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PREFACE

The following is a final report on our 21-month project studying

the effects of drilling fluids (muds) on the behavior of juvenile red

hake, Urophycis chuss (Walbaum). The project was essentially two­

phased, with the first phase dedicated to establishing baseline eco­

logical and behavioral data, and the second phase dedicated to actual

toxicological testing.

The goal of the first phase of the project was to establish base-

line information on the behavior, life history, and ecology of the red

hake. To that end we studied in the laboratory: activity rhythms, feed-

ing cycles, shelter preference and usage, and growth rates. Concomi­

tantly, we endeavored to verify our laboratory observations as fully as- ,
possible with field data on rhythms of shelter usage, shelter prefer-

ences, growth rates, and recruitment patterns. The results of the labor­

atory studies were previously reported in last year's Progress Report

(Olla et al., 1980a).--
The second phase of the project consisted of the determination of

the toxicological effects of drilling fluid on the behavioral baselines

of juvenile red hake as determined in the first phase of the project.

The body of this second, and final, report contains: 1) a description

of the apparatus and experimental protocol developed to simulate the

dilution and winnowing of drilling fluid falling through the oceanic

water column; 2) the results· of experiments directly testing the ef­

fects of drilling fluid on red hake; 3) the results of experiments
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testing the response of planktonic red hake to thermoclines and the

feasibility of such experiments for toxicological testing of drill­

ing fluid; and 4) our conclusions and recommendations.
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SECTION 1.

Design and protocol for pre-test treatment of drilling fluid

3



(

(

l

INTRODUCTION

In any controlled experiment desioned to test the effects of

a potentially harmful pollutant on any marine organism or community,

it is essential that the test organism/community be exposed to the

test agent in a realistic manner. The conditions of exposure should

simulate, as closely as possible, conditions under which the test

organism/community might encounter the pollutant in the natural en­

vironment, given the constraints imposed by the laboratory. If such

criteria are not met, the entire procedure may be of academic inter­

est, but the results are of limited practical value, especially if

regulatory criteria or guidelines. are to be based on laboratory re­

sults.

Our testing concerned benthic organisms and communities. To be

ecologically pertinent, this required that drilling fluids had to be

introduced into experimental aquaria in a procedure that simulated

the process whereby drilling fluids from active oil rigs eventually

reach benthic communities. On the majority of drilling platforms cur­

rently, or previously, in use, that means the drilling fluids are re­

leased periodically into the water column underneath the rig, at var­

ious depths, and subsequently drift through the water column to the

benthos. It is obvious that such a path will effect both the physical

and chemical characteristics of the drilling fluids, a mixture of

liquid, various sized clay particles, salts, organic compounds and
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other chemical additives, many of which are water-soluble. The

layering of whole drilling muds on the test benthic community sub­

strate is, quite simply, unrealistic. Likewise, exposing benthic

organisms to only water soluble fractions, particularly those com­

ponents that would be quickly absorbed into the water column during

the descent to the bottom, is also unrealistic. Static systems of

any sort are also unrealistic for determining the responses of nat­

ural dynamic communities to pollutants.

Therefore, we endeavored to develop a procedure for introduc­

ing drilling fluid into our test facilities that met the following

three objectives:

1) The drilling fluid components introduced were representa­

tive of components that would reach the benthos following a

discharge 18 m above the sea floor bottom. Several studies

have shown that various particulate components of drilling

fluid discharges are dissipated via a near-surface plume

and do not accumulate on the benthos in measurable concen­

trations (Ayers et ~., 1980a, b; Houghton et ~., 1980; Meek

and Ray, 1980). Similarly, we would expect that certain

water soluble components would be diluted considerably, and

transported by currents before reachi~g benthic communities

·near oil rigs. Alternatively, the water-soluble organics

may be concentrated at the thermocline (J. Trefry, pers.

comm.) , which also would prevent the water solubles from

reaching the benthos. Thus, it is obvious that only certain
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components of discharged drilling fluids would actually

encroach on benthic communities near oil rigs.

2) The amount of drilling fluid added was representative of

discharge volumes from active oil rigs.

6
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3) The drilling fluid, once in the test facilities, was sub­

jected to water currents and dilution factors representa­

tive of possible natural conditions. Static systems were

not employed.

MATERIALS AND METHODS

l

l

l

Treatment of Drilling Fluids

The drilling fluids used throughout these experiments were from

a single sample, 12.6 1bs gal- l , taken from well S.T. l22-A #1, Gal­

veston, Texas, at a depth of 9556 ft. The fluids were provided by

the Drilling Fluids Sample Program of Petroleum Equipment Suppliers

Association (PESA).

In order to simulate the changes in drilling fluid composition

that would be incurred during the passive descent through the ocean

water column, we passed the test drilling fluid through a 6.1 m PVC

pipe column (9.5 em inside diameter) filled with sea water (Fig. 1).

The volume of the column was 43 1. The column was fitted with two

petcocks 1.5 m and 3.0 m from the top to drain off any supernatant.

The bottom of the column was fitted with a 2.5 em ball-valve to drain
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Fig. 1. 6.1 m PVC seawater column (43 1) used to

treat drilling fluids.
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off drilling fluids which collected at the bottom. The entire appar­

atus was mounted vertically and retained by restraining wires and

guys.

A complete treatment was as follows. The column was filled with

ambient sea water from the laboratory's standard seawater supply sys­

tem. A volume of sea water equivalent to the volume of drilling fluid

to be treated (12 1) was then drained from the column. This prevented

any overflow or spillage of drilling fluid when the fluids were poured

into the column. The fluids were then immediately poured into the top

of the column. The drilling fluids were allowed to settle to the bot­

tom of the column for a period of 1 h. (Preliminary tests showed that

settlement of 5 h or longer did not appreciably increase the amount of

fluid re-collected from the column). After 1 h, the top 3 m of super­

natant were drained from the column via the first and second petcocks.

The drilling fluids that had settled to the bottom and any remaining

supernatant were then drained from the bottom of the column. Since

the desired treatment was to simulate an 18 m water column, this proced­

ure was repeated three times for each portion of drilling fluid used in

a particular experiment.

Samples of the supernatant and settled drilling fluids were col­

lected after each passage through the column. The density of each

fraction, and the amount of solids, expressed as percent weight, were

determi ned.

8
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RESULTS

A crude fractionation occurred when the drilling fluids were

passed through the seawater column. Each 12 1 sample of drilling

fluid used in a particular experiment was passed through the column

three times to simulate an 18 m ocean water column. Each time the

drilling fluid was passed through the experimental column, a par- .

tial fractionation occurred.

After the first passage through the column, the supernatant

which was drained from the top 3 m of the column was discolored to a

deep brown, a consequence of suspended lighter solids and water sol­

ubles incorporated into the sea water. The heavier solids in the

drilling fluids settled quickly to the bottom. When the bottom valve

was opened, a heavy viscous- fluid, similar to the original drilling

fluid in consistency, was collected. The volume of the heavy, drill­

ing fluid fraction was 12 1, equivalent to the volume of whole drill­

ing fluid originally introduced.

This heavy, fluid fraction was then re-sett1ed through the wat­

er column (with clean sea water). Again the supernatant was a deep

brown. The heavy, viscous layer was again collected at the bottom,

but the volume of this heavy fraction decreased to approximately 5 1,

or ~2%, of the original whole mud volume. Consequently, we also col­

lected enough of the fraction directly above the heaviest fraction

to bring the total volume back to 12 1, which was once again passed
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through a column of clean sea water.

The third passage through the column again produced a brown

supernatant. The heavy viscous layer of solids from the drilling

fluids again collected at the bottom of the column, but the volume

had decreased to 1to 2 1. Therefore, the fracti on di rectly above the

heavy layer was added to bring the total volume back to 12 1. This

final 12 1 of "washed" drilling fluids was then introduced to the

test aquaria.

The exact determination of the chemical composition of the

initial drilling fluid, the intermediate products of the seawater

column treatment, and the final fluids introduced into the test

aquaria was performed by the laboratory of Dr. Thomas Gilbert at

the New England Aquarium (Table 1). In addition to the above

analyses, we determined the relative amount of solids in the drill­

ing fluids after each treatment in the water column by measuring the

proportion, by weight, of the solids to the drilling fluid (Table 2).

Looking at each of the three stages of the water column treat­

ment, the amount of solids (expressed as % total weiqht of fluid)

varied little from trial to trial, indicating that the final composi­

tion of the drilling fluids in each of the experiments was consis­

tent and equivalent.

10
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Table 1. Bulk analysis of whole drilling fluid
prior to treatment in seawater column.

( Concentration
(mg ml-1ofwhole fluid)

115.0

3.2

0.38

0.25

0.04

All within 1-5 ~g 1- 1
of fil trate 1

110 ml of drilling fluid suspended in one liter sea­
water for 0.5 h, allowed to settle and filtered with
0.4 ~m pore filter.
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DISCUSSION

The results clearly show that the amounts of solids in the final

drilling fluid preparation, after three "washes" in the seawater col­

umn, were reduced significantly from that of the whole drilling fluid.

This is to be expected in the field when a drilling fluid is discharged

from a rig and passed down through the water column. Even in the case

of "shunts", i.e., when the drilling fluids are discharged from pipes

at depths close to the bottom, the fluids will pass through as much as

12 m of water (Ayers et ~., 1980a; Gettleson and Laird, 1980). We

believe that the final drilling fluids, including the reduced percen­

tage of solids, collected after our treatment of drilling fluids with

the seawater col umn,are a better representation of the compositi on of

the materials which accumulated on the bottom in the field, than a

preparati on consi sting of whole dri 11 i ng fl ui ds. (We add that water

soluble fractions, commonly referred to as "mud aqueous fractions MAF"

in various laboratory studies, are not pertinent to our study of ben­

thic species in.a dynamic environment).

We were next faced with the criteria of introducing the drilling

fluid solutions in quantities that are realistic for the field. We used

the report by Ayers et al. (1980a) of a test well in the Mid-Atlantic--
regi'on as our gui de1ine. They reported that 1287 metri c tons of drill-

ing fluid solids were discharged over the life of the well (193 days).

This is equivalent to an average daily discharge of 6.7 x 103 kg of

solids day-I.

13
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Studies in the dispersal of drilling fluids in the field

indicate that the vast majority of solids initially fall within

the perimeter of the drilling rig (Ayers et ~., 1980b; Meek and

Ray, 1980). We assumed a rig of 50 m radius (7853 m2 ); thus,

we estimated a daily discharge of 0.84 kg of drilling fluid solids

m- 2 d- 1 underneath the rig for our experimental guidelines. Thus,

the amount of drilling fluids and associated solids to be introduced

into our experimental communities were determined using the amount

of 0.84 kg m- 2 d- 1 as a realistic guide for field conditions.

Given an average solids content of 12.7% by weight of the

"washed" drilling fluids after treatment in the seawater column

(Table 2), an introduction of 3 1 of the "washed" drilling fluid

(1.1 g ml- 1 ) was equivalent to an introduction of approximately

0.58 kg m- 2 d- 1 • (The' area of each test aquarium was 0.72 m2
.)
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SECTION 2.

Toxicological testing of drilling fluid

on experimental benthic communities

,/
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The toxicological testing phase of our program consisted of

three major experiments. In general, each tested the behavioral re­

sponse of a laboratory benthic community, consisting of juvenile red

hake,Urophycis chuss, sea scallops,Placopecten magellanicus, and

sand shrimp,Crangon septemspinosa, to the presence of drilling fluids

introduced in various concentrations and intervals. In Experiment 1,

we tested the short term (4 day) response of benthic communities

consisting of hake, scallops, and shrimp to drilling fluids which had

been introduced to the experimental substrate prior to the introduc­

tion of test organisms. Such a test simulated the response of the

benthic organisms to a previously contaminated substrate. In Experi­

ment 2, drilling fluids were introduced to previously established com­

munities of hake, scallops, and shrimp. We observed the immediate

responses of the test organisms to the in~tial presence of the fluids,

and any reactions to the fluids over the following 12 days. In Exper­

iment 3, drilling fluids were repeatedly introduced to established com­

minities of hake, scallops, and shrimp every 3 days. We again observed

immediate reactions to the initial presence of the drilling fluids

and any later behavioral changes attributable to the continued pres­

ence and increase in concentration of drilling fluids in the communi­

ties over the following 12 days. A comparison of the protocol in Ex­

periments 1-3 is listed in Table 3.

16
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Table 3. Basic experimental timetable for Experiments 1,2, and 3.

Experiment 1

II

22

25

28

1

4

Sea11 ODS Shrimp Hake Drill ing Fluid

February 8

I I I9

I13

Experiment 2

March 2
3

May

12

I(

23

Experiment 3 1st 2nd 3rd 4th
intro. intro. intro. intro.

April 15

(

(
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We monitored all three species in the experimental communi­

ties for indications of stress or change due to the presence of the

drilling fluids. The relative health of the scallops was determined

by the degree of gaping between the shell valves and the appear­

ance of the velar mantle fold. The activity of the sand shrimp was

observed and relative mortality rates were estimated. The activity

of the juvenile hake was quantified, the degree of nocturnal rhyth­

micity determined and rates of growth, in both length and weight,

were calculated and compared.

Experiment 1

INTRODUCTION

The purpose of Experiment 1 was to test whether there were

any responses of benthic organisms to sand substrates which had been

recently contaminated by drilling fluids. Drilling fluids were in­

troduced to aquaria containing a clean sand substrate. The test or­

ganisms were then introduced to the aquaria after the introduction

of drilling fluids, thereby simulating circumstances in the field

when animals might immigrate to an area upon which drilling fluids

had already been deposited.

Such a procedure would allow us to separate effects on the

test organisms due to contact with contaminated sediment from effects

18
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due to the physical introduction of the drilling fluids down upon

the test organisms. Any changes in the behavior of the organisms

exposed to contaminated sediments versus those in uncontaminated

sediments would presumably be due to either pollutants released into

the water column by the drilling fluids, some action of the fine par­

ticulate matter in the substrate, or a secondary effect transmitted

via the food chain.

MATERIALS AND METHODS

The juvenile hake and sea scallops were collected from 40°

15'N, 73°50'W, at a depth of 30 m. Scallops were collected with a

commercial-type bottom dredge, brought onboard ship, and then placed

into insulated coolers holding ambient sea water. As the scallops

gradually reopened their shells following closure elicited during

capture, juvenile hake which had been inside the scallops emerged and

were collected. The hake and scallops were returned to the laboratory

and placed in holding aquaria. Sand shrimp were collected from Sandy

Hook Bay with a 6 m otter ~rawl and returned to the laboratory and

placed in holding aquaria.

All scallops and hake were held in the laboratory at ambient

natural temperatures and photoperiods which matched natural conditions.

19

I
Fish were fed sand shrimp, ad libitum, and scallops were placed in

holding aquaria to provide shelter.
,,

Eight 360 1 aquaria, 1.2 m x 0.6 m x 0.5 m, each with a view-
L

ing window, 1.0 m x 0.3 m, were used for the experiment: four control

L
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(Nos.l, 2, 7, 8) and four treatment (Nos, 3,4,5, 6) (Fig. 2).

The bottom of each aquarium (0.72 m2) was covered with 9 cm thick

layer of coarse grained sand (0.6 - 4 mm grain size). A f1ow­

through seawater system continuously supplied fresh sea water via

a head tank and multiple PVC pipe delivery apparatus. The deliv­

ery tube to each aquarium was 1/2" PVC, each with four slots spaced

8 em apart, with the bottom slot 2.5 em above the sand substrate.

This configuration induced a laminar-like flow the length of the

aquarium to an overflow valve at the opposite end. Flow rates were

controlled by check valves and maintained at 3.0 1 min-I. Temperature

was maintained at 10.0 + 0.6°C. Illumination was provided by a 40 W

fluorescent bulb over each tank durin~ the daytime, and a 7 Wbulb at

night. Light intensity, as measured at the surface of the water was

1000 lux during the day and 2.5 lux at night. The photoperiod was

10:14, L:D, which matched the appropriate natural conditions for the

time of year. Each tank was surrounded by black plastic and the en­

tire experimental area was cordoned off with black plastic to prevent

visual interference with any of the aquaria.

The test organisms were monitored with a closed-circuit TV

and associated video tape recording system with recordings used for

subsequent analysis. Two cameras, covering four aquaria each, simu1-

taneous1y recorded the activity in the aquaria for 20 min each hour,

on a 24-h cycle. An activity score for the juvenile red hake was ob­

tained by counting the number of times any fish passed the midline

of the aquarium, as marked by a strip of black tape on the viewing

20
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Fig. 2. Eight aquaria used in drilling fluids

experiments.
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window, in any 20 min observation period. Activity scores were

averaged over daytime and nighttime (Olla et ~., 1980a).

Each fish was measured for total length (TL) before introduc-

tion to the aquaria, and immediately after removal from the aquaria

at the experiment's end. Growth rates for length were calculated

using the formula: GL = 100 (In L2 - ln Ll ) / (t2 - t l ) where L2
and Ll equal total length at times t 2 and t l , respectively (Ricker,

1975).

The food consumption rates of the juvenile hake were estimat-

ed from the number of shrimp remaining in the aquaria at the end of

the experiment. We assumed that natural mortality over the four days

was negligible compared to the mortality caused by predation by the

hake. Since few shrimp carcasses were seen during the experiment,

this appeared to be a reasonable assumption. Two observations support

this contention: 1) sand shrimp are easily kept in the laboratory

given proper food and temperatures; they will easily live for weeks

or longer; 2) hake rarely feed on dead shrimp if live shrimp are

available, and hence would not have been expected to ingest shrimp

carcasses in the tank. Live shrimp will feed on dead shrimp but they

require several hours to do so, and hence would have been observed

doing so by the experimenters. Also, the shrimp do not ingest the

exoskeletons.
,I

The number of shrimp consumed were multiplied by the mean

weight of the individual shrimp introduced into the tank. This total
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was divided by the total wet weight of the three fish at the con-

elusion of the experiment, pro-rated for a 24-h period, and expres­

sed as %body weight day-l.

On 8 February, 1981, at 1400 h, 2.5 1 of "washed" drilling

fluids which had been treated in the artificial water column (see

Section 1) were introduced to Treatment Aquaria Nos. 3, 4, 5, and 6.

The fluids were poured evenly across the surface and allowed to

settle to the substrate. This amount of fluids, x = 15.4% solids by

weight with a density of 1.11 g ml-1 , was equivalent to an introduction

of 0.59 kg soli ds m-2. By 1900 h, the water in each aquari um had

cleared, and the solids had settled to the substrate. At 2000 h,

40 sh rimp, x TL = 40.9 mm,x wet weight = 0.44 g, and three sca11 ops ,

100-130 mm, were introduced into each of the eight aquaria. The ani-

mals were allowed to adjust to the new environment overnight. At

1100 h, 9 February, three juvenile red hake were introduced into

each of the eight aquaria. There was no significant difference

in size between control and treatment fish. Video taping began at

1300 h and continued for 96 h until 1200 h, 13 February.

