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ABSTRACT

This report presents concentrations of radionuclides, metals, and hydrocarbons in
samples of produced water and produced sand from oil and gas production platforms located
offshore Texas and Louisiana. Concentrations in produced water discharge plume/receiving
water, ambient seawater, sediment, interstitial water, and marine animal tissue samples
collected in the vicinity of discharging platforms and reference sites distant from discharges are
also reported and discussed. An environmental risk assessment is made on the basis of the
concentrations of metals and hydrocarbons determined in the samples.
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EXECUTIVE SUMMARY

Introduction

This study was completed as part of a U.S. Department of Energy sponsored project
entitled “Environmental and Economic Assessment of Discharges from Gulf of Mexico Region Oil
and Gas Operations” (Contract No. DE-AC22-92MT92001 ). The objective of this study was to
determine the concentrations of selected radionuclides, metals, and hydrocarbons in produced
water and produced sand discharges from Gulf of Mexico offshore platforms and to compare the
concentrations with those in samples of ambient seawater, sediment, interstitial water, and
marine animals collected in the vicinity of the discharges and from areas distant from the
discharges. These data are used in environmental and human health risk assessments. The
metal and hydrocarbon data are utilized in this report for an environmental risk assessment. The
radionuclide, metal, and hydrocarbon data are incorporated into environmental (radionuclide
data) and human health (radionuclide, metal, and hydrocarbon data) risk analyses being
performed by Brookhaven National Laboratory.

Study Sites

Eight oil and gas production platforms were selected for sampling. They were located on
the continental shelf offshore Texas and Louisiana in water depths of 6 to 122 m and had
produced water discharges ranging from 250 to 22,880 barrelslday. Six reference sites also
located on the continental shelf offshore Texas and Louisiana in water depths of 7 to 110 m and
distant from production related discharges were also selected for sampling.

Quality Assurance Program

This study was conducted under a Quality Assurance Program that encompassed ail
aspects of sample and data collection, processing, analysis, and management. The primaty
purpose of the program was to document the sample and data colletilon and analysis process,
provide statistically valid measures of uncertainty, maintain data integrity, and ensure that the QA
Program was operating as required.

Sampling Program

Produced water discharges from four of the eight platforms were sampled intensively
over a 3-day period and once per month over a 5-month period. The other four platforms were
sampled once. Produced sand, which is no longer discharged, was sampled at two of the eight
platforms. Produced sand samples were also collected from three additional platforms. One of
these produced sand samples was used in an evaluation of treatment equipment for removal of
hydrocarbons through washing technologies. Water samples were collected within the produced
water plumes following discharge, at stations located greater than 2,000 m from the discharge
points, and at four of the seven reference sites. Sediment and interstitial water, which was
squeezed from sediment samples, were sampled near four of the discharging platforms, at
stations located greater than 2,000 m from the discharge points, and at four of the reference
sites (sediment only). Biological tissue samples were collected at the eight discharging platforms
and two of the reference sites, plus an additional site where the sampled biological specimens
were believed not to be exposed to a near-bottom produced water discharge. Bivalve mollusks
were removed by divers and fishes were collected by hook-and-line, trap, and spearing.
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Shrimps, crabs, and fishes were also collected by trawl. The soft tissue of the mollusks; edible
flesh, carcasses, and whole specimens of crustaceans; and edible flesh (fillet), carcasses, and
whole specimens of fish were analyzed.

Produced Sand

Three of the five produced sand samples generally had higher radionuclide activities than
the reference site sediments. Concentrations of cadmium, copper, mercury, and zinc were
higher in two of the five produced sands than sediment samples from the reference sites. The
produced sands had varying levels of petroleum hydrocarbons. The produced sand that was
used in the evaluation of oil removal had 52% to 90% of the measured saturated and polycyclic
aromatic hydrocarbons (PAHs) removed by the treatment equipment.

