch, R.V. Shafer, and S. 0. Hillman. December
1982. How offshore arctic conditions atfect drilling mud
di sposal . In: Petroleum Engineer International. Pp. 68-88.

O fshore Qperators Conmittee (0oc). 1981. Alternate disposal methods
for nuds and cuttings GQulf of Mexico and Georges Bank. Avail able
from Hubert Clotworthy, Chairman, Environnental Subcommttee,
Texaco Inc., P.0.B. 60252, New Ol eans, La. 70160.



APPENDI X A

composITION OF DRILLING FLUI DS

DENSI TY MATERI ALS

Materialsused indrilling fluids in the greatest quantities are those

added to increase tie density in order te control subsurface pressures
which increase with depth as'the well is drilled. The dense column Of
£luid exerts considerabl e pressure on the bottom of the borehole tO
keep formation fiuids and gases from enteringt he borehole in an uncon-
trolled fashion. Several characteristics of these density materials
are conmon anong the various conpounds and are essential for opti mal
performance. These materials should be (1) of high specific gravity,
{(2) nonreactive with the liquid phase of the fluid, (3) nonabrasive,
and (4) of optinmal particle size.

H gh specific gravityis required in order to maximze the weight
or density in the smallest volume Possi ble for logistical and econonc
reasons. Nonreactivity i S essential because the weighting agent must
be added oftentimes in increasing anounts as the well deepens and yet
£luid properties (e.g., rheology or fluid behavisr) must not be signi-
ficantly affected by the influx of weighting materials. Ia the same
sense, it is inportant that the weighting agent not be abrasive in
pumps or 0 drill Stages, particul arI?/ at higher concentrations, in
order 0 reduce Wear. Optinal particle size is essential for several
reasons. This includes a mninal wvalue ¢2) below Which the par=
ticles affect nud properties easily (e.g., viscosity) and an upper
value (<44s) beyond Which the particles are haed to keep in sus
pension and alse tend to become abrasive. By balancing these various
needs, one can Obtain an optimal produce. Sonme products, such as |ead
or galena, are only used In special cases (e.g., t0 "kill® an uncon=
trolled well) While others are used prirrari,lgl only in certain fluid
systems (€.(., calcium carbonate i N low densify oil base or emul sion
drilling fluids).

Of all of the materials, bariteisbyfar the nost commonly used
wei ghting product worldw de. Indeed, it accounts for the largest pro-
portion of ali conponents which are in drilling fluids. Barite has
fairly high specific gravity (4.3-4.5) but is also fairly soft and
nonabrasive. It is inert in both oil and water.

The anount ofbarite used annual |y depends on the general drilling
activity and particularly on drilling activity in high pressure zones.
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In 1942, the domestic use Of barite barely exceeded 100,000 tons per
year, but it increased to 1,300,000 in 1978 (ApI, 1378b) and may well
reach 3,000,000 tons by the yeas 2000 (Morse, 1981). The United States
is the world's largest producer and CONSUNEr of barite. Mining of
barite t akes place inninestates with Nevada, Arkansas, and Missouri
accounting for mest of the production. Additional sources outside of
the U S.A include Peru, Ireland, china, India, Mexico, Merecco, and
Thailand. )

Barite is barium sulfate ore. Mbst of thebarite usedin drilling
-£luids contai NS 80-90 percent BaSO4. |t is known asS barytes, heavy
spar, tiff, and cawk throughout the weeld and is-surface or shaft mined
mainly from vein, residual, or bedded deposits. The bariteranges in
color from white to black and nay be interspersed With a variety of
O her minerals (e.g., quartz, clay, pyrite) that nmay constitute from
10-15% Oof barite. The barite | S separated fromthese naterials at the
mine, i f necessary, by a series of devices which collectively encich
t he amount of pure barite. The final product is dried and ground at
the mne or at separate grinding plants throughcut the world and
packaged eo¢ sold in bul k

-Barite that is used in oil well drilling i S required to conform
to a set of specifications established by ap: (1981) in oeder t0 ensure
consistent material. These specifications Stipul ate a minimum specific
gravity,poresi ze range and alkalinity.

other than barite,few ot her conpounds are used te any extent in-
t he domestic mar ket as density meterials. Irem OXi de or hematite
(Pe;;3) Was one of the first materials used but its use has been
largely discontinued because of, itscharacteristic staining of skin and
clothes of the drilling crews. It i S curzently Seeing SONE cevived
interest as a product orasan additive to barite.

VISCOSIFIERS

In order fOr the dreilling fluid to remove the formation solids and
cuttings from the bit at the bottom of the hele and carry them up the
annulus t 0 the surface, the £luid must have a certain thickness or
Viscosity. Only the smallest of particles could be carried up the long
column W { h just pure water, even under pressure. More inportantly,
pressure Of flow NUSt be interrupted during the drillimg process (for
exanpl e, to change the drill bit) and pure water alone would allow the
solids t O fall back to the bottom during these static periods. It is
essential, therefore, that the dsilling £fluid be viscous enough to
suspend the cuttings during these periods..

As di scussed in the *beilling Dischacges® chapter, drilling £luid
ingredients often have several functions. viscosifiers also help seal
the wellbore and prevent loss of liguids to the formation, an essenti al
function because an uncontzrolled £luid loss would Eeguire const ant
monitoring and addition of water to correct for the less. More
inportantly, eritical £luid properties would be in a state of constant
£lux and would nake it difficult to drill. It | S difficult tO separate
ingredients in these two geoups because of their functional overlap.
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cl ays, however, #ill be discussed under viscosif iers and polymers wil 1l
dbe”di scussed as fluid Less agents event though both can functional
ually .