At 1300 h, 13 February, all test organisms were removed. Fish

were measured, weighed, and then frozen. The number of shrimp re­

maining were counted, weighed, and frozen. The scallops were frozen.

Water column and sediment samples were taken from all eight

aquaria 20 h after initial introduction of the drilling fluids and 96

h later, at the conclusion of the experiment. Separate Hel acid-

washed pipettes were used to sample 150 ml of water 20 em above the

23
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substrate and 1 em above the substrate. These samples were referred

to as top and bottom water samples, respectively. A sediment sample

of the top 2 em of the sand substrate, of approximately 130 g dry

weight, was taken using an HCl acid-washed polyethylene 100 ml cup

attached to a PVC pipe. All samples were stored in HCl acid-washed

polyethylene sample bottles, 0.5 ml of redistilled HN03 added, and

then stored at 4°C.

RESULTS

Introduction of Drilling Fluids

The solids from the drilling fluids settled in a patchy manner

onto the sand substrate of the treatment aquaria. Light covering of

fluid solids were visible over most of the sediment with heavier patch­

es, up to 0.25 mm thick, visible in spots. These heavier patches cov­

eredless than 10% of the total substrate area. The viscosity of the

drilling fluids was greatly reduced by the treatment in the water col­

umn; thus, the solids settled very quickly to the substrate. Much of

the solids appeared almost crystalline in form, due, in part, to the

large amounts of barite in the original drilling fluids. A summary of

the chemical analyses of all aquaria, water column and sediment sam­

ples, taken 20 h after initial introduction of drilling fluids and 96

h later, are listed in Appendix A.

General Behavior of Test OrQanisms

Neither the scallops nor the shrimp showed any overt reaction

to the presence of the drilling fluid solids or any water soluble

24
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components. All scallops showed typical, healthy gapes (15-30 mm)

and the velar mantle fold appeared normal and healthy. There were

no prolonged signs of stress such as extreme gapes between the

valves, or heavy mucous production (Dickie, 1958). A scallop occa­

sionally "clapped" its valves, rapidly opening and shutting the

valves, which then stirred up the light particulate fraction of the

drilling fluid solids, often causing a muddy or silty appearance to

the water. However, such clapping often occurred in control tanks

as well, except there was no sUbsequent turbidity to the water. The

presence of turbidity in treatment aquaria, the result of scallop

clapping, ·did not appear to induce any further clapping on the part

of the scallops, nor any uncharacteristic behavior on the part of

either of the shrimp or the hake.

Shrimp did not appear to behave any differently in treat­

ment aquaria, as opposed to control aquaria. They buried in the sub­

strate, both in clean sand spots and directly into sand that had vis­

ually obvious concentrations of drilling fluid solids. Since all

shrimp were not visible in the sand, and because we did not want to

unnecessarily disturb the hake, we could not make the detailed obser­

vations necessary to quantify the relative numbers of shrimp in heavy

concentrations of drilling fluid solids versus the cleaner sections

of the treatment aquaria. Shrimp fed on other dead shrimp in both

the control and treatment aquaria.

The shrimp were too small to be reliably seen by the TV

camera, and thus, we could not precisely quantify their activity.
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However, qualitative observations strongly indicated that the shrimp

were nocturnal in activity. Shrimp were rarely seen swimming in the

water during the daytime, but substantial numbers of shrimp were seen

actively swimming and foraging by night. These observations were in

agreement with previous studies on sand shrimp (Wilcox and Jeffries,

1974).

The general behavior of the fish was similar, in both control

and treatment aquaria, to that reported in Olla et~. (1980a). Hake

foraged over the sand bottom, lightly touching objects with their

chemically sensitive filament-like pelvic fins. The hake's food source

consisted solely of sand shrimp, which they readily consumed, chasing

and catching the shrimp as previously described in Olla et~. (1980a).

Agonistic encounters between the hake were again similar, in both form

and circumstances, to those described in Olla et~. (1980a) for fish

in an undisturbed laboratory community.

There were no overt behavioral reactions by the fish to the

presence of the drilling fluid solids, or to occasional fluid-associat­

ed turbidity caused by the clapping of scallops. Fish foraged over

the drilling fluid solids, maintained shelter over the solids, chased

and fed on shrimp over the solids, and showed no overt signs of avoid­

ance or stress.

Hake Activity Rhythms

The hake did not display a clear nocturnal rhythm, as has

been shown previously for fish both in the laboratory (Olla et al., 1980a)--
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and in the field (Steiner et ~., 1982). This lack of noc-

turnal rhythm was true for three of four control and all four treat­

ment aquaria (Fig. 3). Only in control aquarium No.8 was there a con­

sistent and strong nocturnal activity pattern.

The absence of a definite nocturnal rhythm in the controls

was contrary to previous laboratory and field studies (Steiner et ~.,

1982), and indicated that the test animals were in some way disturbed.

Thus, no conclusions about the effects of drilling fluids on hake

activity patterns could be derived from Experiment 1.

Growth and Feedinq of Hake

The initial and final sizes and growth rates of juvenile

hake in Experiment 1 are listed in Table 4. There was no significant

difference between the growth rates of control versus treatment fish

(Student 1-test;~>0.05). All growth rates were in the range determined

for fish of similar size and similar temperature in previous labora­

tory and field studies (Steiner et ~., 1982).

Rates of food consumption by the hake averaged from 4.14-6.84%

body weight day-l for the eight aquaria (Table 5). The mean values for

the four control aquaria (5.61% body weight day-l) did not differ sig­

nificantly from the mean of the four treatment aquaria (5.69% body

weight day-l) (Student 1-test; ~>0.05).

The number of shrimp remaining from the original 40 at the

conclusion of the experiment did not differ significantly between con­

trol and treatment aquaria. Except for Control No. 1 and Treatment No.3,
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Fig. 3. Mean activity score h- l averaged for night

and day, respectively, for each aquarium;

controls and treatments combined in Experiment

1.

28
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Table 4. Growth rates of juvenile red hake in Experiment 1.

Initial TL (mm) Final TL (mm) GL (% day-I)
(

Control Aquari a

No. 1 96 97 0.26
100 102 0.50
119 121 0.42

No. 2 100 104 0.98
115 118 0.64
134 138 0.74

( No. 7 103 108 1. 19
108 111 0.68
120 125 . 1.00

No. 8 92 92 0
107 112 1. 14
130 135 0.94

x = 110±13 114±14 0.71±O.37

Treatment Aquaria

l No. 3 103 103 0
109 110 0.23
127 132 0.97

No.4 97 101 1. 01
105 110 1. 16
121 126 1. 01

No. 5 106 112 1. 38
110 113 0.67
129 133 0.76

l
No. 6 106 111 1. 15

110 114 0.89
128 133 0.96

x = 113±1l 111±ll O. 85±0. 39

l
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Table 5. Estimates of food consumption rates of juvenile red hake in Expe ri ment 1.

No. of Wet Weight Total
( Shrimp of Shrimp Wet Weight Consumption Rate

Remaining l Consumed 2 of Fi sh %Body Weight d- 1
(g) (g)

Contro1 Aqua ri a

No. 1 30 4.45 26.88 4.14

No. 2 23 7.56 37.50 5.04

No. 7 21 8.45 30.88 6.84

( No. 8 23 7.56 29.50 6.41
x = 24±4 7. oo±1. 75 31.19±4.52 5.61 ±1. 24

Treatment Aquaria
(

No. 3 25 6.67 30.72 5.43

No. 4 23 7.56 32.62 5.79

No. 5 23 7.56 36.29 5.21
I

6 8.90 35.21 6.32No. 20
x = 23±2 7.67±O.92 33.71 ±2. 52 5.69±O.48

140 shrimp in each aquarium at beginning of experiment. Difference between
initial level and remaining shrimp assumed to be eaten by hake .

. 2Estimated by multiplying number of shrimp consumed times mean weight of shrimp.
Mean weight obtained from linear regression of shrimp 1ength:weight. Weight
(mg) = 0.00159 L3.38 (Luczkovich, 1982). Mean length of shrimp in Experiment 1
= 40.37 mm.
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the number of shrimp remaining ranged from 20-23 (Table 5). The two

aquaria with the largest numbers of remaining shrimp (No. 3 = 25 shrimp;

No. 1 = 30 shrimp) also contained fish with the lowest average growth

rates. Thus, the decrease in shrimp is most directly attributable

to predation by the fish. There was no evidence of any difference

in natural shrimp mortality, other than predation, in treatment

versus control aquaria. There were no signs of an increase in

the number of shrimp carcasses in treatment aquaria. (Hake do not

usually eat dead shrimp if live shrimp are available).

Experiment 2

INTRODUCTION

The lack of normal nocturnal rhythm patterns in Experiment

1 in both the controls and treatments caused us to modify our experi­

mental procedure to ensure that fish were behaving within previously

established behavioral baselines (Olla et ~., 1980a). Therefore, in

Experiment 2 we instituted an initial pre-test observation ~eriod,

allowing us to establish that all fish were suitably acclimated to

the experimental aquaria and were exhibiting normal behavioral pat­

terms of acti vity and feedi ng prior to the i ntroducti on of the dri 11­

ing fluid. This meant that the drilling fluid was now introduced into

aquaria already holding the test animals. Thus, any effects seen in
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the treatment aquaria could be attributed to, 1) a" reaction

to the initial, physical introduction of the drilling fluid; 2} a

subsequent reaction to gradual release of chemical components in the

drilling fluids; or 3} some interaction of the first two. Such a

situation could potentially confront benthic organisms within the

discharge region beneath or near a drilling platform.

The drilling fluids in Experiment 2 were treated in the same

manner described previously; i.e., they were passed through the 6.1 m

column three successive times. Since no obvious changes were seen in

Experiment 1, we increased the contaminant loading to double that used

in Experiment 1.

MATERIALS AND METHODS

The same eight aquaria used in Experiment 1 were used in Ex­

periment 2 after having been emptied, acid-washed, and then refilled

with clean sand substrate and sea water. Control aquaria were again

Nos. 1, 2, 7, 8, and treatment aquaria were Nos. 3, 4, 5, and 6.

Photoperiod was changed to 11:13, L:D, to simulate natural light cycles.

Temperature was maintained at 8.3 ~ 0.6°C.

At 1700 h, 2 ~arch, 1981, four scallops (100-135 mrn) and 175 sand

shrimp, x TL = 40.8 mrn, xwet weight = 0.46 g, were placed into each of

the eight aquaria (Table 3). We substantially increased the number of

sand shrimp to ensure that there would be adeauate food resources for
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the hake, and reduce the probability that behavioral changes caused

by food deprivation would occur.

At 1200 h, 3 March, three juvenile red hake were placed into

each of the eight aquaria; sizes of control and treatment fish both

averaged 102 mm. At 0900 h, 4 March, we began 20 min video tape ob­

servations each hour on a 24-h basis and continued these throughout

the duration of the experiment. Activity scores were determined as

described for Experiment 1.

At 1200 h, 12 March, 6 1 of "washed" drilling fluid were

hand poured over the surface of the four treatment aquaria. Simul­

taneously, 6 1 of sea water were similarly poured into the four con­

trol aquaria. The 6 1 of drilling fluid, 13% solids by weight, den­

sity of 1.1 g ml-l, corresponded to introduction of 1.19 kg m- 2 of drill­

ing fluid solids over the experimental substrate.

At 1100 h, 23 March, all hake were removed, measured, weighed

and frozen. The remaining shrimp were counted and frozen; all scal­

lops were frozen.

The growth of each fish, in length, was expressed as growth

rates:

GL = 100 (1 n L2 - 1n L1 / t 2 - t 1),

where L2 and Ll , equal total length at times t 2 and t l , respectively

(Ricker, 1975).

Consumption rates of shrimp by the juvenile hake were calcu­

lated as in Experiment 1, except that an adjustment was made for
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natural mortality of the shrimp. A preliminary experiment demon­

strated natural mortality of approximately one shrimp per day under

experimental conditions without predatory hake. Therefore, after

final shrimp counts were made at the end of Experiment 2, 20 shrimp

were added to the total remaining before calculating the shrimp con­

sumed by hake. For example, if 55 shrimp remained on Oay 20, we cal­

culated: 175 - (55 + 20) = 100 shrimp consumed.

Top and bottom water column and sediment samples were taken

at 1100 h. 13 March (24 h after initial introduction of drilling

fluids) and at 1000 h, 23 March, the end of the experiment (Appendix B).

Sampling procedure was as described for Experiment 1.

RESULTS

General Behavior

There were no overt differences in behavior between control

and treatment aquaria for any of the three benthic species, beyond

that of initial reaction to the introduction of the drilling fluid

(see below). In general, scallops displayed nonna1, healthy gapes

(15-30 mm) and healthy looking velar mantle folds. Scallops in both

control and treatment occasionally clapped and shifted position., -
i

Again, clapping by scallops stirred up particulate drilling fluid

soli-ds in the treatment aquaria. causing turbidity in the water co1umm,
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but this did not elicit any subsequent clapping or reaction from

other scall ops.

Shrimp were again seen more frequently at night in both con-

,trol and treatment aquaria. They rested on the sand substrate or

buried in the sand in both control and treatment aquaria. Shrimp

buried into sand contaminated with drilling fluids, and did not

show any avoidance of such sediments, even if cleaner areas of sand

were available within the aquarium. Shrimp in both controls and

treatment aquaria fed on carcasses of other shrimp which had died.

Juvenile hake behaved similarly in both control and treatment

aquaria. Fish maintained shelters underneath scallops and in the

corners of the aquaria since they were too large to take shelter

within the internal mantle cavities of the scallops. The hake show­

ed agonistic behavior (Steiner et ~., 1982), defending shelters and

competing over food. Hake fed normally on the sand shrimp, catching

and ingesting the prey in the manner previously described by

Luczkovich and Olla (in prep.).

In the treatment aquaria, prey capture often involved detect­

ing and capturing shrimp that had been buried in contaminated sedi­

ments. There was no indication that prey captures differed in any

obvious way from prey capture in control aquaria. All of these gen­

eral behavior observations were in accordance with the behavior des­

cribed in detail in Olla et 2.l. (1980a). In essence, all of the test

organisms behaved generally as test animals had behaved in the exten­

sive baseline experiments described in Olla et 2.l. (1980a).

--------
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Introduction of Drilling Fluids

The drilling fluid in Experiment 2 was introduced by pouring

the fluid evenly over the surface of the treatment aquaria. The

heavier fractions immediately settled to the bottom, and the entire

water column became an opaque brown color. It was not possible to

see more than 7-10 em into each aquarium through the viewing win­

dow. The water gradually began to clear as the continuous-flow sea­

water system slowly washed away suspended fluid matter and other

slightly heavier particulate fractions settled to the bottom. With­

in 2-3 h it was possible to see approximately half way across the

width of the tank. Within 5 h it was possible to see the back walls

of the test aquaria and the TV video cameras could reliably monitor

the activity of the hake.

The introduction of the drilling fluid into the treatment

aquaria provoked immediate and strong, but short-lived, reactions from

all three benthic species. From among the four treatment aquaria,

several scallops responded with vigorous clapping and shifting of

positions within the tank, but no sustained swimming. Prior to the

introduction of the drilling fluid (which was initiated at 1200 h)

shrimp were rarely observed swimming in the water column during day­

time hours. After the introduction of the drilling fluid, substan­

tial numbers of shrimp (ranging from 5-20 at anyone time) swam to

the surface of the water where they continued to swim back and forth

rapidly. Additionally, we observed shrimp swimming in the mid-water
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column, although our vision was limited only to that area immediately

next to the viewing window.

The juvenile hake showed the clearest raction to the initial

introduction of the drilling fluid. All fish, within seconds of

the introduction of the drilling fluid, increased swimming and moved

laterally to the edges of the developing brown cloud. After the

cloud enveloped the entire aquarium, several fish swam to the

surface and swam rapidly back and forth. This behavior lasted for

2-3 h, even' as the brown cloud began to clear. During this time

the activity levels appeared to be generally much higher, but we

were unable to quantify this since the initial opaque cloud caused

by the drilling fluid prevented us from seeing all the fish within

any of the aquaria. After this 2-3 h period, the fish settled down,

returned to the bottom and resumed apparently normal foraging, feeding

and agonistic encounters. We observed fish feeding on shrimp within

2 h of the introduction of the drilling fluid.

Hake Activity Rhythms

Pretest Period

Juvenile hake in control and treatment aquaria displayed

a rhythmic pattern of greater activity at night during the eight-day

pretest period (4-11 March) despite considerable variability between

tanks in overall levels of activity (Figs. 4, 5). When all four

control aquaria were averaged together, average nighttime activity

was always greater than daytime activity (Fig. 6). Likewise, in
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Fig. 4. Mean activity score h- l averaged for night

and day, respectively, for the four control

aquaria in Experiment 2 during pre-test and

post-introduction (test) periods.
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Fig. 5. Mean activity score h- l averaged for

night and day, respectively, for the

four treatment aquaria in Experiment 2

during pre-test and post-introduction

(test) periods.

39



I

I

I

I

I

I

I

I

I

I

I

I

I

•
I

I

•
~

0 0 0 0 0 0 0 0 0 0 0 0
cD N CI) cD .., N cD .., N

C') of' It) (l)

0 0 0 0
Z Z Z z

~.l::InOH 31::1CX)S A.UJ\I~ N\f3W
-- - -

(

(

(

(



f-

(

r

(

(

l

l

l

,/

Fig. 6. Mean activity score h- l averaged for night

and day for all control and treatment aquaria,

respectively, in Experiment 2 during pre-test

and post-introduction (test) periods.
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treatment tanks, average nighttime activity was always greater than

average daytime levels (Fig. 6). However, the average night score

for treatment aquaria was, on the average, 48% greater than the

average nighttime score for control aquaria during the eight-day

pretest period (Table 6). This was due to the particularly high

scores of Treatment No. 5 (Fig. 5) during the pretest period. If

Treatment No.5 is not included, the difference between mean

nighttime scores for control versus treatment aquaria during the

pretest period decreases, (Control = 21; Treatment = 24; Table 6).

Post Introduction of Drilling Fluid

All tanks, both controls and treatments, maintained a

clear nocturnal rhythm after the introduction of drilling fluids

on 12 March (Figs. 4, 5). When the four control aquaria were

averaged together they showed the same consistent nocturnal rhythm

they had shown during the pretest period (Fig. 6). The levels were

not significantly different than pretest levels of activity (Table 6).

When the four treatment tanks were averaged together, they also

showed a consistent nocturnal rhythm (Fig. 6), but the levels of

activity were significantly lower at night than they had been

during the pretest period (Table 6). This was due to significant

drops in activity in Treatment Nos. 4 and 5. Due to the decrease

in post-introduction levels of activity in treatment aquaria, the

levels of activity for control and treatment aquaria were equivalent

following the introduction of drilling fluid.
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In summary, all aquaria, both control and treatment, displayed

consistent nocturnal rhythms during the pretest and post-introduction

periods. There was variability between tanks and fluctuations in

levels of activity among the tanks, but no consistent difference

between controls and treatments. An average nighttime level of

activity for treatment aquaria was greater than the average of

control aquaria during the pretest period; this was due to high

activity levels in Treatment No.5. The average nighttime level

of activity for treatment aquaria decreased during the post-intro­

duction period and become equivalent to the levels of activity for

the control aquaria. The average level of activity for the control

aquaria remained unchanged throughout the entire experiment.