Radionuclide Activities

Produced water radionuclide activities varied among platforms and sampling times. The
‘eRa and ‘8Ra activities (38 to 944 and 43 to 685 pCi/L, respectively) were within ranges
previously reported for offshore Gulf of Mexico produced waters with the exception of eight
samples (4?40of the total samples). The high values were believed to be caused by solid residue
(pipe scale) accidently entering the samples, which were unfiltered prior to analysis. Other mean
radionuclide activities (210Pb,5 to 17; 226Th,29 to 121; and 210Po,1 to 2 pCi/L) were much lower.
Produced water mean radionuclide activities rapidly decreased with distances from the
discharges, with **GRaand 210Pbactivities less than 1.0 pCi/L and ‘8Ra less than 4.0 pCi/L within
100 m of the discharge point. Ambient seawater mean 226Ra, ‘BRa, and 210Pbactivities were
less than 0.3, 3.2, and 0.5 pCi/L, respectively. There was little evidence of elevated radionuclide
activities in sediments and interstitial water in the vicinity of sampled platforms. Radionuclides
also do not appear to be accumulating ih the sampled tissues of organisms living in the vicinity of
the offshore produced water discharges.

Environmental Rkk Assessment for Metals and Aromatic Hydrocarbons

Metals in Produced Water and Ambient Seawater

Concentrations of 13 metals (arsenic, barium, cadmium, chromium, copper, iron, lead,
mercury, manganese, molybdenum, nickel, vanadium, and zinc) were determined in produced
water and ambient seawater (except chromium). All the target metals except copper, nickel, and
vanadium were detected in some of the samples. The metals with the greatest enrichment
(>10,000 times) in produced water from the four platforms compared to their concentrations in
ambient seawater were barium, iron, and manganese. These three metals are expected to
precipitate rapidly during mixing of the produced water plume with ambient seawater.
Precipitation of these metals as barium sulfate (barite) and microparticulate oxyhydroxides of iron
and manganese results in the co-precipitation or adsorption of most of the other metals in
produced water, lowering their concentrations in solution in ambient seawater. Five metals
(barium, copper, iron, mercury, and nickel) were present in ambient seawater at one or more
discharge sites at higher concentrations (approximately two-fold) than in seawater from the four
reference sites. In all but one case, the difference can be attributed to the influence of
freshwater (higher concentration of some metals than seawater) dilution of seawater. The
concentration of mercury in ambient seawater at the farthest offshore platform site was higher

xxxii



than in seawater from the reference sites. The source of the slightly elevated mercury was not
produced water. Therefore, high volume discharges of produced water did not result in an
increase in metal concentrations in ambient seawater at stations located 2,000 m from the
platforms.

Comparison of measured and predicted concentrations of the metals in ambient seawater
with chronic criterion values for protection of marine life indicates that none of the metals is likely
to be present in solution in ambient seawater at a concentration high enough to represent a
toxicological risk to marine animals.

Metals in Tissues

Several of the target metals analyzed in tissues (same metals analyzed in produced
water) were present in tissues of marine bivalves, crustaceans, and fish from the vicinity of the
produced water discharges and from one or more reference sites at concentrations that
approach or exceed tissue screening concentrations or are in the upper parl of the range of
reported tissue residues, where screening concentrations are not available. These values might
be toxic to marine animals. Arsenic was present in several species of marine animals from both
reference and discharge sites at high (exceeding 20 ~g/g dry weight) concentrations. However,
nearly all the arsenic in tissues of marine organisms is present in non-toxic organic forms,
particularly arsenobetaine. Barium was present in a few selected samples from the vicinity of the
produced water discharges at elevated concentrations. The barium probably was present in the
tissues as insoluble barite and is inert toxicologically.

Cadmium, chromium, copper, lead, mercury, and zinc concentrations in the sampled
species of marine animals are within the expected natural ranges for the different species.
Concentrations of essential micronutrients, such as copper, iron, manganese, and zinc in the
marine animals collected near the produced water discharges are below potentially toxic
concentrations.