The Primary v iscosif iers are the various clays that are added.
Gay et al., (1980: 536) indicates that the termclay has several
meani ngs; however, it is best defined to be those natural earth
materialsof finegrain size Which are prinmarily conposed of hydrous
alumnum silicates. The definition becomes |ess precise as one reviews
thecl ays; however, it is nore inportant to understand their function
and chem stry rather than fi nd an exaet definition.

In the mneral ogi cal sense, Joseph (1978)indicates that drilling
f luid clays fall into two gr oups=-the smectite group (layer ad) and the
hoemite group (fibrous) . The -mner alegical nomenclature is confused
by a number of regional and historical names. Since the nost important
characteristics of the clays are their bonding with other components,
which is largely dictated ‘by the pelyvalent ion, the clays are often
listed with in each mineral ogical group by cation where appropr i aee.

A variety of other classification schemes are available (Br indley,
1955; Degens, 1965: warshaw and Roy, 1961) , which use a conpositional.
basis for classification, and may be referred to for note detailed
information on clay structure. Since clays are natural ninerals, the
clay compos i tion and the presence of inpurities are variable due to
geol ogi cal differences. Silica,shale, calcite, mca, and feldspar are
the nost common inpurities (Perricone, 1980) .

The primary clay in drilling fluids and one of the earliest cnes
to be used i s bentenite, conposed nostly of sodi um montmor illcnite.
It is still the moat. commonly used clay with donestic use in excess of
650, 000 tons (AP, 1978) . Mbst of the domestically usedbentonite is
mned in Woming, South Dakota, and Montana. There nmines are shallow,
s ur face mnes where the bedded clays are typically |enses between shale
| ayers. The lenses are ofvariabl e thickness (e.g., 1-60 ft. ) and
under fairly shallow Overburdens. The bentonite i S mned, weathered,
and then sized and dried before grinding. As with baci te, the Anerican
petrol eum Institute maintains industrial specifications concerning

manuf acture and operating properties. These include noisture content,
maxi mum particle size, and viscosity and plasticity criteria. gen=

tonite Ny be treated with a variety of polymers te produce viscosities
equal to or greater than APl specifications (Perricone, 1980) .

Anot her bentoni te, cal ci um montmor illcnite (al SO called sub-
bentonite) 1 S used but in far less quantities, due to its poorer per-
formance than sodi um montmer illoni te. (Often, sub-bemteni te is added
t 0 bentonite when larger par title sizes are r equired. O her clays,
such as attapulgite and sepeolite, are used as viscosifiers in salt
water fluids. These clays aze nined dones tically al so (Ceorgi a,
Florida, and Nevada, respectively) . Due to their fibrous nature, these
C lays are not suitable forfluid | oss reduction and serveal SO exclu-
S ively for v iscosity.
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FLU D ross ADDI Tl VES

As discussed in the section ONn Vv iscos ifiers, clays and various polymers
act as both viscosifiers and as fluid less additives. »Any dissociation
of the two i s spurious; however , this discussion separates the two
purely for clarity. A properly designed drilling fluid should depesi t
a filter cake onthewall of the well bore dur ing drilling to cetaed
the continuous iiquid phase in the drilling fluid from enter ing the
formation. Bentonite and dr illed clays are the prine builders Of this
cake , but in sone instances , they ace inadequate to stop the flew. The
addition of fluid loss control additives may be necessary. Palymers
are particularly wel | suited to this task and bot h natural and syn=-
thetic polymers are used. Starch was the f£ir st natural polymer used
(Gray et al, 2942). Corn and potatoes are the pr incipal source of
starch for drilling fluids. Starch is prepared by treating the raw
mater ials With heat and chemical agents to gelatinize the stacch and
then dried and ground for bagging. Mdified s tacches have alse been
developed t O include cyancethylated Stare? amino Search ethec ,

h ydroxypropyl starch ether , and quatenar y anmoni um salts of S tarch.
Additional |y, preserved or nonfermenting Starches ace available which
may include a b iceide such as paraformaldenhyde.

Sever al natural guns have been used. Guar gum from the guar
plant, a Texas |egume, is one of the nost prevalent. Sem -synthetic
guns produced fromthe chem cal modif ication of cellulose compr i Se
a nother prevalent Qgroup. Sodi um cazboxymethylcellulese (CV) is wi dely
used as wel | as hydroxyethylcellulose (HEC). These compounds all
function by adsorbing t0 the omn ipr esent cl ays. Cellulles iec polymers
can be f ur ther treated to produce polyanicnic f cems uswally wWith
S pecific molecular Wei ght ranges that function in the presence of sait

- when o€ is | ess effective. Synthetic polymers that ace water dis-

persible have been developed in. resent years that function ver y well

i n deilling fluids. Polymerization of aceylic polymees and acrylates
has resulted in the development of a number of different additives t hat
counter fluid loss , or function as floceculan - , vV iscesifiers . OF

b entonite extenders. The chem stry, concentration , tenperature , and
or iginal source material of the polymer additives are all var iable : as
well as critical to oper sting character istics.

THINNERS AND DISPERSANTS

The next | argest group of products after viscosifiers are those
products which act to ceduce viscosity. As drilling proceeds , t he

dr illing fluid has a tendency to thicken naturally from the addition

of very f ine formation solids and native clays. This tendency
Increases with depth as temperatur e risSes due te the geothermal
gradient and causes the mud to undergo high temperatute gellatiom or
th ickening. Other chemical ¢ eactions NMAY also c¢r eate th ickening of the
mud. A change in the clay's surface chemistry is usually the cause 0 £
gelling and creates the need for a mater ial to di sperse the clay pac-
ticles, Thinners typically have a celatively lazge ani oni C component
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which is adsorbed on the pesitive Sites oftheclay particles, thereby
r educingt he attractive forces between thepar titles. See Gay et al,
(1980: 164 ) for a nore conplete discussion Of the thinning mechani sm
Mater ials commonly used as thinners in water-based nuds are broadly
classified as plant tannins, polyphosphates, lignitic nmaterials, and

1 ignoeul fonates. Tann ins occur In many plants and are extracted from
bark, wood, or fruit. Most of the tannins used in drilling fluids are
from the extract of quebracho wood, one of the first thinners ever used
in the united States (Lawton et al,1933,1935).Chemically, tannins
are esters of one or nore polyphenolic acids.