Growth and Feeding of Hake

The initial and final sizes of hake in Experiment 2 are

listed in Table 7. There was no significant difference between the

average growth rates of fish in control versus treatment aquaria

(Student t-test;f>o.05). The average growth rate for control fish

(GL = 0.72% d- 1 ) and the treatment fish (GL = 0.78% d- 1) were not

significantly different as compared with growth rates from Experi-

ment 1, and were comparable to growth rates found in previous studies

(Stei ner et !l.., 1982).

Food consumption rates for the hake are listed in Table 8.
"

Averages for the eight aquaria ranged from 5.19 to 7.16% body weight d- 1
•

Average consumption rate for the treatment aquaria (5.71% body weight d- 1
)
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Table 7. Growth rates of juvenile red hake in Experiment 2.

Initial TL (mm) Final TL (mm) GL (% day- 1)
(

Contro1 Aguari a

No. 1 94 107 0.65
101 122 0.94
116 136 0.80

No. 2 90 102 0.63
99 119 0.92

117 124 0.29

No. 7 92 103 0.56
96 113 0.82

113 128 0.62

No. 8 96 111 0.73
( 96 115 0.90

120 139 0.73
x= 102±1l 118±12 0.72±O.18

Treatment Aquaria
C

No. 3 92 105 0.66
99 108 0.44

114 134 0.81

No. 4 90 103 0.67
98 115 0.80

114 139 0.82

No. 5 94 113 0.92
103 125 0.97
110 130 0.84

l.

No. 6 90 102 0.63
98 119 0.97

113 134 0.85
x = 101±9 11 9±13 0.78±O.16

-_._-_._- --
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( Table 8. Estimates of food consumption rates of juvenile red hake in Expe ri ment 2.

No. of Wet Weight Tota 1
Shrimp of Shrimp Wet Weight Consumption Rate

Remaining! Consumed 2 of Fi sh %Body Weight d-!
( (g) (g)

Contro1 Aquari a

No. 1 35 53.9 37.66 7.16

No. 2 55 44.9 32.63 6.88

No. 7 59 43.1 32.21 6.69

No. 8 50 47.1 39.07 6.03
x = 50±1l 47.3±4.7 35. 39±3. 5 6. 69±O. 483

Treatment Aquaria

No. 3 63 41. 3 35.67 5.79
(

- No. 4 68 39.1 37.64 5.19

No. 5 63 41. 3 38.48 5.37

No. 6 48 48.1 36.98 6.50- 61 ±9 42.5±3.9 37.19±1.l9 5.7l±0.58( x =

!175 shrimp in each aquarium at beginnin9 of experiment. Number of shrimp consumed =
(175 - No. remaining - 20), where 20 is the adjustment for natural mortality.

2Estimated by multiplying number of shrimp consumed times mean weight of shrimp.
Mean weight obtained from linear regression of shrimp length:weight. Weight (mg)
= 0.00159 Ll . 3s (Luczkovich, 1982). Mean length of shrimp = 41.0 mm.

3Significantly different from mean value of treatment fish (t<0.05, Student !-test).
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was significantly lower than the average consumption for the

control aquaria (6.69% body weight d- 1
; Student !-test;P<O.05).

Experiment 3

I NTRODUCTI ON

The results of Experiments 1 and 2 suggested the following:

1) A pretest control period was necessary to ensure that baseline

rhythmicity of activity was present in all eight aquaria prior to test­

ing and would be indicative of behavioral acclimation to aquarium condi­

tions; 2) All three species of test organisms showed an immediate, but

apparently short-lived response to the introduction of the drilling

fl ui ds.

Therefore, Experiment 3 was designed to incorporate the above

points. Again, a seven day pretest control period was monitored before

introducing the drilling fluids. The drilling fluid was then intro­

duced from a new delivery system that eliminated any possibility of

observer influence, thus allowing us to quantify more carefully the

avoidance responses of the hake. Additionally, new fluid was intro­

duced every three days over a l2-day period. This 'was to provide a

replicate series to test the avoidance responses of the hake and also

allow us to test the behavioral and growth responses of the fish to

increasing amounts of drilling fluid. We concluded that a staggered.

increase in drilling fluid contamination was an important consideration
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in simulating real-world situations where drilling fluids are re­

leased to the benthos throughout the life of an oil rig. Testing

this way permitted us to address the question whether there was a

cumulative effect caused by the drilling fluid that was not immed­

iately induced by a single dosage.

MATERIALS AND METHODS

The eight aquaria used previously were emptied, acid-washed, and

refilled with clean sand substrates and sea water. Nos. 1, 2, 7 and 8

were designated control aquaria; Nos. 3, 4, 5 and 6 were designated

treatment aquaria. Photoperiod was maintained at 12:12, L:D, match­

ing natural conditions for the time of year. Temperature was main­

tained at 8.9 + 0.35°C.

At 1200 h, 15 April 1981, four scallops (100-135 mm) and 175

shrimp (x TL = 47.9 mm; xwet weight = 0.76 g) were introduced into

each aquaria, along with three juvenile red hake. At 1500 h, 16 April,

we began 20 min video tape observations each hour on a 24-h basis

which continued throughout the experiment.

At 1300 h, 22 April, 6 1 of "washed" drilling fluid were intro­

duced to the four treatment aquaria via a 2" PVC pipe placed centrally

over each aquarium so that its opening was 2 em below the water's sur­

face. The introduction of drilling fluid was repeated at 1300 h on

25 April, 28 April, and 1 May. The quantity of drilling fluid, an

average of 12.7% solids by weight, 1.llgml- 1 density, corresponded
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to an introduction of 1.17 kg m- 2 of drilling fluid solids for each

of the four introductions of drilling fluid. The total contamination

was equivalent to 4.7 kg m- 2 of solids over 12 days.

At 1200 h, 4 May, all shrimp, scallops, and hake were removed

from the tank. Shrimp were counted and frozen, scallops were frozen,

and the hake were weighed, measured, and then returned to the aquaria

for further long-term growth experiments. The three fish from

Treatment No.6 were not returned, but frozen for future tissue

analysis.

Water columns and sediment samples were taken for chemical analysis

on a regular, sequential schedule (see Appendix C). Top and bottom

water samples were taken at 0900 h, 22 April, 4 h before the first

introduction of drilling fluid. Top and bottom water samples were

then taken at 1400 h, 22 April, 1 h after the introduction of drilling

fluid. Top and bottom water samples were,then taken at 0600 h,

23 April, 17 h after the drilling fluid introduction. This sequence

was then repeated for each of the remaining three introductions of

drilling fluid. Final samples were taken on 4 May.

A sediment sample was first taken at 0900 h, 22 April, 4 h

before the first introduction of drilling fluid. Subsequent samples

were taken at 0600 h, the day following each introduction of drilling

fluid. An array of four plexig1as's Petri dishes 9 em diameter and

1.3 cm deep were placed in a square arrangement directly below the
,/

PVC drilling fluid introduction pipe. Each Petri dish was buried

into the sediment so that its lip was just below the surface of the sand.
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A 1.5 cm cork was fitted into the center of each dish. A sharpened

wooden dowel was then stuck into the cork at the time of sampling

and the entire dish, with sand and accumulated drilling fluid solids,

lifted and removed from the tank. The use of the Petri dishes en­

sured equivalent sediment samples from the same position and depth

in each aquarium.

Growth rates, consumption rates, and relative shrimp mortality

were calculated as described for Experiments 1 and 2.

To quantify the escape/avoidance responses of hake to the intro­

duction of drilling fluids, we measured the time elapsed until each

fish was enveloped by the cloud created by the drilling fluid. The

position of each fish in the aquaria was noted a"t -t'inie zero, the time

at which drilling fluid introduction began, and designated as the

control point for each fish, respectively. We then measured the time,

in seconds, until each fish and its control point were enveloped by

the expanding cloud of drilling fluid. Assuming the control points

to be randomly distributed over the experimental substrate (fish were

almost always near the bottom at the time of introduction), any devia­

tion in total time elapsed for the fish to be enveloped by the drill­

ing fluid versus time elapsed for the control points to be enveloped

would indicate a response of the fish to the encroaching drilling

fl ui d. If the hake avoi ded the drill i ng flui d, then the time elapsed

should be greater than the time elapsed for the control points.
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RESULTS

General Behavior

Again, there were no overt differences in behavioral patterns

between any of the three test species in control versus treatment

aquaria. Scallops appeared healthy, with normal gapes between valves

(15-30 mm). Shrimp buried in the sediments, during the day, and for-

aged over the sediments and swam in the water column during the night

Fish took shelter beneath scallops and in corners of the aquaria by

day, and foraged for shrimp and swam openly at night. Fish engaged

in agonistic and competitive interactions as described previously

(Olla et~. 1980a; Steiner et~. 1982). In general, all behavior

patterns of the three species were equivalent to the behavior de-

tailed .previously for laboratory communities (Olla et~. 1980a), and

equivalent to the behavior patterns seen in Experiments 1 and 2.

Introduction of Drilling Fluids

The drill i ng fl ui ds were poured into each aquari urn vi a a 2" PVC

pipe which had its opening centered over the aquarium, just below the

surface of the water (Fig. 7A). The heavier density of the drilling

fluid with respect to the sea water, caused the drilling fluid to

drop straight down to the sediment, and then spread along the bottom

"of the aquarlum, in a distinct, heavy cloud. The effect was that of an

expanding, upside-down mushroom (Fig. 78). As the cloud expanded to
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Fig. 7. Photographic sequence of introduction of

drilling fluid into treatment aquarium:

A) Aquarium just prior to introduction of

drilling fluids; B) Seconds after intro­

duction of fluids, upside-down mushroom

cloud begins to form; C) Cloud of fluid

expands along substrate outward to aquarium

walls, (Note that hake are staying away from

cloud); D) Cloud has nearly enveloped the

entire aquarium, (Note that one hake is

still avoiding the cloud).
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the walls of the aquarium (Fig. 7C), it gradually rose upwards and

enveloped the entire aquarium (Fig. 7D). The clouds enveloped the

tan ks withi n 2 mi n. Gradually, the heavi er soli ds settl ed to the

bottom and the remaining silty water cleared in approximately 5 h.

There were obvious and different behavioral reactions in

response to the actual introduction of the drilling fluids. These

reactions were similar to those displayed during the introduction

of fluids in Experiment 2. Several scallops, as noted.in Experiment 2,

reacted with vigorous clapping, and occasional shifting of position.

Although an observer could not see the scallops directly, one could

see a sudden swirling or excess of sediment in the water as a

result of the scallops' clapping. We did not quantify this behavior,

but note that it did occur immediately after the introduction of the

fl ui d.

Shrimp reacted by rising in the water column and swimming to

the surface. Within minutes after the drilling fluids had enveloped

the aquaria, numerous shrimp, from 5-20 individually, were seen

swimming rapidly back and forth at the water's surface. This was

in contrast to minutes before the introduction of drilling fluid, when

there were no shrimp at the water's surface. We could not accurately

quantify further reactions on the part of the shrimp because of

obscured visibility due to the murky, silty water.

These initial reactions on the part of both the scallops and

shrimp subsided within 2-3 h, and did not reappear until the next

~~~~_..•
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introduction of drilling fluid. The reactions appeared at each of

the four introductions of fluids, and there was no indication that

the reaction waned at all with successive introductions.

As first noted in Experiment 2, the juvenile hake reacted to

the introduction of drilling fluids with rapid swimming, a tendency

to rise towards the surface, and an apparent avoidance of the murky

cloud. To test this qualitative impression, we measured the time

until each fish was enveloped by the cloud of drilling fluid versus

control points, as determined by the fishes' position just prior to

the drilling fluid introduction. Results are shown in Table 9.

In all four treatment aquaria, at all four introductions of

drilling fluid, the time elapsed until envelopment by the drilling

fluid could was significantly greater for the fish as compared to

the control points (f<O.05;Student t-test; Table 9). This indicated

that the fish avoided the cloud of drilling fluid, keeping to the

edge of the encroaching fluid until it was no longer possible for

the fish to remain in clear water. The time elapsed at Introduction 4

was not significantly different than the time elapsed for Introduction 1

(Table g), indicating that there was no waning of the fishes' avoidance

response with success i ve exposures to the dri 11 i ng fl ui d.
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Table 9. Mean time elapsed (s) until treatment fish
and control points were enveloped by drilling
fluid at each of four introductions.
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(
Aquari um

Control Points
(x3±SD)

Introduction 1

No. 3
No. 4
No. 5
No. 6

46.6±17.6
42.1 ±8. 6
42.9±14.7
38.2±7.9

42. 4±11. 4

7.0±4.0 1

12.6±7.6
14.0±2.6
12.8±4.3

11.6±5.1

[ Introduction 2

No. 3
No. 4
No. 5
No. 6

50.4±19.8
46.4±12.7
40.4±30.4
68. 4±24. 9

51. 4±22. 2

15.9±3.8
11. 2±10. 8
12.5±4.1
36. 7±48. 1

22.6±27.3

Introduction 3

No. 3
No. 4
No. 5
No. 6

=x

43.1±17.3
41.1±13.1
35.0±11.0
32.2±12.8

37.9±12.6

17.2±2.0
12.4±5.1
19.1±16.2
13.1±3.7

15.5±8.0

Introduction 4

No. 3
No. 4
No. 5
No. 6

=x

42.5±6.4
36.1±6.8
43.2±16.0
33.8±2.3

38.9±9.0

19.7±6.9
16.0±3.6
18. 7±2. 0
15.6±3.5

17. 5±4. 1

l

lA11 differences between fish and control points were
statistically significant (P<O.05; Student i-test).
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Hake Activity Rhythms

Pretest Period

Examining average activity over the six-day pretest period,

fish were more active by night than by day (Figs. 8, g, 10). However,

there was considerable variation in the relative values between

aquari a.

Post-Introduction (Test) Period

In the controls, fish continued to be more active by night

than by day; however, some relative changes were observed during

the l2-day post-introduction period. Control Nos. 2 and 8 displayed

large increases in nighttime activity levels (Fig. 8; Table 10).

Thus the average nighttime activity levels for control aquaria

increased when compared to pretest levels.

In treatment aquaria, average nighttime activity decreased in

the post-introduction period, as compared to pretest levels (Fig. g;

Table 10). However, as in controls, nighttime activity was still

greater than daytime activity (Table 10). There were no regular

changes in activity that could be correlated with the linear

increases in drilling fluid contaminant, i.e. average activity did

not decrease (or increase) with each succeeding introduction of

drilling fluid.
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Fig. 8. Mean activity score h- l averaged for night

and day, respectively for the four control

aquaria in Experiment 3 during pre-test

and post-introduction (test) periods.
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Fig. 9. Mean activity score h- l averaged for night

and day, respectively, for the four treat­

ment aquaria in Exoeriment 3 during pre­

test and post-introduction (test) oeriods.
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Fig. 10. -1Mean activity score h averaged for

night and day for all control and treat-

ment aquaria, respectively, in Experiment

3 during pre-test and post-introduction

(test) peri ods.
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Table 10. Mean nighttime and daytime activity scores
in Experiment 3 for all aquaria and controls
and treatments, respectively, averaged for
pre-test and post-introduction (test) periods.

i
Nighttime Daytime
Activity Acti vi ty

Control Aquaria - -x x

No. 1 Pre-test 26.3 16.2
Test 26.4 13.8

No. 2 Pre-test 18.1 19.9
Test 35.7 22.3

No. 7 Pre-test 12.2 10.2
Test 13.4 8.7

No. 8 Pre-test 20.3 11 .6
Test 33.0 14.2

Pre-test if = 19.2 14.5
Test = 27.1 14.8x =

l Treatment Aquaria

No. 3 Pre-test 26.4 10.3
Test 14.7 14.2

No. 4 Pre-test 31. 0 15.5
Test 26.4 18.3

No. 5 Pre-test 38.3 24.7
Test 16.6 9.9

No. 6 Pre-Test 70.0 16.3
Test 71.4 30.7

Pre-test i = 41. 4 16.7
Test x = 32.3 18.3

L

59



l

l

(

r

Growth and Feeding of Hake

The initial and final sizes of juvenile hake in Experiment 3

are listed in Table 11. The mean growth rate in length for

treatment hake (GL = 0.86% d- 1 ) was less than the mean average

growth in length for control fish (GL = 0.96% d- 1
). This was

not statistically significant (£=0.10. Student t-test). The

mean average growth in weight for treatments (Gw = 2.98% d- 1
)

was not significantly different than growth in weight for control

fish (Gw = 3.04% d- I
) (Table 12).

The estimated consumption rates for Experiment 3 ranged from

5.67 to 7.20% body weight d- 1 for all eight aquaria {Table 13}.

The mean for treatment aquaria (5.92% body weight d- I
) wa~ less

than the mean for control aquaria (6.62% body weight a-I). This

difference was statistically significant (P<0.05. Student t-test).
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Table 11. Growth rates (length) of juvenile red hake in Exoeriment 3.

Initi a1 TL (mm) Final TL (mm) GL (% day-I)
(

Control Aquaria

No. 1 100 123 1.09
107 129 0.98
130 158 1.03

No. 2 85 103 1. Ol
104 120 0.75
120 142 0.89

No. 7 104 129 1. 13
118 144 1. 05
133 157 0.87

No. 8 93 113 1.03
94 115 1.06

139 155 0.57
j( '" 111±11 132±19 O.96±O. 16

Treatment Aquaria
\

No. 3 100 124 1. 13
108 130 0.98
130 151 0.79

No. 4 83 98 0.87
102 123 0.99
125 146 0.82

No. 5 106 128 0.99
115 134 0.80
133 150 0.75

No. 6 99 109 0.51
103 127 1. 10
140 156 0.57

j( '" 112±17 131 ±17 0.86±0.19
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Table 12. Growth rates (wei9ht) of juvenile red hake in Exoeriment 3.

62

(

Initial Weight (g) Final Weight (g)

f

Control Aquaria

No. 1

No. 2

No. 7

No. 8

6.20 11.00 3.02
8.13 14.97 3.21

17.09 29.08 2.80

3.54 7.10 3.67
7.78 13.06 2.73

11.32 18.70 2.64

8.33 15.27 3.37
11.30 19.39 2.84
16.22 29.85 3.21

5.72 9.25 2.53
5.77 10.70 3.25

15.11 28.04 3.26
j( = 9. 71±4.48 17.20±7.96 3.04±O. 34

L

Treatment Aquaria

No. 3 7.57 15.46 3.76
7.89 15.71 3.62

15.20 26.69 2.96

No. 4 3.49 7.22 3.83
8.50 15.61 3.20

13.59 21.92 2.52

No. 5 6.62 12.95 3.53
8.79 15.47 2.98

16.77 23.63 2.14

No. 6 5.34 8.66 2.54
7.69 14.34 3.28

19.56 25.39 1. 37
j( = 10.08±4.97 16.92±6.25 2.98±0. 73
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Table 13. Estimates of food consumption rates of juvenile red hake in Experiment 3.

No. of
Shrimp

Remaining 1

Wet Weight
of Shrimp
Consumed 2

(g)

Total
Wet Weight
of Fish

(g)

Consumption Rate
% Body Weight d- 1

,

Contra1 Aqua ri a

No. 1 66 68.4 55.1 6.53

No. 2 86 53.2 38.9 7.20

No. 7 53 78.3 64.5 6.39

No. 8 80 57.8 48.0 6.34
x = 71 ±15 64. 4±11. 2 51. 6±10. 8 6. 62±0. 40 3

Treatment Aquaria

No. 3 74 62.3 57.9 5.67

No. 4 87 52.5 44.8 6.17

No. 5 77 60.1 52:1 6.07

No. 6 86 53.2 48.4 5.79
x= 81±6 57.0±4.9 50.8±5.6 5.92*0.23

1175 in each aquarium at beginning of experiment. Number of shrimp consumed =
(175 - No. remaining - 19 [adjustment for natural mortality]).

2Estimated by multiplying number of shrimp consumed times mean weight of shrimp.
Mean weight obtained from linear regression of shrimp length:weight. Weight
(mg) = 0.00159 L3. 38 (Luczkovich, 1982). Mean length of shrimp = 47.9 mm.

3Significantly different from mean value of treatment fish (f<0.05; Student !-test).



DISCUSSION OF EXPERIMENTS 1 - 3

General Behavior

The juvenile red hake displayed normal patterns of feeding and

aggression despite the presence of drilling fluid. The hake foraged

over the substrate in typical fashion, extending their filament-like

pelvic fins. The hake sought shelter underneath scallops and in the

corners of the aquaria. (The fish were generally too large to take

shelter within the scallop mantle cavities). The fish were aggres-

sive toward one another, with the larger fish within each aquarium

establishing dominance over the smaller individuals. All of these

observations were consistent with extensive observations and beh~­

ior reported previously for these species in uncontaminated labora­

tory communities (Olla et 21. 1980a; Steiner et ~,,_ 1982).

We could find no previous literature reports concerning sub-

lethal effects of drilling fluids on fish behavior. Several reports

have been concerned with classic Le50 measurements (Falk and

Lawrence, 1973; Land, 1974; Sprague and Logan, 1979; Tornberg et 21. ,

1980), but these studies are not directly applicable to the species

(red hake) or nature of experiments discussed herein.

Sca 11 ops appea red to fi Her norma 11y, with normal gapes and velar

mantle folds which also appeared normal. Our qualitative observations

suggested that the sand shrimp were nocturnally active, burying in

the sand substrate by day, often in sand obviously contaminated with
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drilling fluid solids. Thus, the presence of drilling fluids in
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the aquaria communities did not appear to cause any stressful or

aberrant behaviors in the shrimp and scallops.

Previous studies in the literature are in general agreement

with our study, although test procedures were different from ours.

Gerber et~. (1980) showed that sand sh ri mp, Crangon septemspinosa,

were not acutely affected by four different lignosulfonate drilling

fluids. They tested the mud aqueous fraction (MAF), filtered mud

aqueous fraction (FMAF), suspended whole mud (SM) and whole mud (WM)

layered on the test vessel substrates. None of the various fractions

was acutely toxic to the sand shrimp. They did find lower enzyme

activity in the sand shrimp in 100% MAF (derived from 1:10 dilution

of WM), but could not ascribe any bio1Qgica1 meaning to the observed

decrease. Gerber et!l. (1980) also tested the toxicity of the same

drilling fluids to sea scallops, and found 96-h LC50 values of 3.2%

WM and 49% WM for a medium-density and light-density 1ignosulfonate

drilling fluid, respectively. Neff et!l. (1981) found 40% survival

of bay scallops, Aeguipecten amp1icostatus, to a layered solid phase

of a chrome lignosu1fonate drilling fluid prepared in 20 m1 1- 1

dilution. (The latter experiment was a static system.)

Hake Activity Rhtyhms

Hake activity patterns varied" among the three experiments, for

"both controls and treatments. In Experiment 1, neither controls nor

treatments showed clear nocturnal rhythms, in contrast to results
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demonstrated previously for uncontaminated laboratory communities

(Olla ~gl. 1980a). However, we attribute this anomaly to a lack

of acclimation to experimental conditions on the part of both con­

trols and treatment fish, and not any effect due to drilling fluid.

In Experiment 2, both control and treatment fish showed strong

nocturnal rhythms. Treatment fish decreased in average nighttime ac­

tivity after the introduction of drilling fluid, but not below the

levels of activity in control fish. Control fish showed consistent

activity levels for both nighttime and daytime throughout the exper­

iment ..

In Experiment 3, both controls and treatment fish showed domin­

ant nocturnal rhythms. Treatment fish again decreased in average

nighttime activity after the introduction of drilling fluid. This was

in contrast to the control fish which increased in activity during

the same time period. Thus. in both Experiments 2 and 3 we saw a de­

crease in nighttime activity for treatment fish after the initial in­

troduction of drilling fluid. Control fish in Experiments 2 and 3

did not show similar patterns; rather they either maintained equiva­

lent levels of activity or increased their activity levels.

Thus, activity levels may have been affected by the presence

of drilling fluid. Treatment fish tended to decrease their activity

during nighttime, normally their time of greatest activity. However,

nighttime activity was still greater than daytime activity.
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Reaction to Introduction of Drilling Fluids

In Experiments 2 and 3 there were immediate and obvious reac­

tions on the part of all three species to the introduction of drill­

ing fluid. (In Experiment 1, all test species were introduced to

the aquaria after the introduction of the drilling fluid). Several

scallops- reacted by vigorous clapping of their valves and movement

within the tank. Shrimp reacted by swimming up from the sand sub­

strate and swimming rapidly in the water column. The hake clearly

avoided the encroaching cloud of drilling fluid, staying at the bord­

ers of the cloud until the fluid enveloped the entire aquarium.

Growth and Feeding of Hake

In all three experlments, there were no significant differences

in growth rates (length) for the hake between control and treatment

fish. The rates observed were consistent between experiments rang­

ing from 0.71-0.96% d-1• and were consistent with rates observed in

previous exper~ments (Steiner et ~., 1982). In Experiment 3, there

was no significant difference in growth (weight) between control and

treatment fi sh:.

The consUmption rate of the hake differed significantly between

control and treatment fish in two of the three experiments. In Exper­

iment 1, there was no difference between controls and treatments.

However, in both Experiments 2 and 3 (which were of greater duration

57



(

(

(

l

l

l

than Experiment 1) consumption rates of treatment fish were signifi-

cantly less than the consumption rates of control fish. Thus, treat-

ment fish consLllied less prey than control fish, but grew at equiva-

lent rates.

Previous studies have suggested that growth may be inhibited

by drilling fluid in archiannelids (Neff et ~., 1981), oysters (Rubin­

stein et ~., 1980), mussels (Gerber et ~., 1980), and juvenile mysid

shrimp (Carr et ~., 1980). Inhibition of feeding in the presence of

drilling fluid has been suggested for mysids (Carr et ~., 1980) and

lobsters (Derby and Atema, 1981). However, Neff et ~.(1981) have

suggested that, at least-in their study, MAF (water solub1es) were

responsi b1e for del eteri ous effects. Because of our "washi ng" pro­

cedure, we did not have high concentrations of MAF in our experimen-,

ta1 systems.

Ecological Implications

The first point of interest to consider is the avoidance of en­

croaching clouds of drilling fluid by the shrimp and red hake. In

particular, the juvenile hake avoided the clouds as long as possible.

This suggests that hake in the field will show avoidance responses

to drilling fluid being discharged from above. Though such a reac-

tion may seem intuitively adaptive on first examination, there could

be deleterious ~ubsequent effects from such a response. Juvenile red

hake live in a 5pecia1ized habitat, i.e., sea scallop beds where they
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obtain shelter within the internal mantle cavities of the scallops

(Steiner et ~., 1982). If the hake are forced to leave their spec­

ialized habitats, they may be subjected to greater predation rates

by their numerous predators (Langton and Bowman, 1980), or be forced

into areas where they cannot find enough food to grow efficiently

and quickly. Such avoidance reactions would be intensified at night

when many more hake are feeding outside of their scallop shelters

than during the daytime (Steiner et !I., 1982). We also note that in

Experiment 3, the avoidance response of the fish did not wane with

repeti tive i ntroducti ons of dri 11 i ng fl ui d. Thus, duri ng the 1i fe of

wells in which discharges of fluid are often and repetitive (Ayers

et !I., 1980a), the fishmay be forced away from their specialized

habitats for long periods of time, possibly amplifying the deleter-

i ous effects of i-ncreased predati on and decreased feedi ng effi ci ency.

The subsequent behaviors of the hake after the initial avoid­

ance response suggests that the hake do not interpret the continued

presence of drilling fluid per se, particularly the deposited solids,

as a danger. Either they do not detect the pollutants, or they may

detect the material but do not interpret it as dangerous (Olla et !I.,

1980b). The 1ack of obvi ous reacti on to the depos ited dri 11 i ng fl ui d

solids suggests that the avoidance reaction of the hake to the en­

croaching cloud of descending fluid is a/reaction to the physical

cloud itself, and not particular constituents composing the cloud.

The fact that fish were able to feed on shrimp, and displayed
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normal agonistic patterns, suggests that it is possible that juven­

ile hake could repopulate an area contaminated with drilling fluid,

for example, if the hake were initially driven off by the descending

fluid.

Similarly, if hake were inside scallops during the initial

deposition and did not detect the encroaching fluid, there may be no

detection and subsequent avoidance once the fish subsequently leave

the scallops. At this point, it is interesting to note the observa­

tion made by Menzie et!l. (1980) of increased numbers of red hake

in the immediate vicinity of a completed oil well, particularly in

the regions of significant residues of drilling discharges. Thus,

it seems likely that red hake will not avoid areas of sediment prev­

iously contaminated by drilling fluid, but may avoid the actual cloud­

like discharges.

Given that the juvenile red hake may re-inhabit areas previous­

ly contamined by drilling fluid, we must consider the portions of our

experiments concerning activity, growth and feeding. Activity de­

creased in treatment fish after the introduction of drilling fluid in

comparison with their activity prior to the introduction of drilling

fluid. Consumption rates of the treatment fish were significantly

less than controls, but growth rates were equivalent. Different ex­

planations are possible. The drilling fluid may have affected the

fish's metabolism in some way, causing the decrease in activity. How­

ever, such an alteration in metabolism might be expected to affect
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growth, which was not the case.

A second possibility is that the fish did, in fact, detect the

contaminants and responded by lowering their activity as low as pos­

sible without affecting their feeding and growth. Since growth rates

affect the time needed to outgrow the scallop habitat (Steiner et ~. ,

1982), maintaining optimum growth rates may be the fish's most impor­

tant concern.

A third possibility is an interaction of the fish with the

shrimp prey. The shrimp may have been slightly more difficult to de­

tect and capture in the treatment aquaria. This could have been due

to the impairment of the hake's chemically sensitive pelvic fins

(Pearson et ~., 1980), visual impairment caused by periodic turbidity,

or more inaccessible refuges by the shrimp in the substrate (under

drilling fluid solids or deeper in the sediments). In any event, the

fish in control aquaria may have been confronted with an overabundance

of prey shrimp, all easier to capture, than the treatm~nt fish. The

control fish may have captured more shrimp but utilized their energy

sources less efficiently than the treatment fish. Such responses

have been previously noted for fish in an abundant food situation

(Brett and Groves, 1979). The need for more efficient utilization of

food resources in the treatment fish would have had a concomitant ef­

fect on activity, causing the elimination of any activity not essential

for feedi ng .

All of the experiments were conducted with drilling fluid
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contaminant leveis comparable to what might be found in the field.

Experiment 1 = 0.73 kg m- z; Experiment 2 = 1.19 kg m- z Experiment

3= 4.70 kg m- z (all expressed as dry weight solids). If higher levels

were introduced, more pronounced effects might be possible. For ex-

ample, greater reduction in the consumption rates of hake could out­

weigh any ability to increase utilization efficiency, and thus growth

could be decreased with resulting decreased survival and reproductive

success.

As a last, but very important consideration, we emphasize that

these results are all based on onlv one drillino fluid. Numerous- - -
studies have shown the tremendous variability in the toxicity of drill­

ing fluid. It is simply not possible. nor realistic, to extrapolate

from this one drilling fluid to all drilling fluids. If tests such as

these are to be useful in regulation and environmental procedures, re-

searchers must have access to drilling fluids used throughout the life

of a well, and to drilling fluids from different wells in different

regions. One test is simply not enough for adequate judgment.
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SECTION 3.

Experimental tests of the response of planktonic

red hake larvae to thermoclines

73



(

(

(

c

INTRODUCTION

The previous three experiments all concerned the possible

effects of drilling fluid on the experimental benthic communities

consisting of sea scallops, shrimp, and juvenile red hake, with a

strong emphasis on the activity, feeding and growth of the juvenile

hake. However, the juvenile phase is not the only segment of the

red hake's life that may be vulnerable to the intrusion of drilling

fluid into the marine environment. Our field work has shown that

74

there is a prolonged period of recruitment during which the plankton­

ic post-larvae of red hake descend to the benthic scallop cClllllunities.

This recruitment period lasts from August to at least December

(Steiner et al., 1982). A significant portion of this recruitment oc---
curs while the strong summer thermocline is still present; thus, the

descending post-larvae must have a behavioral/physiological adaptation

that facilitates the transition from a warm planktonic environment to

a benthic environment that may be as much as 16°C colder (Steiner et !J.. ,

1982).

Therefore, we developed an experimental program that would test

the reaction of planktonic red hake post-larvae to various thermoclines

and to observe any behaviors that are used to penetrate the thermo­

clines. This initially involved an extensive field sampling effort,

as there was no previous information on the seasonal availability of
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planktonic hake in our study area, nor any previous experience on the

ability or procedures necessary to successfully ca¢ture planktonic

hake alive and return them to the laboratory. The subsequent labora­

tory work was, first, an inquiry into the feasibility of thermocline