Polyphoephates are those phosphates in which two or nore phos-
phorus atoms are joined together by oxygen atons, such as sodiumtetr a=
phosphate. Polyphoephates may be of varying chain | engths and the
fornula is usually expr eased as the ratio of Nay0/Py0s.

Phosphonic aci ds and pyrophosphates are two ot her general types
occas ionally used. Both the tannins and phosphate conpounds have
tenmperature e limtations. The phosphates become nonf unctional above
250°F and the tannins degrade between 250- 350% (Carney and

Harris, 1975).

Ligniticmater {als include a variety of materials which chemcally
differ due to source and preparation. Variously called lignite :

1 eonardite, m ned lignin, brown coal, and slack, these materials became
popul ar as thinnersafter woeld WAr || when quebracho exports ware

d iminshed. Lignite and brown coal are actually |ow heat val ue coals
whal e lecnardite isanatural |y oxidized lignite from prol onged

weat her ing. Leonardite has a high content of humic acid; several
grades are available with varying humic acid contents. North Dakota

I's the principal source with South Dakota Mntana, New Mexico, and
Texas as secondary sources. The material is usually strip mned, dried
to 15-20% noisture content, crushed and bagged. Mdified lignites were
found to be excellent thinners after treatnent with caustic soda
chrome or potassium salts to pr educe a mor e tenperature e stable com
pound . Lignitic thinners can performsatisfactorily at high tempera-

t urea (350°r) and areoften used ian geothernal drilling fluids.

The. 1lignosulfonates are waste byproducts of the sulfite process
for pul pi ng wood to make paper. The chemistry in naking lignosule
fonates and the chem cal structure oflignosulfonatas are conpl ex but
covered in a nunmber Of books and articles (Beowning and Perriane, 1962;
Carney, 1970;” and Sarkanenand Ludwi g, 1971). 1In sinplest terms, lig-
nosulfonates are polyneric salts of lignesulfonic acids With various
f unctional conpounds attached. The functionality of the lignosulfon=
a tes are enhanced by the functional conpounds. These are usually added
during the sulfite pulping process and reacted, then recovered by spray
drying. Calcium chrome, and iren compounds are the predom nant
mat er ials added to form cal ci um chromium, f errochromium, or f errolig .

n osulfonates. The nechani smofthinning by 1 ignosulfonates is

di scussed in Jessen and Jchnson (1963) and nore conpletely in Gay et
al (1980: Chapter 4), but also relies on the 1 ignosulfonate micell
attaching t 0 the edge surface of the clay particles to break the
electrok inetic a ttr action between the clays. Asthe clays disperse,
the viscosityofthefluid decreases and the f£luid is ‘thinned”.
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pE AND 1o8 CONTROL

The pH of nDSt water based dr illing fluids is kept alkaline for a
variety of reasons. Corrosion ceatrol and the control of poi Sonous

HyS gas are two of the prine reasons; however , other fluid proper ties
are alsc affected (e.g., volubility of additives). For these reasons,
an alkaline pR is maintained by adding caustic soda (sodium hydroxide)
to the system as needed. lonic balance i S alse commonly affected by
contamination Of the f£luid system by cenent* salt? or anhydrite. These
inputs can affect the rheology (fluid behavior) of the system and
requi re treatment. Soda ash (sodi um carbonate) and baking soda (sedium
bi carbonate ) are the nost conmon addi tives. A number of addi tional
mater ials may be used for speci al i zed £luids or very specialized
problems,but their r elative usage frequency is rat her small in compar-
ison t0 the above three materials: bar ium carbonate, potassium

hydroxi de, cal cium sulfate, calcium hydroxide, sodium chler ide, and

pot assi um chl ori de.

LUBRICANTS

Under normal drilling, the drilling ‘fluid aleme is sufficient for
adequate lubr ication of the dr i1l pipe and bit. However , because no
hole is truly vertical and the drill pipe i S flexible, therearelikely
to be sone points of contact between the side of the hole and the drilil
pipe. This creates a frictional resistance therebY i ncreasing the
torque required to turn (asweil'as r sise and [ower) the drill pipe and
bit. Lubricants are added to drilling fluids when friction is
encountered. The addition of lubr icants i S generally r squired for
highly devi ated holes, holes with frequent direction changes . uncles-
gauge holes, or holes with poor drill string dynamcs.

0il base drill ing fluids are excellent lubricants, however, due
t 0 higher CcOStsS and governmentregulations, oil fluids are generally
not used where the only advantage i S lubrication. A COMMDN historical
pr actice concerning |lubricants has been to add diesel fuel (No. 2 fuel
0il ) to a water base fluid. Fluids with high diesel fuel content (as
much as 50 per cent) may be used to counter f z ictien. Prior to dis-
charge, these fluids will be worked to Separate the diesel fuel from
the discharge, or the £fluid may be diluted to lower the relative diesel
fuel content. These practices are within existing regul ations, so leng
as the deilling di scharges do not cause a sheen on the surface of the
ocean Of a sludge on the seafloor. Mereover, With detergents and/or
emul sifiers in the system, £luids containing as nuch as several percent
diesel can sonetines be discharged without a sheen. More impor tan tiy,
laboratory t eSting has demonstr ated that emul sified oilinawater
based fluidis not as effective a lubricant as non diesel substitutes
cuerently available. also, these substitutes nay have less effect on
the fiuids ' rheol ogy than does enulsified eil. & list of chemicals
used as lubricants iS in Table a=1.
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LOST CI RCULATION MATERIAL S