experiments, and second, an inquiry into the behavioral stragegies of

planktonic red hake in response to thermoclines.

MATERIALS AND METHODS

Field Collections

Collection of planktonic post-larval red hake were made at con­

siderable distances offshore from New Jersey. We collected the hake

from aboard the RV~ on a transect ranging from 40° 15N, 73°50W,

to 400 08N, 73°24W; the latter point approximately 30 nautical miles

offshore in 125 m depth. We used a 2000 ~ mesh Haedrich net, 1 m

across the mouth, which sampled only the top 10-20 em of the water col­

umn, and 0.5 m x 1.0 m, 1800 ~ mesh, pipe net which sampled the top

0.5 m of the water column. Eight collecting trips were made from 7

August to 8 October 1980 (Table 14).

Neuston tows were made for 10 min at a time, the nets retrieved,

and the catch immediately sorted. Dead planktonic hake were preserved

in 5% formalin. Live hake were immediately placed in self-sealing

plastic bags, half-filled with sea water and super-saturated with oxy­

gen, and then placed in a water bath at an ambient temperature of
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Table 14. Results of field sampling program for planktonic post-larval
red hake.

No. of
Planktonic

Total Red Hake
Sampling Collected

Date Location Time(min) Li ve Dead

7 August 1980 40°08' N, 73°24'W 100 0 2

8 August 1980 40 0 15'N; 73°50'W 90 0 0

8 September 1980 4O o 15'N, 73°S0'W 90 0 0

11 September 1980 4O o08'N, 73°21 'W 80 137 97

23 September 1980 4O o 15'N, 73°50'W 90 15 43

6 October 1980 40 0 15'N, 73°50'W 50 8 19

7 October 1980 4Oo 15'N, 73°50'W 65 8 21

8 October 1980 40°15' N, 73°50'W 90 0 6
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25°C. Upon return to the laboratory. the planktonic red hake were

kept in the flow-through seawater aquaria. at temperatures of 20-22°C.

and fed Artemia spp nauplii.

Thermocline Experiments

The laboratory thermocline experiments were conducted in a

2.48 x 0.88 x 0.96 m rectangular aquaria (1500-1 volume) with a single

viewing window (2.29 x 0.81 m). The bottom was covered with a 5-cm

thick layer of sand (0.6-4.0 mm grain size). Filtered sea water was

delivered via a network of pipes underneath the sand bottom; over­

flow valves were located at the top of the aquaria on either side.

Light levels. as measured at the surface were 2000 lux, provided by

a bank of fluorescent bulbs. An array of nine temperature probes.

each connected to a multi-channel recorder, were placed in the left

rear corner of the aquaria to provide continuous temperature readings.

The bottom temperature probe was placed 9 em above the sand substrate;

the next four probes were placed 7 em apart; the remaining four probes

were 9 em apart. The top probe was within 5 em of the water's surface.

The aquarium was surrounded by blinds and recessed into a small room

to prevent visual and acoustical interference.

At the beginning of each thermocline trial. the aquarium was

filled with clean sea water of ambient temperature (20-22°C). Then

10°C water was injected through a bottom delivery pipe system. forc­

ing warm water out the overflow valves at the top, creating a stable
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thermocline with 200e water at the top and 100e at the bottom. After

the required amount of cold water was injected (approximately 600 1)

the delivery system was turned off, and a static thermocline maintain­

ed for the duration of the experiment.

Three planktonic post-larval hake were taken from holding aquar­

ium where they had been acclimated to 20o e. These fish, ranging in

size from 29-43 mm (Tablp 15), had shown signs of beginning their

transformation from planktonic post-larvae to benthic juveniles.- Their

coloration was beginning to darken, in particular, the silvery colora­

tion of ventral and lateral sides was fading. The fish were extending

their filament-like pelvic fins in a manner similar to juveniles, and

they were frequently foraging over the sediment of their holding aquar­

ia. All of these are behavior patterns common to benthic juveniles

(Olla et !l., 1980a). The three fish were placed in an opaque 10 1

plexiglass container filled with 20°C sea water, and allowed to sit

undisturbed for 1 h.

The plexiglass container was then gently lifted over the lip of

the test aquaria, and lowered into the water column until totally sub­

merged. (The upper lip of the plexig1ass container was 1-2 em below

the surface of the water).· The plexiglass container was then rotated

forward, allowing the three fish to swim out of the container into

the water column of the test aquaria.

Observations bega~ immediately after the fish entered the ex­

perimental water column. Each fish was monitored for the first 10

minutes after entering the experimental aquarium, their behaviors and

78



(

Table 15. Experiment conditions for laboratory thermocline
( trials. All fish acclimated to 20°C prior to

tri al.

Surface Bottom Size
Temperature Temperature 1 of Hake

( (OC) (OC) (TL mm)

Treatment

Trial 1 20.5 10.2 39,34,29

Trial 2 19.7 10. 1 37,36,30

Trial 3 18.7 10.4 43,36,31

l
Trial 4 18.7 15.0 42,39,31

Control

Trial 1 19.5 19.5 38,34,34

Trial 2 19.5 19.5 36,34,31

lTemperature recorded at start of experiment. Fi nal tempera-
tures, 6-10 h later, were 1-2°C higher.

l

l
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positions noted with a multi-channel recorder. Thereafter, each

fish was monitored for 5 minutes every hour for 6-10 hours. The

percent time that each fish spent in each of nine horizontal zones,

as demarcated by the nine temperature probes, was calculated and

then averaged for all three fish. For example, fish 1 may have

spent 60 sec (20% of 5 minutes). below probe 1, 60 sec (20%) between

probes 2 and 3, and 180 sec (60%) between probes 3 and 4. Three

trials were run with surface temperature of 20°C and bottom temper­

ature of 10°C (Table 15). One trial was run with surface temperature

of 20°C and bottom temperature of 15°C.

In two control trials fish were placed into an isothermal water

column, 20°C throughout (Table 15).

RESULTS

The initial reaction of all fish, both treatment and control,

was to swim immediately to the bottom of the aquaria after leaving

the introduction container. However, these were not fright or startle

reactions on the part of the fish. In fact, they often took as long

as 3-4 minutes to leave the introduction container, idly swimming in­

side the container and only exiting by random movement. Once outside

the confines of the container and able to see the sediment 80 em be­

low, the fish immediately swam rapidly towards the bottom.

Control fish were able to swim to the bottom unimpeded, and be­

gin to exhibit normal benthic behavior: foraging with pelvic fins
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extended and engaging in agonistic encounters. However, treatment

fish showed obvious reactions to the presence of the thermoclines.

Within seconds of penetratina the cold water, the fish beaan to shake
. -

violently with obvious muscle spasms. Of the nine fish tested in

treatment trials with 10°C bottom water, six fish were able to return

immediately to the upper layers of warm water within seconds after

the initial signs of thermal shock. However, three of the nine fish

became moribund after the initial spasms of thermal shock and slowly

drifted to the bottom of the aquarium, where they lay motionless on

the substrate. Our initial impression was that these latter three

fish were dead. However, all three fish, within 2 hours, began to

show slight opercular movement, then slight muscle twitches, and even­

tually righted themselves and swam upwards in the water column into

the warmer waters.

In the continued presence of a strong thermocline, i.e., with 10°C

water on the bottom, the fish maintained position in the warmer water,

with occasional excursions into the colder water. A fish would swim

back and forth in warm water, and then swim downwards into the cold

water, as if once again attempting to reach the sediment. Upon enter­

ing the colder layers, the fish would again begin to twitch violently,

and immediately rush back to the surface and warmer water.

Control fish swam straight to the bottom and generally remained

there. After several hours in the aquarium, control fish would occa­

sionally swim up and down in the water column, and spend time both at
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the substrate and at the water's surface.

Graphic depictions of the percent time spent in the different

thermal zones clearly show the difference between control and treat­

ment fish. In both control trials, fish spent approximately equal

times at the bottom, and at the surface for the first 1 hour after

introduction (Figs. 11, 12). However, in later observations, the

fish spent well over 60-70% of their time on the bottom. with small

amounts of time spent in upper zones.

The treatment trials with strong thermoclines (20°C at the

surface, 10°C at the bottom) were vastly different. In Trial 1, the

. fish rarely descended below the 15°C isotherm (Fig. 13A, B). At each

observation the fish spent the majority of their time in the upper

thermal zone (20°C), with decreasing time spent in the next three low­

er zones. By 1800 h (the ·1 ast observati on). the fi sh still di d not

spend any time in water colder than 14.5°C.

In Trial 2, again the fish spent the clear majority of their

time in warm surface waters (Fig. 14). During the first observation

at 0900, one fish was in initial thermal shock and lying on the bot­

tom. This accounted for the time spent below 11°C. After that ini­

tial observation, that fish recovered and all three fish spent most

of their time above 15°C, with occasional forays to colder water at

the 1345 hand 1545 h observations (Fig. 14).

In Trial 3, two of the three fish went into thermal shock and

immedi ately drifted to the bottom (Fig. 15). This accounted for the high
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Fig. 11. Distribution of fish in temperature

zones in Control Trial 1. Each diagram

is the average of 5 min readings on each

of three fi sh.

,
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Fig. 12. Distribution of fisb in temperature

zones in Control Trial 2. Each diagram

is the average of 5 min readings on

each of three fish.
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Fig. 13. Distribution of fish in temperature zones

in Thermocline Trial 1. Each diagram is

the average of 5 mi n readings on each of

three fish: A) 0900-1400 h; B) 1500-1800

h.
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Fig. 14. Distribution of fish in temperature

zones in Thermocline Trial 2. Each

diagram is the average of 5 min readings

on each of three fish; * indicates one

fish in thermal shock.
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Fig. 15. Distribution of fish in temperature

zones in Thermocline Trial 3. Each

diagram is the average of 5 min readings

on each of three fish;

* indicates one fish in thermal shock;

** indicates two fish in thermal shock.
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percentage of time below 11°C at the 1135 h observation. At

the 1210 h observation, one fish was still in shock, while the

second had recovered enough to make feeble attempts to rise to

warmer waters. By the 1325 h observation, all fish were spending 80%

of their time above 14.5°C. By the 1445 h observation, one fish had

succumbed to the initial stress of thermal shock and was again ly­

ing on the bottom (though still alive), but the other two fish were

still remaining above 14.5°C. (It is interesting that the thermally

shocked fish did not die, but was recovered alive from the aquarium

two days later).

It is clear that fish responded to the strong thermoclines.

They remained in warmer waters, i.e., above 14°C, a majority of the

time, and made only excursions into colder waters, except for cases

of thermally shocked individuals.

In Trial 4, the last of the the thermocline tests, a weaker

thermocline was formed in the aquarium, 20°C at the surface, but only

15°C at the bottom. The results were more similar to the controls

than the other three thermocline trials. During the first two obser­

vations, all three fish were primarily on the bottom, but not as a

result of thermal shock (Fig. 16). They displayed none of the charac­

teristic muscle spasms or violent twitches displayed in previous in­

stances of thermal shock. In subsequent observations the fish concen­

trated their swimming on or near the bottom, with brief periods of

swimming in mid-water zones or near the surface (Fig. 16).
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Fig. 16. Distribution of fish in temperature zones

in Thermocline Trial 4. Each diagram

is the average of 5 min readings on

each of three fish.

89



It)
N
~....

It)
N
N....

...
It)

C/)

.... W........ w
:E...

It)

~....

It)

o....

It)....CD....CXl....

L"I

I ~

l-
n

I
...

~

I-

.. 0 0 0.,

L

c-

i

( enwz
fa
w

( IX:
;:)

lei
IX:
W
C.
~
W
~

Z-
~

( Zwc.en
w
~-~
~
Zw
0
IX:
W
C.

(

311:10~d 3~n.LVl:f3dW3.L



(

(-

I

l

DISCUSSION

The planktonic post-larvae showed a clear avoidance response

to waters colder than 15°C. In addition, some individuals were

stressed enough to go into thermal shock; they became moribund ini­

tially, unable to swim, and sank to the bottom of the test aquarium.

These thermally shocked fish were able to overcome this thermal

shock within 1-2 hours, and swim upward into warmer waters. None of

the fish showed an acclimation to the 10°C water within the time­

span of the experiments (6-10 h).

The fish used in these experiments were large enough (29-43 mm)

to descend to the benthos in the field (Steiner et ~., 1982); they

demonstrated behavioral patterns characteristics of benthic juven-

iles prior to their being tested with the thermocline. The results in­

dicate that the process of recruitment to the benthos from the plank­

ton may take considerable time for a given individual in the presence

of a strong thermocline. In particular, the tendency of several fish

to spend significant periods of time swimming back and forth at the

15°C isotherm, with occasional quick excursions into colder water and

back up again, suggests that descending red hake post-larvae may be­

come suspended at the thermocline for significant time intervals,

possibly several days, before completing their descent.

This behavior has significant implications for pollutant re­

search and guidelines. The light particulate fractions and water
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soluble compounds of drilling fluids can be expected to become con­

centrated at the thermocline because of temperature and density

gradients (J. Trefry, pers. comm.) as a result of drilling fluid pass­

ing through the water column after discharge from an oil rig. There­

for, although these fractions and compounds might not ever be im­

posed upon a benthic community (Current Report), these fractions may

still be inflicted upon juvenile red hake before they reach the ben­

thos. In addition, if juvenile red hake become exposed to drilling

fluid water soluble fractions, which have been demonstrated to be

toxic to a variety of marine organisms (Neff et ~., 1981; T. Gilbert,

pers. comm.) , the hake may be particularly vulnerable due to the al­

ready imposed stress of the lowered temperatures.

The potential for harm to juvenile red hake in such a scenario

is very plausible. We know that red hake do descend to the benthos

while a strong thermocline is still present (Steiner et al., 1982).--
We now have laboratory experimental evidence that the actual descent

and acclimation may take a significant period of time, including some

period during which the hake become suspended at the steepest part

of the thermocline gradient. We know that certain fractions of the

drilling fluids will become suspended at the same portions of the

thermocline as well (J. Trefry, pers. comm.). Therefore, we have

a situation in which juvenile red hake may be exposed to toxic con­

stituents of drilling fluids, possibly for several days.

It is important to further test this possibility of juvenile

hake being exposed to drilling fluid pollutants. We have demonstrated
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the feasibility of such experiments. These experiments need to be

expanded to test the reactions of the hake to thermoclines tainted

with drilling fluid contaminants. Furthermore, this scenario extends

to other fish besides red hake. Many benthic marine fishes have

planktonic larvae and post-larvae that must pass through the

thermocline to reach the benthos. It is likely that they will show

the same sort of acclimation and behavioral responses that the

red hake exhibit. Larger pelagic fishes may also become concentrated

at thermoclines, for example, in the midst of feeding bouts. Olla

and coworkers have shown that young bluefish, Pomatomus saltatrix,

will concentrate at isotherms and make excursions into colder water

for feeding (Olla et~., in prep.). The actual behavioral sequences

of the bluefish, including the violent shakes in response to the colder

waters, are so similar to that of the phylogenetically dissimilar red

hake, to suggest that such behaviors in response to thermoclines are

ubiquitous for many marine fishes. If so, this necessitates the need

for further resting of the possible concentrating of pollutants at

thermoclines, and the subsequent responses of many fishes to these

pollutant concentrations.

I
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SECTION 4.

Conclusions and recommendations
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During our two-year study, we have developed a realistic experi­

mental protocol appropriate for simulating conditions under which

benthic organisms would be exposed to drilling fluids discharged from

offshore drilling rigs. This is an important consideration, given

the diverse and sometimes conflicting methodologies used in .previous

drilling fluid experimental work. The appropriate value of any

toxicological testing procedure, especially that concerning the

possible exposure to pollutants of marine organisms in their natural

habitat, is directly related to the degree to which the testing

approximates a natural situation. We believe that our newly devised

methodology of drifting drilling fluids down through an artificial

seawater column, and subsequently introducing the drllling fluids

into experimental aquaria via a natural plume is the closest procedure

yet to simulating the real world. We recommend that any further deter­

mination of ecological and behavioral responses of marine organisms

to drilling fluids utilize a similar methodology.

Our experiments testing the responses of a community of juvenile

red hake, Urophycis chuss, sand shrimp, Crangon septemspinosa, and

sea scallops, Placopecten magellanicus, to the presence of used drilling

fluids had mixed results. There were no immediately visible acute

effects on the survival or behavior of any of the test organisms,

beyond that of the initial reactions to the physical introduction of

the drilling fluids into the aquaria. Activity patterns were apparently

not severely disrupted, nor were any particularly abnormal behaviors

prominent in any of the test aquaria. There were indications of a

reduction in activity levels of treatment fish after the introduction
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of drillin9 fluids. In addition to the above, the consumption rates

of the treatment fish upon their prey source, the sand shrimp, were

lower in the treatment aquaria, as opposed to the control aquaria.

There was a concomitant trend for less growth in treatment aquaria

as well, though not statistically significant. We hypothesized that

the hake in the test aquaria had greater difficulty in finding and

capturing prey, for a variety of possible reasons, and adjusted to

their lesser food intake with lesser activity expenditures. In cases

of longer exposure under field conditions, or with greater exposure

levels, such a trend for lesser food consumption could eventually

lead to disruptive and deleterious growth rates.

As mentioned above, there were definite behavioral reactions on

the part of all three marine species to the presence of a plume of

drilling fluids. The behavior indicated agitation, irritation, and

subsequent escape responses. The hake showed a quantifiably demonstrable

escape reaction. Such responses in the field could ha7e adverse

ecological impact on a red hake population. Forcing the juvenile red

hake from their preferred habitat could lead to increased predation

risk, force them into unnatural or sub-optimal areas of food, and

deprive them of their natural shelter sites. We recommend that further

work study this aspect.

Our experiments involving the laboratory marine communities

addressed only the problem of immediate and intermediate length (21 day)

behavioral and ecological responses. We did not perform any concomitant

physiological or histological examinations to test for pollutant uptake
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or contamination of vital body organs and tissues. However, we did

save and preserve all treatment and control animals in proper

recommended storage in hopes of future histological examination.

We recommend that these specimens be properly examined for evidence

of tissue bioaccumulation of pollutants or tissue degradation. This

is particularly important in the case of the hake which were feeding

throughout the experiment on potentially contaminated sand shrimp.

The thermocline experiments highlighted an important potential

scenario in which larval fishes of many species could be exposed to

highly toxic constituents of drilling fluids. The results of our

seawater column analyses indicated clearly that water soluble fractions

of drilling fluids are absorbed into the water column before reaching

the benthos. Field studies (J. Trefry, pers. comm.) have shown that

these potentially toxic constituents tend to concentrate at the

thermocline. Our thermocline studies clearly demonstrated that larval

red hake also congregate at the thermocline during a prolonged period

of adjustment which is necessary to complete their descent from the

plankton to the benthos. Thus, a situation exists where an even

greater danger than the presence of drilling fluids on the benthos

may be manifested in the presence and concentration of water soluble

toxic components of drilling fluids at the thermocline. Is is likely

that many other benthic fish species which have planktonic larval

forms, e.g., cod, haddock, also incorporate a period of thermoregulatory

adjustment at the thermocline and could also be affected by concen­

trations of toxic water soluble constituents, We strongly recommend

that further work examine this question.
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Our final comments consider the practicality of testing only

one drilling fluid, as was done in our experiments. It is becoming

increasingly apparent that drilling fluids vary widely in their

relative toxicities to marine organisms. Thus, the results of our

experiments could have relatively little or no predictive value if

applied to a well drilled under different conditions which would

require differently composed drilling fluids. We recommend that

further studi es address a 1arge vari ety of dri 11 i ng fl ui ds, not

selected samples. Furthermore, we recommend that further work study

the variety of drilling fluids used throughout the life of wells,

and not just one selected sample.
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APPENDIX A.

Chemical analysis of drilling fluids, water column,

and sediment samples in Experiment 1
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DETERMINATION OF TRACE ELEMENTS IN DRILLING

FLUID-RELATED SAMPLES IN EXPERIMENT 1
~-

1. Samples

A total of 48 samples from eight test tanks were supplied by inves-

(. tigators at the NMFS, Sandy Hook Laboratory. Half were taken on the

first day of the test, half on the fourth (and last) day. The samples

were of two types: two seawater samples from each tank, one designated

top (T) of tank, and one from 1 cm above the sediment, labeled bottom (B);

and a sediment sample (S). The sediment samples consisted of coarse sand

and a variable amount of water. There were fine sediments in samples from

tanks #3-6, presumably settled porti ons of dri 11 i ng fl ui ds .

In addition, two containers of the PESA drilling fluids used in the

test were provided: one had been washed once through a seawater column;

one had been washed three times (PESA-C3).

II. Seawater Test Media

A. Sample treatment and analysis
t

The water samples were acidified in their original containers

with redistilled HN03 and held for several days to permit desorption of

metals lost to the plastic walls during storage. They were then aspirated

directly into a dc plasma echelle emission spectrometer which is capable

of measuring 16 elements simultaneously. In this case, 11 elements were

measured: Al, Ba, Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb, and Zn.

B. Results

With the exception of sample l-B-Day 1, only three of the measured

elements, Ba, Fe, and Mn, were present at detectable levels in the seawater
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test media. The detection limits for the other elements are given in

Table 1.

Sample l-B-Day 1 contained elevated levels of Cr, Cu, Fe, Ni, and Zn

(Table 2), which were not approached in other samples from this tank.

Presumably this sample was contaminated.

Concentrations of barium, iron, and manganese in the seawater samples

are given in Table 3. Barium concentrations in the control tanks (#1, 2,

7, 8) were a constant 12 ppb (±l). Ba concentrations in the test tanks

were much higher than in controls and significantly higher on Day 1 of

the test than on Day 4. Generally higher barium levels occur in bottom

water samples than in those from the top. Many values exceeded the

theoretical limit of barium solubility in seawater (~5D ppb). The

measurement of such values suffered from unusually high variabilities

in emission intensity during Ba quantitation, indicating that some Ba

was present as suspended particles.

The leaching of Ba from fluids suspended in seawater was examined in

a separate set of experiments (Table 4). Whole PESA fluids and a column­

washed fluid (PESA-C3) provided by the Sandy Hook Laboratory were suspended

at loadings of 1.0 mlll in seawater, and sampled at various intervals after

mixing. Each sample was immediately separated by centrifugation at 32,000 X

gravity for 10 min. The concentration of Ba in the supernatants again

exceeded the theoretical solubility of Ba in seawater, suggesting that

particulate BaS04 was not solely responsible for elevated Sa levels. We

hypothesize that Ba may be stabilized in solution by interaction with the

dissolved organic compounds that give the liquid phase of PESA fluid its

dark brown color.
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Manganese behaved in a'simpler manner. There was no significant

difference between test and control levels or between top and bottom

samples of tanks on Day 1. The Day 4 control-tank values were uniform

and slightly higher than on Day 1. In Day 4 test tanks, Mn concentrations

were slightly greater in bottom than in top samples.
(

Iron concentrations showed a similar enrichment in bottom samples on

Day 4 in all four test tanks, However, no systematic change was observed

between Day 1 and Day 4 levels in control or test tanks.

III. Sedimentary Test Media

A. Sample treatment and analysis

( The sediment samples were of a distinctly bimodal character,

so it was decided to separate the coarse sand substrate from fine solids

and water present in each sample. The whole sample was weighed and the

dry weight of the coarse fraction (retained by 500-~m Nitex screen) was

determined. The fines and water passing the screen were combined with

the seawater used to rinse the container and the sand.

A-3

l The fine sediment/water fractions were taken to 125 ml with seawater.

Awell-mixed aliquot of each sample was filtered to 0.45 ~m to determine

the loading of fine solids. Dissolved metal concentrations in these

suspensions were determined following high speed centrifugation - 32,000 X

g for 10 min. A 10-ml aliquot of each supernatant was mixed with 1.0 ml

of O. l~ Na4EDTA to stabilize trace elements in solution,

A second extraction of the remaining seawater/fine sediment suspensions

was performed using acetic acid.
,

The technique was similar to that used

I.

by Mariani et al. (1980) to obtain "bioavailabJe" metals in a solid phase.
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The suspensions were leached for two hours on a rotary shaker in

25% v/v acetic acid. The solids were then removed by high -speed centri­

fugation, and the supernatants quantified using an appropriate standard

and blank.

B. Results

The physical characteristics of the 16 sediment samples are

listed in Table 5. Heterogeneity in sample size and composition among

the samples made it difficult to choose a meaningful normalizing factor

for the chemical concentrations measured. Table 6 contains the mass of

each of the measured elements in the total 125-ml volume of suspension

prepared from the whole sample. Data in Table 7 are expressed in Vg/g of

the fine sediment/seawater fractions. The latter weights were obtained

by subtracting the dry weights of coarse sand from total sample weights

and are listed in Table 5. Data in Tables 6 and 7 indicate that the

sediments from test tanks contained higher concentrations of most seawater­

leachable and acetic acid-leachable trace metals than did control sediments.

As expected, much greater quantities of most metals were released from

test sediments by 25% acetic acid than by seawater.

Barium concentrations, however, were lower in the acetic acid treated

samples. These results may be due to protonation of the organic functional

groups which could stabilize Ba in solution in alkaline drilling fluids

sus pens ions.

IV. Summary

Although the concentrations of most of the trace metals of interest

were very low in the seawater test medi a, the settl ed dri 11 ing fl ui ds di d

continue to release metals when mixed with seawater. Leaching with weak
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acid released even more of these metals, indicating that they might be

available to benthic organisms.

Barium exhibited atypical behavior. It was significantly elevated

in the water column in test tanks, but decreased sharply during the test

interval. Barium concentrations significantly exceeded the theoretical

solubility limit of 50 ppb, both in the Sandy Hook test media and in the

seawater suspension test conducted at the Aquarium. 'The process of washing

the PESA fluids did not entirely remove the fluids components which appear

to promote the solubility of Ba, or did not remove all the very fine,

perhaps colloidal, particles of BaS04.
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Table 1. Limits of detection for elements not

observed in s·eawater test media.

Al Cd Cr Cu Hg Ni Pb Zn

EE£
50 12 10 2 6 5 0.25 x 10 3 20

Table 2. Concentrations of elements in anomalous
sample I-B-Day 1-

l

Ba Cr Cu Fe Mn Ni Zn

EE£
mean (xl 16 190 45 1405 82 170 2598

sd 2 5 2 432 5 10 148

A-6
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Table 3. Concentrations of three elements in seawater test media (ppb) (1)

F
B- (2)

~'e Mn

Tank 1/ Day 1 Day 4 Day 1 Day 4 Day 1 Day 4
top bottom top bottom top bottom top bottom top bottom top bottom

1 12 - (3)
14 13 109

_ (3)
142 106 59 - (3 )

81 83
1 1 1 27 45 37 4 4 4

2 11 12 13 13 55 113 <50 <50 58 62 84 81
1 1 1 1 20 27 3 4 3 4

3 516 1406 32 150 1~2 341 171 416 64 65 84 100
56 86 1 28 38 30 51 115 4 5 4 4

4 62 111 22 54 75 95 93 206 60 59 80 84
4 15 22 21 36 60 3 3 3 3

5 58 394 26 50 118 246 126 278 58 67 85 91
6 35 1 1 34 18 43 79 3 4 8 9

6 216 121 18 21 138 130 <50 77 63 59 82 80
50 26 1 1 37 35 32 4 4 8 8

7 10 10 13 13 62 81 <50 <50 57 61 80 80
1 1 1 1 25 26 3 4 8 8

8 11 11 13 12 52 53 <50 57 56 56 78 81
1 1 1 1 24 25 27 4 3 8 8

\

(1) Entries consist of mean and standard deviation for triplicate measurements.
(2) Ba concentrations corrected for 4 ppb Ba in the seawater blank.
(3) see Table 2.
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Table 4. Dissolved concentrations of two elements
in seawater suspensions (1 mIll) of whole
and washed (C3) PESA drilling fluids with
time after mixing.

(

Ba Cr
0.5 h 96 h 0.5 h 96 h

PESA mean (x) 71 139 89 87

sd 1 2 1 2

PESA-C3 mean (x) , 43 95 5 5

sd 1 1 1 1

,,'

A-8
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Table 5. Physical characteristics of the sediment test medium samples.

Weight of Dry weight
Tank # \'let weight Dry weight water and of fine
and day of total of coarse % coarse fine particles particles
sampled sample (g) sand (g) in total in sample (g) (g)

1-D1 (F) 195.0 148.4 76.1 46.6 }
Control1-D4(F) 198.2 154.1 ' 77.8 44.0 .' }

2-D1 (F) 198.0 141. 2 71. 3 56.8 } Tanks
2-D4 (F) 212.6 162.6 76.5 50.0 }
3-D1(F) 201. 8 147.1 72.9 54.7 }
3-D4(F) 210.8 159.1 75.5 51. 7 }
4-D1 (F) 183.2 134.9 73.6 48.3 }

, } Test~

} Tanks4-D4 194.0 144.1 74.3 49.9 2.96 }
5-D1 174.2 115.5 66.3 58.7 2.20 }
5-D4 211. 3 161.1 76.2 49.3 2.78 }
6-D1 195.1 14 7.6 75.6 47.5 2.59 }
6-D4 218.3 168.4 77.2 49.9 2.84 }
7-D1 174.9 132.7 75.0 42.2 0.09 }

Control7-D4 220.2 144.8 65.8 75.4 0.02 }
8-D1 194.0 142.3 73.4 51.8 0.05 } Tanks
8-D4 192.2 146.9 76.4 45.3 0.03 }

(F) - Seawater suspensions of the water/fine particle fractions of these samples were filtered
prior to analyses. Results of analysis of these filtrates are not included in Tables
6 and 7.
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Table 6. Total amount of some trace elements leached from sediment samples by I. seawater, II. 25%
acetic acid (weight in ~g) (1)

4
2

6
5

4
4

y

6
4

.4

.7

8
4

.9

.7

.7
•.7

Al Ba Cr Cu Fe MIl Ni Zn
Tank Day- Day Day - Day Day - Day Day - Day Day - Day Day - Day Day -DaDay Day

# 1 4 1 4 1 4 1 4 1 4 1 4 1 4 1 4

I.
Test 4 20 59 0.9 0.9 11 13.3 0.5 8.

2 5 0.1 0.1 2 0.7 0.4 O.

Test 5 <2 19 40 91 0.59 0.90 0.54 0.76 4 17 38.0 29.7 0.3 0.6 8.9 6.
2 3 10 0.10 0.06 0.06 0.06 2 4 0.6 0.6 0.4 0.3 O.

Test 6 <1 26 26 128 0.77 1.07 1.02 0.73 6 21 25.4 15.1 1.7 0.8 11.4 6.
2 1 7 0.09 0.09 0.10 0.07 2 4 0.4 0.8 0.4 0.3 0.4 O.

Control 7 <1 36 3.5 3.01 <0.1 <0.1 0.16 O.Bl 2 446 <0.4 21.3 <0.3 <0.3 0.8 3.
3 0.1 0.09 0.06 0.07 2 29 0.4 0.3 O.

Control 8 53 3.39 0.18 0.8 267 17.2 1.1 6.6
3 0.09 0.07 0.1 18 0.5 0.4 0.4

II.

4 602 12 214 31.9 1599 405 3
11 2 1 0.3 24 4 1

5. 590 . 783 11 12 183 263 20.5 33.5 1190 1828 328 457 2.0 4.7
11 13 2 2 1 1 0.3 0.3 16 24 4 4 0.8 o.e

6 742 583 15 13 235 186 23.5 25.0 1528 1346 429 372 3.5 3.e
12 10 2 2 1 1 0.3 0.3 22 18 4 3 0.8 0.8

7 13 17 11 12 <1 <1 <0.3 <0.3 125 322 <1 5 <1 <1
3 3 2 2 3 5 1

8 18 11 <1 <0.3 154 9 <1
3 2 3 1

(1) Entries consist of mean and standard deviation for triplicate measurements. :<>
r
~
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Table 7. Concentration of some trace elements leached from the fine and water fraction of sediment
samples by I. seawater, and II. 25% acetic acid (~g/g of fraction) (1).

Al Ba Cr Cu Fe MIl Ni Zn
Tank Day Day Day Day Day Day Day Day Day Day Day Day Day Day - DiiY Day

# 1 4 1 '1 1 '1 1 '1 1 '1 1 4 1 4 1 4

I. 4 0.40 1.2 0.018 0.018 0.22 0.27 0.010 0.17E
0.04 0.1 0.002 0.002 0.04 0.01 0.008 O. 00!

5 <0.03 0.38 0.-68 1.8 0.010 0.018 0.009 0.015 0.07 0.34 0.65 0.59 <0.005 0.012 0.152 0.121
0.04 0.05 0.2 0.002 0.001 0.001 0.001 0.03 0.08 0.01 0.01 0.008 0.005 0.001

6 <0.02 0.52 0.55 2.6 0.016 0.021 0.021 0.015 0.13 0.42 0.535 0.30 0.036 0.016 0.240 0.13
0.04 0.02 0.1 0.002 0.002 0.002 0.001 0.04 0.08 0.008 0.02 0.008 0.006 0.008 0.01

7 <0.02 0.48 O. 083 O. 04{ <Q. 002<0. 001 0.004 0.011 <0.05 5.9 <0.009 O. 028 <0.007 <0.004 0.019 O. 041
0.04 0.002 0.001 0.001 0.001 0.4 0.005 0.007 O.OO!

8 1.02 0.065 0.003 0.015 5.2 0.332 0.021 0.127
0.06 0.002 0.001 0.002 0.3 0.009 0.008 0.008

12.1 0.24 4.29 0.639 32.0 8.12 0.06 2.13
0.2 0.04 0.02 0.006 0.5 0.08 0.02 0.01

10.1 15.6 0.19 0.24 3.12 5.25 ·0.349 0.669 20.3 36.5 5.59 9.12 0.03 0.09 1.68 2.48
0.2 0.3 0.03 0.04 0.02 0.02 0.005 0.006 0.3 0.5 0.07 0.08 0.01 0.02 0.01 O. 04

15.6 11.7 0.32 0.26 4.95 3.73 0.495 0.501 32.2 27.0 9.03 7.45 0.07 0.06 2.74 1.88
0.3 0.2 0.04 0.04 0.02 0.02 0.006 0.006 0.5 0.4 0.08 0.06 0.02 0.02 0.02 0.01

0.31 0.23 0.26 0.16 <0.02 <0.01 <0.007 <0.004 2.96 4.27 <0.02 0.07 <0.02 <0.01 <0.02 0.06
0.07 0.04 0.05 0.03 0.07 0.07 0.01 0.00'

0.35 0.21 <0.02 0.006 2.97 0.17 0.02 0.039
0.06 0.04 0.06 0.02 0.006

I

(1) Entries consist of mean and standard deviation for triplicate measurements.
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Chemical analysis of drilling fluids, water column

and sediment samples in Experiment 2
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DETERMINATIDN DF TRACE ELEMENTS IN

DRILLING FLUIDS SAMPLES FRDM EXPERIMENT 2

1. Samp1es

A total of 48 samples from the second drilling fluids experiment (DF2)

were supplied by investigators at the NMFS, Sandy Hook Laboratory. Half

were taken 24 h (Day 2) after the introduction of washed drilling fluids

to the test tanks. The remaining samples were taken after 262 h - Day 11

of the test. As in the first experiment, samples were taken from each

of eight tanks: two seawater samples from the top of a tank (T), and

1 cm above the tank bottom (B), and a sediment sample (S). The seawater

samples were acidified to pH 2 at the time of collection with redistilled

HN03·

II. Seawater Test Media

A. Sample treatment and analysis

As described in the previous report (Appendix A), seawater samples

were aspirated directly into a dc plasma emission spectrometer (dcPES) for

simultaneous measurement of 11 elements. Blank and standard solutions

were prepared from O.45-um filtered seawater from Massachusetts Bay. The

salinity of this water was higher than that of the samples, necessitating

a small correction for Ca-induced background shifts at some analytical

wavelengths. In addition, Ba concentrations were corrected for the presence

of 5 ppb Ba in the seawater blank.

B. Results

Of the 11 elements measured, seven could not be reliably detected

in the seawater samples. The detection limits for these elements are given

in Table 1.

B-1
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Chromium concentrations were very close to the limit of detection

(~2 ppb), but several test samples from Day 2 containe~ significantly

higher Cr than the control samples. By Day 11 these differences were

not detectable (Table 2).

As in the first experiment, Ba, Fe, and Mn were present in the sea­

water media at measurable concentrations. In DF1, the control tanks had

12±1 ppb of Ba; in DF2 they contained 14±1 ppb of Ba - not a significant

difference. The concentrations of Ba in the test tanks were higher than

the controls; in most of the test samples from Day 2; the theoretical

solubility of Ba in seawater (50 ppb) was exceeded. Ba concentrations

were greater in bottom versus top water samples. By Day 11 these Ba

levels had decreased to nearly those of the control tanks.

Fe concentrations were slightly higher in test than in control tanks.

However, there was no difference between top and bottom samples. The

largest differences in average Fe levels occurred between Day 2 (60 ppb)

and Day 11 (275 ppb). Since the increase occurred in both test and control

tanks, some common source for the additional Fe is indicated. One possibility

is in-flowing seawater, but it is more likely that the iron leached from

the sand substrate used in all tanks (see below). Mn concentrations in

the seawater test media did not vary with time or between test and control

tanks.

III. Sediment Samples

A. Analytical technique

The sediment samples were analyzed using the methods described

in detail in our previous report (Appendix A). The coarse sand fraction

was separated from the fine particle/seawater fraction, and the latter was

B-2
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leached by seawater and by 25% acetic acid in seawater. The trace element

concentrations in the leachates were determined by dcPES.

B. Results

The physical properties of the sediment samples are listed in

Table 3. The dry weight of fine particles in the test tanks is approximately

twice that obtained for the DFl test samples, reflecting the higher loading

of drilling fluid used in DF2.

Table 4 includes the concentrations of eight elements released into

seawater by the fraction consisting of fine particles and water from each

sample. The weight of these fractions is included in Table 3. Differences

between Day 2 and Day 11 samples from the control tanks are not pronounced,

except for decreased Fe concentration in each tank. The test tanks show

systematic decreases in Fe and also in Cr, Cu, Mn, Ni, and Zn. In each

case, the element was probably leached from the sedimentary layer, with

less of the leachable fractions present at the end of the experiment.

Table 5 lists the concentrations of trace elements released by

leaching with 25% acetic acid. No systematic variation from Day 2 to

Day 11 is evident in the data. Average trace element levels in the

sediment from DFl and DF2 are presented in Table 6. The concentrations

of all elements, with the exception of Ba, were higher in the DF2 controls

than in DFl controls. Within DF2, the seawater leachates of the controls

contained higher metal concentrations than the tests. Acetic acid released

comparable levels of Cu, Fe, and Ni, but much higher concentrations of

Sa, Cr, Mn, and Zn in test versus control sediments. ,,'

Perhaps the coarse sand substrate in all tanks in the DF2 experiment

was the source of acid-leachable metals, notably Al, Fe, and Mn, which

B-3
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were higher in OF2 versus OF1 samples. In OF2 the seawater 1eachates of

test sediments contained less of these metals than did those of the

controls, perhaps due to scavenging of the metals by the fine particles

of drilling fluids. These were then released by weak acid leaching with

additional contributions of Sa, Cr, Mn, Ni, and Zn from the drilling

fluid itself.

The concentrations of drilling fluid-derived metals in OF2 versus

OF1 test samples should be approximately twice as high, because of the

greater fluid loading. That elements like Sa and Cr were not proportionately

higher in OF2 samples may reflect .the loss of Cr during the initial settling

of the PESA fluid samples and for Sa is the result of the limited solubility

of SaS04 in pH 2 seawater.

B-4
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Table 1. Limits of detection for elements not
( observed in seawater test media.

Al Cd Cu Hg Ni Pb Zn

{ ppb

100 15 3 50 5 75 15

(

(

L
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Table 2. Concentrations (ppb) of four elements in seawater test media.

MnFeCr (1)Ba -- ~ ...

Day 2 Day 11 Day 2 Day 2 Day 11 Day 2 Day 11
Tank # Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom

1 x 13 14 15 17 <2 <2 53 73 374 444 113 116 113 124
sd 1 1 1 1 7 9 22 26 3 3 3 3

2 x 14 14 15 16 <2 <2 27 57 163 177 115 125 114 122
sd 1 1 1 1 8 13 14 14 4 3 3 4

3 x 33 83 17 18 3 7 49 75 205 368 114 122 115 123
sd 7 26 2 1 1 1 8 8 13 28 3 5 4 5

4 x 24 129 18 20 3 3 91 119 494 379 121 122 119 120
sd 3 50 2 2 1· 1 11 10 28 21 6 5 4 4

5 x 111 192 25 23 <2 3 78 71 267 251 119 120 117 107
sd 17 55 7 2 1 20 9 19 18 3 4 4 5

6 x 146 165 16 16 3 3 72 83 262 361 119 123 117 110
sd 19 65 1 1 1 1 12 44 16 13 5 4 3 4

7 x 15 14 15 13 7 <2 46 28 213 156 114 123 117 111
sd 1 1 1 1 1 13 12 18 11 3 4 4 5

8 x 14 13 15 14 <2 <2 26 31 153 126 112 119 115 118
sd 1 1 1 1 6 8 13 9 4 3 3 6

(l)Cr values of Day 11 were all <2 ppb

'"I
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Table 3. Physical characteristics of the sediment test medium samples from drilling fluid Experiment 2.

Weight of
Wet Weight Dry Weight Water and Dry Weight

Day of Total of Coarse % Coarse Fine Particles of Fine
Tank Sampled Sample ( g) Sand ( g) in Total in Sample (g) Particles (g)

1 2 I 185.0 135.1 73.0 49.87 0.06
Control 11 169.3 127.0 75.0 42.27 0.07

2 2 138.1 97.7 70.7 40.39 0.03
Control 11 191.2 144.0 75.3 47.15 0.04

3 2 198.8 141. 6 71.2 57.20 4.49
Test 11 210.7 156.7 74.4 54.00 5.34

4 2 172.4 118.2 68.9 54.19 6.59
Test 11 168.6 117.4 69.6 51. 21 5.34

5 2 193.3 137.5 71.1 55.77 -' 6.11
Test 11 205.8 153.0 74.3 52.84 5.48

6 2 190.9 139.3 73.0 51.64 5.14
Test 11 205.8 150.7 73.2 55.10 8.36

7 2 159.8 115.1 72.2 44.68 , 0.03
~

Control 11 180.0 132.3 73.5 47.76 0.004
"

,

8 2 I 190.8 I 123.5 I 64.7 I 67.34 I 0.04
Control 11 179.0 128.4 71.8 50.55 0.007

'"I.....
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Table 4. Concentration of some trace elements leached from the fine and water fraction of Experiment 2
sediment samples by seawater (~g/g of fraction) .

Al Ba Cr Cu Fe Mn Ni Zn

I.

Day Day Day Day Day Day Day Day Day Day Day Day Day Day Day DayTank II 2 11 2 11 2 11 2 11 2 11 2 11 2 11 2 11

Control
1 x 25.6 30.3 0.048 0.07 0.042 0.031 0.082 0.106 36.9 18.2 3.1 5.80 0.046 0.026

sd 0.5 0.2 0.002 0.02 0.004 0.009 0.004 0.007 0.6 0.4 0.2 0.09 0.008 0.007

Co!}trol
2 x 30.2 28.8 0.057 0.06 0.104 0.042 0.139 0.066 75 43 3.0 4.90 0.072 0.025

sd 0.6 0.2 0.002 0.02 0.005 0.008 0.005 0.006 1 1 0.1 0.08 0.007 0.006 (

Te!:!t
3 x 0.31 0.41 0.36 0.72 0.031 0.017 0.013 H 0.09 <0 1 1.9 0.98 0.031 I (

sd 0.03 0.04 0.01 0.09 0.002 0.007 0.001 <0.00 0.03 . 0.1 0.04 0.005<0.007

Te!:!t
4 x 0.37 0.31 0.36 0.31 0.037 0.009 3.0 0.45 0.031 Iisd 0.04 0.04 0.01 0.02 0.002 <0.01 0.001 <0.001 <0.1 <0.1

0.1 0.04 0.006<0.008

Test
5 x 0.41 0.34 0.86 0.32 0.030 0.009 0.14 0 1 2.2 1. 02 0.013 (

sd 0.02 0.04 0.04 0.02 0.002 <0.01 0.002 <0.006 0.09 < . 0.1 0.06 0.007<0.008 (

Test
6 x 0.31 0.42 0.36 0.49 0.029 0.022 0.011 \" 0.10 0 1 2.1 1. 09 0.031

sd 0.02 0.04 0.01 0.04 0.002 0.007 0.001 <0.00: 0'-04 < • 0.1 0.04 0.004<0.009 (

Control
7 x 35.4 22.4 0.056 0.04 0.110 0.034 0.152 0.057 56.7 36.0 2.1 1.24 0.051 <0 01 I (

sd 0.6 0.3 0.002 0.02 0.004 0.008 0.004 0.006 0.9 0.8 0.1 0.04 0.004 .

Co!}trol

I (8 x 23.7 20.8 0.056 0.06 0.059 0.036 0.062 0.069 37.2 30.4 2.0 1. 98 0.025
sd 0.5 0.2 10.001 0.02 0.003 0.008 0.003 0.006 0.7 0.7 0.1 0.06 0.006 <0.01 I (

co,
co
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Table 5. Concentration of some trace elements leached by 25% acetic acid from the fine and water fraction
of Experiment 2 sediment samples (~g/g of fraction).

A1 Ba Cr Cu Fe Mn Ni Zn
Day Day Day Day Day Day' Day Day Day Day Day Day Day Day Day Day

Tank # 2 11 2 11 2 11 2 11 2 11 2 11 2 11 2 11-
Control
1 x 31 30 0.064 0.073 0.060 0.080 0.072 0.111 45 61 2.97 5.7 0.04 0.06 0.68 0.59

sd 3 3 0.004 0.002 0.004 0.005 0.002 0.002 1 1 0.08 0.2 0.01 0.01 0.04 0.05

Control
2 x 30 28 0.074 0.062 0.106 0.078 0.101 0.076 73 55 2.70 5.0 0.10 0.08 0.52 0.53