Circulating drilling fluids can be |ost to downhole formations through
i nduced fractures,preexi sting open fractures, caverns, pores, and

s 01 utien channels. Lost circulation is one of the most comon probl ens
encountered during rotary driling. LostCirculation nmater ials are
added to the mx eitherasan additive or in some cases as a prem xed
slurry slug. Whatever the neans enployed to add the material to the
fluid, the end result is the same--that of actually plugging the frac-
tures or openings. These additives are either fibrous, fil amentoue,
granular , or flaked and are al nost always naturally occurring. Common
lost Circulation neter ials i nclude ground nut shells, mca, and ground
cel | ophane.

corros 108 | NHI Bl TORS

Corrosion Of downhole tubul ar pipe is a very serious problem. The
sinpl est and nost common Means to control coeres ioOn is to use a highly
al kal ine dr illing fluid, but this practice has limitations--hydroxyl
ions degrade clay mnerals at tenperatures abewe 200% and a pi above
10. There are three mgjor forms of corrosion:

0 Carben Dioxide. coy dissolves in water resulting in a
lower ing Of pHvaluesthrough the production of carbonic acid. This
can be controlled using sodi um hydroxide te a pg of 9=10. In sone
cases excessive acids maybe produced; these can be neutralized with
cal cium hydroxide, but this can precipitate scale deposits which Set
up corroceion cells. Scales can be controlled by the addition of a
scale i nhibitor such as sodi um phosphonate.

0 Oxygen. 0 iS almost always present in dr _ini_n?_fl ui ds
where only a nininal amount i S sufficient to cause SigniTicant corro-
sionpitting under rust or scale patches. This form of cerrosion is
controlled using oxygen scavengers such as sodium sulfite or ammonium
bisulf ite. Filnmng amines and morphol i Nnes can also nitigate corrosion
by depos ition ofafilmon netal surfaces. Chromates can alse be used
to incorporate a film (a conplex eof oxygen, irem, and chromiun) on
downhole metal sur faces. Hexavalent chrone is reduced to trivalent
chromum in the £luid system

o) Hydrogen Sulfite. By S may contaminate the dr illing fluid
by an influx of sour gas or by the degr adation of 1 ignosulfonates by
sul f at e-reduci ng bacteriaor by hi gh tenperatures (330°F). Hydrogen
sulfide is beth a deadly poison and a severe sourece of COIro0Sion,
through the mechanism of hydrogen enbr ittlement. It can he removed
fromehe drilling fluid system through the use of sulfide scavengers
such as zinc carbonate? zinc oxide, erorganically chel ated zinc
conpounds wh ieh pr event nud floccul ation by ¢ educing the amount of free
zinc ions. lron oxides are also used and do notaf feet the geol ogi cal
or filtration properties of the nud.
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TABLE A- 1 Chemicals Commonly Used in Drilling Pluid Lubricants.

Acetophencnes

Alcohol Ester

Alupinum Stearate
Agphalts

Calcium Oleate

Coconut Diethanolamides
Coconut 0il Alkanolamide
Diesel Fuel

Diphenyl Oxi de Sulfonate
Ethoxylates

Ethoxylated Alcohol
Fatty Acid Soaps.
Gilsonite

G ycerol Dpioleate
Glycerol Monoleate

Glass Beads

G aphite

Lanolin

Low Paraffinic Solvents
Mneral Gl

Organic Phosphate Ester
Rosi n secap

Sodi um Alkylsulfates
Sodium Asphalt Sulfonate
Sodium Phosphates
Sorbitan Ester Sulfonate
Stearates

Sulfonated Alcohol Ether
Sulfonated Tall 0il
Sulfonated Vegetable
Triethanolamine
Vegetable Oils

Wool Greases

BACTERICIDES

Three mechanisms can be used to prevent or mitigate fermentation of
drilling muds by microorganisms. Saturated salt muds and highly
alkaline muds (ph > 12) are resistant to bacteriological activity.

If these options are not available, then the addition of a bactericide
may be necessary. Bactericides are most common in drilling £luids
containing starch or polymers which arerapidly degraded by heat,

AN
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agitation, Or nicroorgani sns. Paraformaldehyde i S the npst common
bactericide used in drilling fluids as well as workover and conpl etion
f1uids.

Paraformaldehyde W || depolymerize in acidic or basic solutions
to formits mononer, formaldehyde. Neglectingany |oss due to absorp-
tion, there are severalmeans by which it will be depleted fromthe
drilling fluid system Reactions with bacterial mucoproteins with
activated aromatic rings found in lignosulfenates and tannins reduce
the parafornmal dehyde. Al so, destruction by air oxidation fornms either
aformateor C02 by the Cannizare reaction. Due to these mechanisms,
paraformaldehyde NUSt be routinely added to the systemto maintain
adequat e treatment levels. Severalnon-fermenting starch additives are
in use today. In these additives the bactericide has been incorporated
into the stacch, el inmnating the need toadd additional bactericide.

Under the current regulatory scheme, all bactericide used in
drilling fluids aze regulated by the Environnmental Protection Agency
under the Federal Insecticide, Fungicide, and Rodenticide Act {(FIFRA)
as well as discharge permts. Al so, the Mneral's Mnagenment Service
has banned chlorinated phenols from use on the 0CS. Under FIFRA
registration, end-use, | abeling, chemical identification, and applica-
tion rates are tightly regulated. O the many available bactericide,
relatively few bactericide have oilfield registrations. Those without
proper regi strations ace not used. Robichaux (1975) and Jones et al.,
(1980) | i sted ei ght different chemical groups that have been used
(Quarternary amines, paraformaldehyde, CUPri C sulfate, chlorinated
thiophene chl ori de, glutareldehyde, Ccar bonates, triaza chlorides, and
chlorine dioxide). Additional materials {e.g., isothiazoline) have
received approval since that tine.

SURFACTANTS

Surface active agents are adsorbed on surfaces and at interfaces
resulting in a decreased surface tension. These are used in drilling
fluids for several different purposes such as enulsifiers, wetting
agents, foamers, def oaners, andagents to decrease the hydration of
clay particle surfaces.

There are three main forms of surfactants. Cationic surfactants
di ssociate into large organic cations and sinple inorganic anions.
These are usually salts of a fatty amine or polyamine such as trimethyl
dodecyl ammonium chl ori de.  Anionic surfactants di Ssociate into |arge
organic ani ons and simple i norganic cations. Soaps are the npst common
form such as sodi um oleate. Nonionicsurfactantsarel Ong chain
pol yners and donot di ssociate. The npbst common nomionic surfactant
i S phenol reacted with 30-mol et hyl ene oxi de. Cationic surfactants are
strongly adsorbed on to negatively charged clay and rock surfaces,
whereas anioni ¢ surfactants are adsorbed at the positively charged ends
of clay crystal lattices resulting in a retardation of the hydration

of bentonite. Ot her chemicals used as drilling fluid surfactants are
found in Table A-2.
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TABLE A-2 Chémicals Commenly Used in Drilling Fluidsurfactants.

Coconut Diethanolamides
Coconut 0il Alkanolamide

cal cium Qleat e

Patty Acid Der ivatives
Polycyclic Alcohol Anhydr i des
Polyoxyethylenes

Emulsifiers

The rel ationship between enulsifiers and surfactants i S direct. Inter-
facial tens ion between eoil and water is veey high but can be | owered
through the use of a surfactant, Whi Ch decreases the surface tens ion
Pesulting in an enul sion-a s table dispersion of fine dzoplets of one
liquid into another |iquid. In additien, enulsifiers stabilize

enul si ons dueto theizr molecules adsorbing at the oil/water inter faces
f orming a protective “skin .axound di Sper sed dreplets Whi Ch prevents
coal escing when these droplets collide.

Emulsif iers are generally used in Oi | - base £luids, however, they
cam be used in water-based Systens {0 emuls ify oil into the water
phase. They can ei thee act to enul Sify oil i Nt O water or water into
0-i-1 .- stable mechamical enul sions- can be forned. without. uwinga
chemical enulsifier (surfactants ) by the adsorption of coiloidal solids
in the fluid at the oil-water inter faces. Dispersed clays and 1 igno=
sulfontates Oan act as nechanical emulsifiers in alkaline fluids.

Repe esentative chermicals USed as emulsifiers ace found in Table A-3,
as well as these 1 is ted under sur factants , Table A-2.

TABLE A-3 Chenicals Commonly Used in Drilling Pleid Emuls ifiers

Alkyl Aryl sulfonates and sul f ates.
Polyoxyethylene fatty aci ds* esters,andethers
Nonylphenol reacted Wit h ethylene oxide

Fa tty acidsoaps, polyamines, and amidesblends
Calcium Dodecylbenzene Sulfonates
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FOAMERS AND DEFOAMERS

Foaming agents (sur factants ) are added to renobve berehole water while
air drilling +to create a low=density fluid to remove dr ill golids when.
per formng wor kever and/ or conpletions in depleted r eservoizs, or as
an insulating mediumin arctic wells. very few wells drilled on the
ocs use air or foamdrilling due to the depth and pr essur es. Chenmicals
normal |y used are found |isted under surfactants, Table A-2.

De foamers are used to break foanms used in dr ill ing or those formed
in gas-cut drill fluids. sy far the mest common chemcal s used as
de foamers are 2-ethyl hexanel, al um num s tear ate, and ester alcohols
such as the monoiscbutyrates.

PLOCCULANTS

Flocculants are used to rzemove Snmell cuttings when clear water d¢ illing
of hard rock is r squired. These f locculants can be injected in the
£luid return after ‘the shale shaker allowing solids to ‘flocculate in
t he reserve pit. Flocculants are also used to clarify reserve fluid
pits peior t O dispesal. They are rarely used off shore.

Acrylic Eol ymers ace excel | ent flocculants at a concentration of
0.01 lbs/bbl, but can perform a dual function as a f il tration control
agentat concentrations of 3 lbs/bbl. Chem cals currently used as -
floceulants i ncl ude alum calcium sulfate, pelyacrylamides, sodi um
polyacrylate, copol ymers of vinyl acetate and maleic anhydr i de, and
caleium OXi de.
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APPENDI X B
FUNCTI ONALLY EQUI VALENT DRILLING FLU D PRODUCTS

The extent of redundancy of drilling £luid products is difficult to
measure: nevertheless it would be useful information, for reviewng
well histories for the purpose of permt compliance, fOr exanple. The
drilling fluid products offered by each of the four major drilling
£luid supplier conpanies is listed in Table B-1. while this list is
for only a segnent of the industry, it is a useful conparison of
product equival ency because most of the offshore wells, and especially
wells on the ocs, are serviced by the major supplier conpanies. Sone
areas {e.g., Georges Bank) have been exclusively serviced by majors.
o the 86 different drilling fluid conponents [isted, 66% were avail-
able fromall 4 conpanies, 7%from3 of 4, 6%fromz2 of 4, andonly 6%
were totally unique to one conpany. Products which are listed as
functional equivalents nmay be different chemcally, although a quick
review of the table suggests that this is not often the case. 1t
should al so be noted that chem cally equivalent products may be
slightly different due to verying percentage of active ingredients,
particle sizes, processing technique, relativeproportion of compo=
nents,or quality of materials. Nevertheless, this analysis suggests
a rather substantial redundancy facter anong the four |argest
conpanies. The inclusion in the table of the smaller conpanies which
my notdevote as much effort as the mpjors to product development,
would likely not change the overaill picture of redundancy provided by
the table.