sd 3 3 0.005 0.002 0.005 0.004 0.002 0.002 2 1 0.07 0.1 0.01 0.02 0.02 0.04

Test
3 x 13 14 0.11 0.39 2.67 2.89 0.369 0.533 39.9 57 7.3 6.9 0.07 0.11 2.73 2.56

sd 1 1 0.01 0.02 0.05 0.06 0.005 0.006 0.8 1 0.2 0.2 0.01 0.02 0.07 0.07

Test
4 x 19 12 0.29 0.20 3.88 2.36 0.779 0.836 57 61 12.5 5.9 0.13 0.10 6.7 1. 70

sd 2 2 0.01 0.06 0.09 0.04 0.007 0.008 1 1 0.3 0.2 0.01 0.02 0.2 0.04

Test
5 x 17 11 0.16 0.23 4.1 2.67 0.608 0.479 49 58 9.0 7.2 0.11 0.11 4.3 2.02

sd 2 1 0.02 0.06 0.1 0.06 0.007 0.006 1 1 0.3 0.2 0.01 0.01 0.1 0.06

Test
6 x 16 16 0.19 0.22 3.83 4.43 0.548 0.693 49 66 9.3 10.2 0.12 0.15 3.81 4.5

sd 2 2 0.06 0.02 0.08 0.09 0.008 0.005 1 1 0.3 0.3 0.01 0.01 0.08 0.1

Control
7 x 32 22 0.058 0.054 0.110 0.057 0.121 0.080 56 41. 2 1. 86 1. 55 0.06 0.05 0.58 0.27

sd 3 2 0.002 0.004 0.004 0.004 0.002 0.002 1 0.9 0.04 0.04 0.01 0.01 0.02 0.02

Control
8 x 23 19 0.049 0.081 0.061 0.036 0.079 0.078 36.9 34.7 1.83 2.31 0.03 0.04 0.37 0.32

sd 2 2 0.003 0.004 0.003 0.004 0.003 0.002 0.8 0.7 0.04 0.06 0.01 0.01 0.03 0.02

to
I

<0



- - , "' 1"'

Table 6. Mean concentration of trace elements leached from DF Experiment 1 and Experiment 2 sediment
samples by I. seawater, and II. 25% acetic acid (~g/g of fraction).

Al Ba Cr Cu Fe Mn Ni Zn
I.
DFI Control x 0.5 0.06 <0.004 0.010 4 0.06

(n=3) sd 0.5 0.02 0.006 3 <0.2 <0.01
- <0.5 1.4 0.017 0.016 24 0.02 0.17DFI Test x 0.5

(n=5) sd 0.8 0.004 0.004 14 0.2 0.01 0.05

DF2 Control x 27 0.056 0.06 0.09 42 3 0.03 0.6
(n=8) sd 5 0.009 0.03 0.04 17 2 0.02 0.2

- 0.36 0.5 0.02 0.007 <0.1 1.6 0.02 0.7DF2 Test x ,
(n=8) sd 0.05 0.2 0.01 0.004 0.8 0.01 0.3

II.
DFI Control x 0.30 0.21 <0.02 < 0.004 3.4 <0.08 <0.02 0.04

(n=3) sd 0.06 0.05 0.8 0.03

DFI Test - 13 0.25 4.3 0.5 30x 8 -0.06 2.2
(n=5) sd 11 0.05 0.9 0.1 6 1 0.02 0.4

DF2 Control x 27 0.06 0.07 0.90 50 3 0.06 0.5
(n=8) sd 5 0.01 0.03 0.09 13 2 0.02 0.1

-
3.4DF2 Test x 15 0.22 0.6 55 9 0.11 4

(n=8) sd 3 0.09 0.8 0.2 8 2 0.02 2

'"I
~
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APPENDIX C.

Chemical analysis af drilling fluids, water column,

and sediment samples in Experiment 3
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DETERMINATION OF TRACE ELEMENTS IN SAMPLES

FROM DRILLING FLUIDS EXPERIMENT 3

1. Samples

A total of 142 samples from the third drilling fluid experiment (DF3)

were supplied by investigators at NMFS, Sandy Hook Laboratory. As in prior

experiments, three kinds of samples were supplied: seawater samples labelled

"T" from the top of the tank and "B" from 1 cm above the tank bottom, and

sediment samples labelled "S". Samples had been taken to bracket four

introductions of drilling fluid during the course of the experiment. In

addition, two samples of the washed drilling fluid used in the experiment

were provi ded.

Given such a large collection of samples, analyses of all of them were

not practical. Therefore, control samples from Tank 1 and test samples

from Tanks 4 and 5 were selected for analysis. In addition, the concentrations

of barium, chromium, and iron in the washed drilling fluid used in the test

tanks were analyzed.

II. Seawater Test Media

A. Sample treatment and analysis

As described in previous reports (Appendices A; 8), seawater samples

were acidified in their original containers with redistilled HN03, and

directly analyzed by dcPES. The concentrations of 10 elements were measured

simultaneously: Al, Ba, Cd, Cr, Cu, Fe, Hg, Mn, Ni, and Zn.

B. Results

Five elements were not present at detectable levels in the seawater

test media. Detection ·limits for these elements are given in Table 1. The

C-l
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concentrations of the five elements present in detectable amounts are

reported in Table 2.

The concentrations of metals were much higher in the first samples

taken (one hour) after each introduction of drilling fluid. Detectable

amounts of Cr appeared only in this subgroup of samples. Detectable

levels of Al were found predominately in this subgroup. Elevated concen­

trations of Ba, Fe, and Mn were detected in the one hour samples, and

declined with increased settling time. Ba concentrations showed the

greatest decline in the interval, indicating that most of the Ba in the

water samples was present as settling solids - probably fine barite

particles.

Samples of surface water taken one hour after the introduction of

drilling fluid contained greater metal concentrations than those from

near the bottoms of the same tanks. This relationship does not hold for

samples taken after longer settling intervals, suggesting relatively rapid

settling of particulate metals from the upper water column. Ba levels in

nearly all samples exceeded the theoretical solubility limit of 'U50 ppb

in seawater, indicating that some Ba was present in suspended particles

or was stabilized in solution by other fluid components.

III. Sedimentary Test Media

A. Sample treatment and analysis

The sediment samples were analyzed using the methods described

in our previous reports (Appendices A, B). The coarse sand was separated

from the fine particle/seawater fraction by sieving. Aliquots of the

latter fraction were leached by seawater and by 25% acetic acid in seawater,

and the dissolved concentrations of 10 metals in the leachates were measured

C-2
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by dePES. The dry weight of fine particles «500 ~) in this fraction was

determined by filtering a representative subsample, then drying the retained

solids at 100°C and weighing.

B. Results

Physical characteristics of the sediment samples are listed in

Table 3. The dry weight of fine particles increases with successive

additions of drilling fluid to the test tank. The fourth addition, sampled

on Day 11, increased the loading of fine particles by twice that of each

prior introduction of fluid. By the final day of the experiment, the

concentration of fine particles in the sediment samples had decreased

dramatically.

The results of trace metal determinations are presented in Tables 4

and 5. The concentrations are normalized to the weight of the sample

fraction consisting of fine particles and seawater - that is, the total

sample minus the coarse sediment.

In both leachates the control samples have significantly more of

the majority of the elements on Day 1 than they do by Day 11. If levels

in all tanks are higher at first, the sediments are gradually losing

leachable material. Perhaps the elements are being carried out of the

system in seawater. Mechanisms of adsorption to and settling with

particles would give an increase in acid-leachable metal concentrations

with time. This is not observed in the control. Another possible sink

of metals is adsorption to the tank walls.

In the sediments from the test tanks, the seawater-leachable metal

concentrations generally decrease from a starting level much higher than

that in the control through each of the successive drilling fluid intro­

ductions, then rise again on the last day of the experiment, about 66 h

C-3
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after the last addition of fluids to the tank. Only Al and Fe do not

start on Day 2 at higher concentrations than the Day 1 control.

Conversely, the concentrations of acid-leachable metals in the

test sediments increase with successive additions of drilling fluid. The

relatively high concentrations in Day 5 versus Day 8 may be an artifact

of the normalization method. There is an unusually small weight of sea­

water in the former and a large weight in the latter (Table 3).

It is possible that metals which are available to the seawater

leaching process at the beginning of the experiment are bound to the

sediment with time and with successive additions of organic and clay

adsorbents, so that more rigorous leaching conditions are necessary to

re1ease them.

IV. Test Drilling Fluid

A. Sample treatment and analyis

The drilling fluid used in the experiments at NMFS, Sandy Hook

Laboratory, is a used fluid from Galveston Island, Texas, supplied· by the

Petroleum Equipment Suppliers Association (PESA). Other laboratories have

also performed some work on this fluid. An analysis protocol for total Ba

in drilling fluids that includes a simple dissolution procedure has been

developed. This was performed on samples of the seawater-washed PESA

fluids supplied by Sandy Hook researchers. Subsequent work has shown

that the Ba concentrations obtained by this method are occasionally low,

and other methods are being examined. The concentrations of Fe and Cr

released by the procedure outlined below appear to be reproducible,

although the fraction of these elements in the lithogenous phase of the

fluid is not released.

C-4
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Triplicate subsamples of drilling fluid (~0.5 ml) were treated with

10 ml of 30% hydrogen peroxide, H202, to oxidize organic material. After

2 h, each sample was diluted to l-liter with 3% HCl in deionized water,

and then shaken for three days. Monitoring of metal concentrationS over

a period of a week has shown that values rise rapidly in the first two

days, then stabilize at a maximum. The large ratio of extractant to

sample was designed to prevent limitation of dissolved Ba concentrations

by the insolubility of BaS04. However, low Ba results do occur occasionally.

B. Resul ts

The Ba measurements obtained by our best measurements to date

are not reliable. However, neutron activation analysis of the PESA

fluids gives a Ba concentration of 27-28% in the dry whole fluid (Robert

Shokes, personal communication). The concentrations of Cr and Fe obtained

from the whole and washed samples of PESA drilling fluid by dcPES measure­

ment of the 3% HCl leachates are summarized in Table 6. Roughly two-thirds

of the Cr and Fe found in the whole drill i ng fl uids has been removed by the

process of washing the fluids through 20 mof seawater.

C-5
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Table l. Detection limits for four trace
metals in seawater samples.

Cd Cu Hg Ni Zn

ppm

0.03 0.01 0.05 0.01 0.02

C-6
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Table 2. Concentrations of five elements in seawater samples from the top and bottom of two tanks (ppm).

Sample A1 Ba Cr Fe Mn

- <0.02 <0.02 <0.008 0.08 0.09Control Day 1 T x
sd 0.02 0.01

(Tank U) -
0.083B x <0.02 <0.02 <0;008 0.04

sd 0.02 0.009

-
<0.02 <0.02 <0.008 0.11 0.081Day 11 T x

sd 0.02 0.008

- <0.01 <0.02 <0.008 0.13 0.08B x
sd 0.02 0.01

Test: 1 hr after mud introduction
-Day 1 T x 2.71 7.9 0.095 2.3 0.15(Tank #4) sd 0.04 0.3 0.009 0.1 0.01
-B x 2.56 7.4 0.092 2.15 0.15
sd 0.03 0.2 0.010 0.05 0.01
-Day 4 T x 1. 78 5.8 0.080 1. 69 0.12
sd 0.02 0.2 0.009 0.08 0.01
-B x 1. 70 5.6 0.074 1. 56 0.12
sd 0.03 0.3 0.009 0.03 0.01
-Day 7 T x 2.01 5.3 0.075 1. 74 0.11
sd 0.04 0.2 0.009 0.05 0.01
-B x 1. 43 3.3 0.071 1. 47 0.11
sd 0.05 0.1 0.009 0.05 0.11

n,
"
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Table 2. (continued)

Sample Al Ba Cr Fe Mn

Day 10 - 2.5 7.0 0.079 2.0 0.12T x
sd 0.1 0.3 0.009 0.2 0.01
- 1.60 3. 3 0.078 1. 51 0.12B x
sd 0.09 0.3 0.009 0.07. 0.01

18 hr after mud introduction

Day 2 - <0.02 0.06 <0.009 0.08 0.102T x
sd 0.02 0.02 0.009
- <0.08 0.09 <0.008 0.09 0.10B x
sd 0.02 0.02 0.01

Day 5 - <0.02 0.24 <0.008 0.12 0.08T x
sd 0.02 0.02 0.01
- <0.05 0.18 0.17B x <0.008 0.082
sd 0.02 0.02 0.009
- <0.05 0.10 <0.008 0.08 0.09Day 8 T x
sd 0.02 0.02 0.02

- <0.02 0.11 <0.008 0.08B x 0.13
sd 0.02 0.02. 0.01

Day 11 -
<0.02 0.12 0.16T x <0.009 0'.073

sd 0.02 0.02 0.009

B - <0.04 0.12 <0.008 .' 0,13x 0.07
sd 0.02 0.02 0.01

n
I

00

..
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Table 2. (continued)

-

Sample
I

Al
I

Ba I Cr
I

Fe I Mn

1 hr prior to mud introduction

Day 4 -

I <0.03 0.04 <0.008 0.14 0.064T x
sd 0.02 0.02 0.009

B x <0.04 0.04 <0.009 0.10 0.079
sd 0.02 0.02 0.008

- 0.51 0.09 <0.008Day 7 T x 0.10 0.079
sd 0.09 0.02 0.02 0.008

- <0.02B x 0.06 <0.008 0.08 0.08
sd 0.02 0.02 0.01

- <0.02 0.05Day 10 T x <0.008 0.11 0.078
sd 0.02 0.02 0.008

- <0.02 0.08B x <0.008 0.11 0.07
sd 0.02 0.02 0.01

Final sample Day 13 - <0.02 0.06T x <O.OOB 0.16 O.OBI
sd 0.02 0.02 0.008

- <0.02B x 0.05 <O.OOB 0.22 O.OB
sd 0.02 0.02 0.01

".

",
<D
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Table 3. Physical characteristics of the sediment test medium samples from Tanks 1 and 5, drilling fluid
Experiment 3.

\qeight of
Wet Weight Dry Weight Water and Dry Weight % Fine

Day of Total of Coarse % Coarse Fine Particles of Fine Particles
Sample Sampled I Sample (g) I Sand (g)

I
in Total I in Sample (g) I Particles (g) I in Total

Control
Tank 1 1 170.9 124.3 72.7 46.6 0.03

11 180.1 128.4 71. 3 51. 7 0.05

Test
Tank 5 2 252.8 174.9 69.2 77.9 7.77 3'.1

5 250.1 188.0 75.2 62.1 15.17 6.1

8 229.6 110.8 48.3 118.8 23.84 10.0

11 249.1 181. 2 72.7 67.9 42.77 17.2

13 I 127.3 82.3 64.7 45.0 6.35 5.0

n
I
~

o
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Table 4. Concentration of trace elements leached from the fine particle/seawater fraction
of sediment samples by seawater (~g/g of fraction).

Day
Sample Sampled Al Ba Cr Cu Fe Mn Ni Zn

Control Tank 1:
1 - 81 0.17 0.36K 0.07 231 1. 98 0.09 0.28

sd 4 0.05 0.06 8 0.09 0.09
11 - 0.2x 0.06 0.06 0.07 0.10 0.07 0.09 0.08

sd 0.04

Test Tank 5:
2 - 47 0.72 2.16x 4.15 73 59.8 0.34 6.0

sd 1 0.04 0.04 0.07 2 1.0 0.01 0.1

5 - 4.6 0.158 0.26x 0.06 0.22 56.1 0.39 4.8
sd 0.1 0.009 0.01 0.01 0.06 0.7 0.02 0.1

8 - 2.66 0.48x 0.183 0.031 0.41 32.2 0.18 1. 09
sd 0.07 0.05 0.007 0.006 0.10 0.5 0.01 0.03

11 - 0.5 0.56x 0.03 0.03 0.3 3.35 0.10 0.70
sd 0.1 0.04 0.01 0.01 0.1 0.05 0.03 0.02

13 - 0:15x 3.2 0.300 0.28 0.1 3.29 0.08 1. 90
sd 0.2 0.010 0.02 0.02 0.05 0.04 0.04

~

"

n
I
~

~
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Table 5. Concentration of trace elements leached from the fine particle/seawater fraction
of sediment samples by 25% acetic acid in seawater (Ilg/g of fraction).

Day
Sample Sampled Al Ba Cr Cu Fe Mn Ni Zn

Control Tank 1: - 0.15 0.34 0.20 2011 x 67.3 1.71 0.14 0.46
sd 0.5 0.05 0.01 0.02 1 0.07 0.04 0.03

11 - 1. 40 0.10 0.03 0.08 93.3 1.11 0.03x 0.31
sd 0.06 0.05 0.02 1.0 0.09 0.04

---
Test Tank 5:

2 - 45 0.03 3.34 4.11 122 53.8 0.33x 5.06
sd 3 0.01 0.05 0.04 2 0.5 0.01 0.08

5 - 56 0.12 8.4 ·6.24 219 86.7 0.53 9.9x
sd 4 0.02 0.1 0.03 4 0.4 0.02 0.1

8 - 38 0.22 7.50 4.87 177 62.0 0.421 7.17x
sd 3 0.02 0.07 0.03 3 0.4 0.010 0.07

11 -
54 0.57 13.8 13.13 375x 111.3 0.80 15.4

sd 4 0.04 0.1 0.07 7 0.8 0.02 0.2

13 - 24 0.09 5.2 4.53 140 34.4 0.32 4.3x
sd 2 0.03 0.1 0.08 4 0.7 0.03 0.1

n,
~

N
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Table 6. comparison of seawater washed and whole used drilling fluids from Galveston Island.

Solids Content in Concentrations released by H20
2

/HCl dissolution
Whole ~rilling Fluids

Sample
" - (g/ml) (mg/g dry sOlids)

Cr Fe

0.76 - 0.60Unwashed x 1.2

sd 0.03 1

0.14 - 0.17Washed x 4.1

sd 0.03 0.4

n,
w
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Drilling fluids source information
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CO 427

8 October 1981

Dr. Bar! 011a , Chief
Behavior Investigations
NOAA/NMFS
Northeast Fisheries Center
.Sandy Hook Laboratory
Highlands, NJ 07732

Dear Bori:

As requested, I have compiled information op the_Galveston ·County well
which was the source of one of the drilling fluids tested in your·program.
This information is in addition to previously: supplied ·cinformatiort· on the
well location (State Tract 122 A-I, Townsite ../13, Galveston C()unty,..Tj{.), .the
daily mud report for the day sampled, and the sample documentation sheets. I
must apologize for the delay in obtaining·thi~da~a; however, lam grea~y.
understaffed for our current activities. .. , .

As I indicated earlier, the mud used 'in thiS wen wa~·';:. very typic"l
lignosulfonate mud. The well was located in ·the wetlands ·oLGa:!;veston Island
within a few meters of Galveston Bay (s~e' photograph)', h()wev~r.,-:it . could
have just as easily been in the water. Other wells ~or ihe development of.
that field have been over the water. In reviewing-tQe program, I-do dot note
any products which would be banned nor changed had'.t'be job been' ofia .marine·
nature. A small amount of sodium chromate was used (1 sack) and' this might
would be deleted if the operation had been in a.more closely regulated at.ea
(e.g., Flower Gardens or Georges Bank). Otherwise, the products are the same
and in the same relative proportions as one might find o~ any offshore coast.
The drilling operation proceeded as normal and 811 equipment ·us~d was standard.

I have compiled the total amount of products used up to the day of
sampling, 20 January 1981 (note: drilling continued until 8 March 1981) in
Table 1. Our trade name as well as a brief·generic description is listed for
each product added. The source of this data is the dail~mud report completed
each day by the mud engineer. I have attached these' a~so for y'our reference
(Appendix A) and have compiled daily product usage by day in T"ble 2. For
each product, I have calculated total weight (pounds) and relative percentag~

(%) of the total fluid additive weight. Because several engineers worked
this job, errors were made on the daily mud sheets in calculating' total products.
added. I have corrected these in my compilations in order.togive.an accurate

IMCO Services
OA Hallibunon Company 2400 West loop South • P.O. Box 22605 • Houston, Texas 77027 • 7131671-4800 • Telex: 762433 • IMCOSEAV
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Dr. Bori Olla
8 October 1981
Page 2

accounting of product usage.
numbers was correct, I tried
are in brackets on Table 2.

Whenever a decision was necessary as to which
to estimate on the conservative side. Corrections

(

l

l

For the purposes of any publication which may result from your work, I
request that trade names not be used but rather the generic descriptions.- I
have purposefully deleted all references on the mud reports and associated
data with regards to the operator's identity and would likewise request the
Same with regards to our corporate name. Insomuch as this investigation is
directed towards an understanding of drilling fluids in general, I do not
see any reason for identifying any particular company. You may, of course,
cite my name and affiliation in personal communication as a data source.

The depth of the well at the time of sampling (9,556 ft) represents
approximately 75% of the total depth (12,702 depth) even though only 42% of
the total operations time had passed (35 days of total 83 days). The depth
represents an approximate average depth of wells for the domestic United
States (10,000 ft) and is quite close to the mean depth (10,591 ft.) of wells
reviewed by Gary Petrazzuolo 1 for the EPA. For the sake of comparisons, I
have contrasted the Galveston County well to his findings on the composition
of the mud.

TOTAL MUD ADDITIVES

From a review of five wells in the average depth range (9,800-11,085 ft),
Petrazzuolo found that the total amount of mud additives ranged from 300-850
tons per well with a mean of 662 tons. The Galveston County well, at the
time of sampling, had used 324 tons. While this is within the range of 300­
850, it is below the mean; however, the depth is also slightly below the
depth range from which he drew his data. Galveston County well was plotted
over Figure 3-1 and it is in line with the other data points.

TOTAL BARITE

For the same five wells, Petrazzuolo noted a range of 240-730 tons per
well with a mean of 539 tons. The Galveston County well used 289 tons and is
within the range. Again, the amount falls below the mean because the depth
is just slightly below the depth range. Barite usage, while directly correlated

1 Petrazzuolo, G., 1981. An environmental assessment of drilling fluids and
cuttings released onto the Outer Continental Shelf. Report to Industrial
Permits Branch and Ocean Programs Branch, U.S. Environmental Protection
Agency. 2 volumes. Various pagination. DRAFT.
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with depth, is more importantly a function of downhole pressures. One could
have identical depths with different barite percentages due to differential
formation pressures. Figure 3-2 is attached.

TOTAL LIGNOSULFONATE

Petrazzuolo (1981:3-8) noted that the relative percentage of lignosulfonate
exhibited greater variability than either total fluid additives or barite
usages. Nevertheless, the Galveston County well lignosulfonate usage of 8.15
tons is within the range of 6.3-29 tons per well with a mean of 17.2 tons.
The lignosulfonate used on this well, IMCO RD-111, is our most widely used
1ignosulfonate. Figure 3-3 has been attached with the Galveston County data
plotted on the graph.

TOTAL BENTONITE

Total bentonite clay used in the Galveston County well (9.0 tons) is
below the range given for the 5 wells Petrazzuo10 included in the medium
depth range (31-117 tons per well with a mean value of 55 tons). However, he
noted that his mean is skewed by one data point and that clay usage is the
most different product to characterize. He explains, and rightly so, that
the variability is a result of downhole conditions, namely the viscosifying
action of formation clays. Along the Texas Gulf Coast, we have an abundance
of fine colloidal clays called "gumbo" in our substrate due to the depositional
nature of the Gulf Coast.

Perry and Hower2 extensively studied the composition of shales obtained
from wells drilled in the Galveston area at depths from 3,364 to 17,000 feet.
They found smectite-illite mixed layers clays predominant at shallow depths
with kaolinite clay predominant as depth increases.

OTHER BASIC DRILLING FLUID COMPONENTS

Other basic drilling fluid components discussed by Petrazzuolo (1981:3-11)
include lignite, cellulosic polymers, caustic soda, and carbonate/bicarbonate.
The Galveston County well had three of these four components. Lignite (IMCO LIG)
usage at 9.5 tons fell within his range (2.5-23.7) and was very close to his
means of 11.5 tons per well. Caustic usage at Galveston (3.9 tons) is below
his range (6.4-39.3 tons) but was adequate to maintain the desired 10-11 pH.
Soda ash (carbonate) usage is within the range of 0.-1.5 tons.

2 Perry, E. and J. Hower, 1970. Burial diagenesis in Gulf Coast sediments.
Clays and Clay Minerals 18:165-177.
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SPECIAL ADDITIVES

Petrazzuolo noted that the number and amounts of special additives used
are highly well specific due to variable downhole conditions. He noted that
sodium acid pyrophosphate, alumminum stearate, and gound nut shells are used
frequently. All three were in the Galveston County mud program. Overall,
the total special additives category constituted 1.81% of the total mud
additive weight. This agrees with Petrazzuolo's finding that .....generally,
special additives represent only a small fraction of total additives usage
(less than 16% but generally less than 4%) ...... The special additives are
composed of the following: LMCO MD (0.19%), LMCO SAPP (0.45%), LMCO PLUG
(0.31%), Soltex (0.81%), Aluminum stearate (0.03%), and sodium chromate
(0.02%). Table 3-10 is attached for reference.

Bori, I believe this information should be adequate to characterize the
mud which you tested and to demonstrate that it was a typical mud such as is
being discharged on the OCS around the country. If I can supply any additional
information, please do not hesitate to call (713/671-3684). I would appreciate
a copy of any reports or papers. By the way, thanks for your report on
Callinectes. Best regards.

Sincerely yours,
IMCO Services