171



TABLE B -1 Compacable Drilling Fluid producte by Tradenames

DESCRIPTION
OR PRINCIPAL IMCO
COMPORENT SERVICES PAROID HMAGCOBAR MILCHEM PRIMARY APPLI CATI ON
WEIGHTING AGENTS -~ VISCOSIFIERS
Barite EIMCO BANC Baroid Magcobar Mil-Bar Por increasing mud weight upto 20
PP9
Bar $te/Memat ite 1MCO Bar-Gain For increasing mud weight 4P to
Blend BAR-PLUS 22 ppg
IMCO To increase density of a d:tiling
Hematite NU-DENSS and kill Eluid up to 25 ppg
Calcium IMCO WATE  Baracarh Lo-Wate W.0. 35 For i NCcreasing density to 11 pp9
Cagbonate W.0. 50 with acid solublematerial
Bentonite IMCO GEL Aquagel Magcogel Hilgel Viscosity and filtration control
in water-base muds
Sub-Bentonite IMCO KLAY Baroco KBigh Yield Green Band For vigcosity and filiration
Blended Clay Clay control in water-base wmuds
Attapulgite IMCO Zeogel Salt Gel Salt Water Viscoslifler in saltwater muds
BRINEGEL Gel
Benef ic lated IMCO HYB Quick~Gel K iwk=Th ik super - cot Quick wviacosifierfor freshwater,
Bentonite upper-hole muds with minimum
chemical treatment
Asbeatos Fibers IMCO Flosal Visguick Flosal Viascogifier for fresh-water or
SHURLIFT

salt-water muds

2L



TABLE B-1 [continued)

<) (N

DESCRIPTION

oR PRINCIPAL IMCO

COMPONENT SERVICES BAROID MAGCOBAR MILCHEM PRIMARY APPLICATION

Batter ially Produced Into xc XC Pol ymer Quovis XC Pol ymer Viscosifier and £luid loss control

Polymer additive for low-solids muds

Sepiolite Into Gee-Gel Viscosiffer In all water-base

DURDGEL muds, especially high temperature

drilling £3luids

Multipurpose IMCO Mil-Polymer Polymer for £luid loss control

Polymer POLYSAFE" 305 and viscoaity

DISPERSANTS

Sodium 1co PNCS Barofos Magco-Phos 0i | poa Thinner for lowpH fresh-water

Tet raphosphate (STP) muds where temperatures do not
exceed 180°F

Sodium Acid IMCO SAPP SAPP SArP SAprP For treating cement

Pyrophosphate contamination

Quebracha IMCO Q-B-T Tannex n-c Mil- Thinner for fresh-water and

Compound Quebracho Quebracho lime muds

Modified Tannin DESCO Desco Desco Desaco Thinner for fresh-water and
salt-water muds alkalized for pH
control

Processed IMCO LIG Carbonox Tann A Thin Ligco Dispersant, emulsifier and

Lignite supplementary additive for fluid
loss control

Causticlzed IMCO THIN cC-16 Caustilig Ligcon Disperaant, emulsifier and

Lignite supplementary additive fog fluid

10ss control

£L1
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TABLE B-] {continued)

DESCRIPTION

OR PR INCIPAL IMCO ,

COMPONENT SERVICES BAROID MAGCOBAR MILCHEM PREMARY APPLICATION

Chrome IMCO-VC-10  Q-Broxia Spersene Uni-Cal Disparsant and £luid loss

Lignogulfonate contgo} additive for waker-base
muds

Blended IMCO RD-311 Blended multi-purpose dispersant,

Lignogulfonate fluid loss agent and inhibitor

compound for IMCO RD-111 =mud aystems

Chrome-Free IMCO Hagco CFL x-k8 Thin Dispersant and £luid loss

Lignosulfonate RD-2000¢" control additive for water-base
muds

FLUID LOSS REDUCERS

Organic Into DEXTRID Magco Control filuldloss in

Polymer PERMALOID Poly Sal water-base muds

Pregelatinized IMCO LOID Inpermex My-lo-Gel Milstaecch Controls £luid loss in

Starch ’ saturated saltwater and lime muds

Sodium Carboxy- EMCO CMC Cellex Magco CMC Milchem CHC For fluid loas control and barite

methylcekluloge {Regular) {Regular) (Regular) (Med-vig) suspension im water-base muds

Sodium Carboxy- IMCO CMC Cellex Magco CMC Milchem CMC Por fluid loss conptgol and

methylcelluloge {itigh vis) {iigh Via) {Bigh vis) {itigh Vis) viscosity building im low-solids
muds

Polyanionic DRISPAC Dr ispac Dr i spat Dr ispac Pluia loss control additive and

Cellulosic Polymer viscosifierin salt muds

Polyanionic DRISPAC Dr Lspac Deispac Dr bapac Primary fluid logs additive.

Celluloeic Polymer SUPERLO Supet la Super 10 Superlo Secondary viscosities im

water-based muds

)
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TABLE B-1 [cent inued)

DESCRIPTION

VA

OR PRINCIPAL IMCO

COMPONENT SERVICES BAROID MAGCOBAR HILCHEM PRIMARY APPLICATION

sodium IMco Cypan Cypan Cypan Fluid loss control in calcium

Polyacrylate sp-10} WL-100 WL~100 WL-100 free muds

LUBRICANTS - DETERGENTS - EMULSIFIERS

Specially prepared IMCO A water diapersable, non-

blend af organic LUBE-106" €oaming, nontoxic additive

liqguid compounda designed to impart lubricity and
reduce torque, drag and friction
in all water-base drilling £luids

Blend of Organic IMCO Torqg DOS - Mili-Plate 2 Supplies the lubricating pro-

Esters LUBRIKLEEN Trim 11X perties of oils without their
environmental pollution

Extreme Pressure INCO EP Lube Sit Lubr i-Film Ueed inwater—base muds to

Lubr fcant EP LUBE Mudlube Lube Impart extreme pressure lubricity

Ol} Soluble IMCO Skot-Free Pipe Lax Petrocote Nonwelghted €luid for

Surfactants FREEPIPE spotting to free differentially
stuck pipe

Blend of Fatty Aclds, IMCO SF-100 Carbo-Free Invert emulsion that may be

Sulfonates and SPOT" weighted ta desired density

Asphaltic Materials for placement to free .
differentially stuck pipe

Water Dispersible IMCco STAB | I~ ITI-HD Lubricant and £luid loss

Asphalts HOLECOAT K | HOLE reducer for water-base muds that

contain no diesel or crude oll



TABLE B-1l {continued)

DESCRIPTIOR

OR PRINCIPAL IMCO

COMPONERT SERVICES BARGID HAGCOBAR MILCHEM PRIMARY APPLICATION

Processed SOLTEX Soltex Soltex Soltex Uged In water-base wudsto

Hydrocarbons lower downhole £3uid loss and
MmNl mze heaving shale

04} Dlepersible IMCO Baroid Pave~A Carbo-Seal Lubr icant and £luid-loss

Asphalts HuD OIf, Asphalt Hole reducer for water-base muds that
contain djesel ok ctude ol

Detergent IMCO MD Con Det pP-b Hilchem MD Used inwater-baseauds to ai d in
deopping Sand. Emulsifies ofl,
reduces torgue and minimizes bit
balling

Blend of Anionic IMCO SWS Teirulso Salinex At fosol and’ Baulsifier for salt-water and

Surfactants Atjosol 8 fresh-water muds

DEFORMERS - FLOCCULANTS - BACTERICIDES

Aluminum Aluminum Aluminum Aluminum Aluminum Defoamer for lignoasulfonate

St.estate Stearate Stearate Stearate Stearate muds

Liquid Surface IMCO Defoamer for all water-base

ket Ave Agent DEFORM~L" muds

Surface-Active IMco Bara— Magconol L.D-7 All-pugpose de foamer

Diaperasible Liguid FOAMBAN Defoam 1 Qs

Defoamer wino

Flocculat lng IMCO FLOC"  Barafloc Ploxit Separan tged to drop drilled sallds

Agent wherte clear water i8 desirable Eor

a drilling £luid

9.7



TABLE B-1 {continued)

DESCRIPTION

OR PRINCIPAL IMCO

COMPONENT SERVICES BAROID MAGCOBAR MILCHEM PRIMARY APPLICATION

Blended Carbonate IMCO CIDE Bara~B33 Magco Poly Bactericide usedto prevent

Solutions Defoamer fermentation

Paraformaldehyde Para- Aldacide Paraformal- Paraformal- Bacter icideused to PI event

forma ldehyde dehyde dehyde fermentation

LOST CIRCULATION MATERIALS

Fibrous IMCO FYBER Fibertex Mud Fiber Mil-Fiber Plller as well as matting

Plater tal material to restore |ost
circulation

Nut Shells: IMCO PLUG Wall-Nut Nut-Plug Mil~Plug Most often ueed to prevent

Fine lost circulation

Nut Shellss IMCO PLUG Wall-Nut Nut-Plug Mil-Plug Used in conjunction with

Medium fibers or £lakea to xegaim lost
circulation

Nut Shells: IMCO PLUG Wall-Nut Nut-Plug Mil-Plug Ugsed where large crevices

Coatrae or fractures are encountered

Ground Micas IMCO MYCA Micatex Magco-Mica Milmica Used for prevention of lost

Fine circulation

Ground Mica: IMCO MYCA Milcatex Magco-Mica Milmica Ueed for prevention and

Coarse regaining of | ost circulation

IMCO FLAKES Jel Flake Cell-O-Seal Milflake Ueed to regain lost circulation

Ce i lophane

LLT



TABLE 8-} {(continued)

DESCRIPTEON
OR PREINCIPAL 1MCOo
COMPORENT SERVICES BAROID MAGCOBAR MILCHEM PRIMARY APPLICATION
Combination of KWIK SEAL Kwik Seal Kwik Seal Kwik Seal Used where severe lost
granules, f£lakes and circulation is encountered
€ibrous materials of
varioug sizes in one
sack
fligh-water loss slurcy Dlaseal M Dlaseal M Diaseal M Diagseal M Forms a high-golids plug to
for lost circulation cure severe lost circulation
SPECIALTY PRODUCTS
Bentopite Extender IMCO GELEX  Benex Benex Benex Increases yleld of bentonite
to Eorm low-golide drilling £luid
Inhibiting Agent IMCO IE PAC K~Plus Imparts inhibition, £luld loss and
rheology control n potassium muds
Synergistic Polymer Mco Durenex Res inex High-temperature gheological
. Blend POLY Rx stabllization and fhiltration
control
Biodegradable INCO Quick Magco Gel-Alr Foaming agent inairor mist
Suxfactant FOAMANT" Foam Foamer 76 deilling
CORROSION INHRIBITORS
Zinc Compound IMCO Mil-Gard For use as a hydrogen 8ul fide
sSuLF-X RI gcavenger in water-base and
oil-base muds
Liquid Corrosion Into Prevent stress cracking of
Inhibitor CRACK-CHEK

deild strings inan H28
env § ronment

8L1



TABLE B-1 (continued)

DESCRIPTION

OR PRINCIPAL IMCO

COMPONENT SERVICES BAROID MAGCOBAR MILCHEM PRIMARY APPLICATION

A Catalyzed Ammonium 1MCO X0p " Coat 717 0s-1L Noxygen For uge an an oxygen

Bisulfite scavenger

Filming Amine IMCO Bara Cora Magco Aqua-Tee All-pugpose corrosion
X-CORR’ Inhibitor Inhibitor