~~~ Supervisor
Environmental Affairs and Regualtions

MJ/jye

Attachments

cc: Doyle Waller, LMCO
Roger Bleier, LMCO
James H. Baker, LMCO
Mike Hulse, LMCO
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Table 1. Product composition of mud at time of sampling (20 January 1981) for ST 122 A-I,
Townsite #3, Galveston County, TX.

Product Name Generic Description Unit Units Used Total Weight % Total

IMCO BAR barite 100 5780 578,000 89.08

IMCO GEL bentonite clay 100 180 18,000 2.77

IMCO RD-ll1 chrome lignosulfonate 50 326 16,300 2.51

IMCO LIG ligni te 50 340 17,000 2.62

IMCO MD detergent 5 gal/42 lbs 30 1,260 0.19

IMCO SAPP sodium acid 100 29 2,900 0.45
pyrophosphate

IMCO PLUG pecan shells 50 40 2,000 0.31

Soltex asphaltic compound 50 105 5,250 0.81

Aluminum aluminum stearate 25 9 225 0.03
stearate

Soda ash sodium carbonate 100 1 100 0.02

Sodium chromate sodium chromate 100 1 100 0.02

Caustic soda sodium hydroxide 50 155 7,750 1.19

~~ 648,885 100.00
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Tahir 2. Hnlly produet UfUlga tor BT 122 A-I, Townsite #3, Galveston, TIC.,
REPORT UflTF. IMeO BAR. IMCO GF.L RD-111 IMCO 1,]0 CAUSTIC Mo 9APP SOLTEX MISC.

NO, --
I 12/16/RO NO DATA RECORIlF.1)

2 12/10/80 840n/2S fl4 5 7

3 12/20/80 (7) 2 1 7

4 12/21/80 21 7 II •
5 12/22/80 16S 24 8 3

6 12/23/80 6 3 Plug 20

7 12/24/80 NO REPORT (8J [18J [7J (41
8 12/25/80 [20SJ CO] 12 24 10 4 Al Shmrate
0 12/26/80 32S 14 [4J [12J [iJ 8 Soda Aeh 1

III 12/27/80 15 12 2. 4

II 12/26/80 20 10 20 5

12 12/29/80 20S 5 II Plug 20

" .12/30/80 4998/408 8 12 5

I' 12/31/80 13 20 • •
15 1/ 1/81 lOS 27 10 5 8 69

I" 1/ 2/81 10 '0 3

17 1/ 3/81 18 6 8

IA 1/ it/81 408O/10S 8 17 10 4 1 2 Al Stenrate 2

10 1/ 5/8 I 449B 10 III 5

20 1/ 0/81 lOS 10 13 9 5

21 1/ 7/81 20S 10 10 5 5

22 1/ 8/81 20S to 20 II 1 9

23 \/ O/Al 21 11 9 1

24 1/10/81 4210/308 58 8

2. \/11/81 8 11 2

2A 1/12/81 495n 5 12 [20J 3 Al stellute

27 1/13/81 NO TR8ATM8NT

28 \/14/81 8000/aOs 17 2 10 HRer 1
Al SleArAle 2

2. 1/18/81 NO TREATMENT NKEmm

30 1/17/81 NO TRF.ATMENT N8F.IJF.O

31 1/18/81 208 10
.

5 8 7 AI 81eRrRl. [3]
32 1/10/81 9350 10 10 8

33 1/20/81 938n/158 5 10 25 5 5

TlYrAI8 54859 180 328 340 165 30 29 105 40 PIlig
295S B AI SlurR to

T -8780 1 Soda ARh
• BICO DAR 10 Uotod .. bolh hulk (II) ood oock (8) motorhl. 1 NOCr
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( :able 3-10. S?3::IALIY J..D!)ITIVE TJSAG::: (P~G"!.!'2 OF TOTAL DSAG:::)
Y:::RSUS DEPT::: OF WELL

Well ;)epth of 'IIell S .,' , ..., pec::.l"~-.y ,..0 G -;:

r
~sign.a~io:1 (:feet) U~e (:to Tota2.)

C 4851 O.g"{

I 5410 0.16
(

A 9s::D o·en
3 10,418 0.69

G 10,041 2.88

E: 11,035 1.03

J 13,525 3.37

L 15,CCO 1.94

K 16,320 0.10

D 19,472 15.7

(
(J} F 21 ,113 10·3

1-70r refere:lces to this table, refer to the appropriate well desig:lation a..'l:1 citatia."l i:­
T'able 3-6.

from Petrazzuo10, 1981
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Mud Gradient (psi/ftl j.9..t.,t.! D II COST -:'-.' 4""'. CUM.ULATf\l'1I: C~''!'- ._~ ....~..;.ii::.J'~.

OF """-1 tl ..,. r-.,~ .....""""1.. ;'i-' :..... ,<_",
;:Uri~iSCO.sIW fS,~"":':/~q~,l'cA~P~''.:'~t'-======':.':-.+-~--'-l~Z:' '
?las .'-ri' Iscosity cp at ·F I :~ B -I MUD PROPERTIES SPECIFICATIONS __,.:: '."

Yield POint ilbl100 SQ ftl _ j1/,., WEIG"J C. .. ~ '--1~_ISCO~T7 '. -~rTli~~J ,';1. ~·'ii:L'-.~::~'L
Get Strength Itb/100 ~~ hI 10 sec/10 mm ~~eLLI_L Il!IY AUTHORITY (J QPS:ltATOR'S WRITTCN 0 OIll'L.UNG'.COH!"ItACTOl't'

pH n Stop.0 M~e~ ~I',1.., QII_. l_+-__.-..:~~==;======Il!"="""=~·=A=T""=.=.=.=-=.=-='==.A=,"=",,==0='-=-",'=='=;",,;'=_.;=>=,=.==~~;,
FHtnte API ImIl30..:.m:,::,:::n:.1 ~ .. RECOMMENDED TOUR TREATMENT.' ,',' .,

AP~HT Filtrate (:nlJ30 min) ~___ .~.-t-~~~!!I,-=::::::::t==j~~~~~~:::" .. ".,'.,~"~';
Cake Thickness 3:2nd ill APt 0 HTHP 0 !"1 1 .._~__...ji,~Oo=-":''':M'':C'':O:'':B::'A'::R':'''''- -~--J~~__'-- ~-'4·.::-.:.....---f':-,.:::::.·~"!-

:::'A:::I,,=,;n:::i::;ty~.'::M::U~d'::(P:.:m:::'c. ..:..... ~i~S:~'L!"iI~i_~ --i----r......ji--=.=-::.'M_C.:..O.:....:G_E.::L___ () -

Alkalin;,y.F;ltr.te (Pt/MII s;7Jj1 'L -/ 0 IMCO BA'NEGEL • -r- ',~~;_, 0-
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c..:-•.:.::S'd:;:"~.,-__~~-~'::::':"'Ch-I-or-'·d-'--"=.!if>::~..--'- - r,~L"-,- '+-- o· IMCO RO-l11- -.- - ,'.;.'..',,' :0.-..>--,"';.'::'.--,-,:';';::::"::-'-~ ,-.-' - -{ ...-.,-...1 , ,', ~ ....I5r.: j';;;,!.:{:,~>~,- :~~;;:'f
-,«,um CJ ppm n G-VP-p·...:pb==:..~---tT~4......>Ulo~,--t-1---'--'--11~ :::o:....:::=-:..:::...:.:.:----;-'---~:...::..:."-- _~.---'-;:::"'::-'---"-";;:.;0.;"'".::c:..::=---- - - --f i . IMCO VC·l0 c:. . "' ·c.,;

Sand Content ,% bv VoU 1..... ( : . , ;! 0 "" ,.'
_~,_.~ .." f"-:-------t-·-~~·~i=--'-M-C-OTHIN -- S. -.:.t_:.. '.~_-.

---------------- --1 -.--=----j-- 10 ,MCOCAUSTICSOOA I' ,+,.i..'
0:0 Con'.nt ,% bV Vol) ., I - ------ -- .' - __-;'~---lL'~'-0-::....-'--.:...,."..::.it..;;·,.::·+,.

·IV.... Con'ent ('I' bv VoU J..~L ± 1,~_l_MCO~..!?_. _, "- .b4"/}~S;~;'
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1"&__ ',__~.:l!...j , '--L __D~ __ To{..__... _..,____ t:z~ 2·"~r
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