Filming Amine 1MCco Coat 415 Magco Ami-Tec Corroafon tnhibitor
PERMAFILLM" Inhibitor Inhibitor

Organic Polymer |m0 Surflo-H35 SL-1000 Scale-Ban Scale inhibitor
SCALECHEK

COMMERCIAL CHEMICALS

Sodium Hydroxide Caustic Caustic Caustic Caustic For pH control in water-base
Soda Soda Soda Soda muds

Potassium Hydroxide Caustic Potassium Potassium Potassium Used to control pH in
Potash Hydrox ide Hydroxide Hydroxide potassium system

Sodjum Carbonate Soda Ash Soda Ash Soda Ash Soda Ash For treating-out calcium in

¥ low pH muds

Sodium Bicarbonate Sodium Sod ium sodium Sodiunm Por treating-out calcium or
Bicarbonate Bicarbonate Bicarbonate Bicarbonate cement in high p# muds

Barium Carbonate Barium Anhydeox Barium Bagium Fog treating-out calcium
Carbonate Carbonate Carbonate aul fate {pld should be above

10 for best reaults)

Sodium Chromate sod A urn Sodium Sodium sod | w Ueed ip water-base muds to

Chromate Chromate Chromate Chromate prevent high-temperature

gelation

6L1
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DRAFT
Fol | owi ng is summary of the conclusion,of the National Research
Council (NRC) “Drilling Discharges in the Marine Environment’! report that
are particularly germane to the managenent of the Mnerals Managenent
Service (MMS) Environnental Studies Program
ey
0 211 of the bulk constituents (water, berite, clay minerals, chrone
l'ignosul fonate, lignite and sodi um hydropide) are nontoxic to
marine organisns at the dilutins reached shortly after discharge.

Several comon drilling fluid additives are nuch nore toxic to
marine organi snms than the bulk constituents.

Conpared to the mass emissions of river sediments and those of
muni ci pal wastes and dredyed material, the quantity of drilling
fiuid discharged in the ocean is small.

96% of the whole drilling fluids tested in short term
experiments (from 44-144 hours) have LC50 val ues greater than
1,000 ppm

0

98% of the test using the suspended particul ate phase of
drilling muds have an LC50 10,000 ppm

0 Toxity is probably attributable to the use of diesel fuel.

0 geute toxicity test Do NOT indicate sublethal signs of stressin
orgsnisms .

0 Acute toxicity test DO NOT reproduce exposure levels and intervals
typical of field conditions.

0 sublethal effects DO OCCUR at concentrations between 10 and 1000
ppm

0 There are no well-established relationships between responses and
exposure intervals.

0 predicting effects of marine organisns' biocummulation of drilling
fluid contam nants has NOT considered the organi sns nechani sms for
sequestering and detoxifying contaninants.

0 potential increase of accunulated contaminants with increasing
trophic | evels has NOT been addressed.

Research on other discharges containing the same metals suggest
they are NOT biomagnified.

0 The potential for biomagnificaticn may be greater for organic
conpounds or organo-metal conpl exes.

e
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° ORGANI SMS FROM 48Y ONE OCS REG ON APPEAR TO BE MORE SENSI TI VE TO
DRI LLI NG EFFLUENTS THAN COVPARABLE ONES FROM ANY OTHER REG ON,
INDICATING THAT TEST RESULTS USUALLY MAY BE APPLIED FROM ONE
REG ON TO ANOTHER

"TESTS indicate that sonme nearshore species ARE appropriate
surrogates for testing the effects of drilling effluents on
of fshore speci es.

“I'T I'S DESIRABLE TO TAILOR DRILLING FLU D REGULATIONS TO TAKE
ACCOUNT/ADVANCE OF ENVI RONMENTAL CONDITIONS OR TO PROTECT
SENSI TI VE HABI TATS, BUT THERE IS NO EVI DENCE THAT JUSTI FI ES
DI FFERENT REGULATORY POLICIES Confining THE USE OF DRILLING FLU D
ADDI TI VES | N DIFFERENT CGEOGRAPHI C REG ONS.

“Horizontal turbulent diffusion results in dilution of the plumes
by a factor of 10°or nore within an hour of release.

‘Direct assessment of the effects on plankton and nekton in the
wat er column have not been attenpted and, given natural
variability and the difficulty of sampling, are probably not
pasible.

“Even subl ethal effects on pelogic biota moving past the point of
discharge are confined to a very small area around the point of
discharge, THI'S FI NDI NG SUGGESTS THAT RESTRI CTI ONS ON THE
DI LUTIONS OR RATES OF DI SCHARGES ARE NOT JUSTI FI ED IN MOST 0OCS
AREAS .

0 Most |aboratory experiments on the effects of drilling fluids on
benthic organi sms have not been very successful” in mmcking
realistic exposure conditions.

“Predicting of discharges is generally unnecessary given the speed
W th which they are deluted, except possibly in |ow energy or
shal | ow water environnents.

“Long lived comunities which are characteristic of hard substrate
epilrota, may be particularly susceptible to long termeffects if
they are exposed to |arge concentrations of nuds.

“The information base for assessing the fates and effects of
drilling discharges in OCS waters has some notabl e deficiencies?
many of which pertain equally to the effects of other pollutants.

O The limitations in the fates and ef7ects data base do not
invalidate nost of the results produced.

“Qur understanding . . . is limted »y the state of our general
understanding of marine pollution rather than specific

-~

e Tl vatos v aegledes or dprillins muds



The panel concludes that extensive further research focused on
drilling fluid discharges |I'S NOT NEEDED.

Effects are quite limted in extent and confined mainly to the
benthic environment.

Resul ts suggest that environmental risks to most OCS communities
are small.

Uncertainties regarding effects still exist for |ow energy
depositional environments.

RECOMVENDATI ONS: (1) Discharges shoul d be prevented from burying
sensitive benthic environments, (2) toxic additives should be
monitored or limited.