There is little published information about the natural concentrations of molybdenum
vanadium (both essential micronutrients) in soil tissues of marine animals. Concentrations

and

measured in tissues of marine animals from the produced water discharge and reference sites
were similar and are within the range reported for marine animals from elsewhere in the world.
Tissue residues of these metals probably do not pose a risk to marine animals in the vicinity of
the platforms.

Aromatic Hydrocarbons in Produced Water and Ambient Seawater

Produced water from the four intensively sampled platforms contained an average of
1,754 to 5,183 Mg/L total monocyclic aromatic hydrocarbons. The monocyclic aromatic
hydrocarbons in the produced water are diluted rapidly in the ambient seawater following
discharge of the produced water. These compounds are diluted by 50- to more than 100-fold
within 5 m of the platforms. Dilutions in excess of 3,000-fold occur within 2,000 m of the
platforms.

Estimated concentrations of total monocyclic aromatic hydrocarbons in a 100-fold dilution
of produced water (the lowest dilution that might be encountered for an extended period of time
by biofouling organisms on submerged platform structures) are less than one-tenth of the
concentration that might be toxic to marine plants and animals. Therefore, monocyclic aromatic

...
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hydrocarbons in produced water do not represent a toxicological risk to marine animals near
offshore produced water discharges.

The four sampled produced water discharges contained means of 58 to 596 ~g/L total
PAHs. Concentrations of a suite of 41 PAHs and PAH congener groups were determined. The
most abundant PAHs in the produced water were the lower molecular weight naphthalenes,
fluorenes, and phenanthrenes. High molecular weight four-through six-ring PAHs were present
at trace concentrations (cO.1 Kg/L) or at concentrations below the method detection limits. The
concentrations of low mo~ecular weight PAHs in produced water were much higher than those in
ambient seawater.

Estimated concentrations of individual and total PAHs in a 100-fold dilution of produced
water with seawater are well below concentrations that are considered potentially toxic to marine
animals at three of the four platforms. At the fourth platform, the PAHs could be present in the
100-fold dilution at a potentially toxic concentration if all the PAHs were in solution. However,
much of the predicted toxicity in this produced water is attributed to high molecular weight PAHs
that probably were present in the produced water in oil droplets or adsorbed to particles. These
forms of PAHs are less toxic than dissolved PAHs. Therefore, there is only a slight risk that
marine organisms living in the immediate vicinity of the produced water discharges might be
exposed to a harmful concentration of PAHs.

Metals in Sediments

Several of the metals analyzed in sediments (same metals analyzed in produced water
plus aluminum and calcium) were present near the four produced water discharges and in some
sediments from reference sites at concentrations higher than expected for clean offshore marine
sediments. Arsenic, lead, mercury, nickel, and zinc concentrations near one or more of the
discharges approached concentrations in sediments that could be toxic to some species of
benthic marine animals. However, only lead and zinc were enriched in produced water
compared to sea water and their elevated sediment concentrations are unlikely to be solely due
to produced water. Also, most of these metals in the sediments probably are complexed with
sulfides or sediment organic matter and are not bioavailable or toxic.

Aromatic Hydrocarbons in Sediments

PAHs were also observed in the sampled sediments near the four produced water
discharges. Mean total PAH concentrations in sediments 60 m or closer to the four discharges
ranged from 0.32 to 1.37 Mg/g dry weight. Mean total PAH concentrations in sediments 2,000 m
from the four produced water discharges and at the four reference sites were all less than
0.30 Wg/g. Impacts of produced water discharges on benthic marine ecosystems, when they
occur, usually are attributed to accumulation of hydrocarbons in sediments near the platform or
to anoxia caused by biodegradation of hydrocarbons in the sediments. In this study, insufficient
concentrations of PAHs have accumulated in the sediments around three of the four platforms to
represent a toxicological risk to benthic marine organisms. In the fourth case, the concentrations
of low molecular weight PAHs could be marginally toxic to sensitive marine organisms in
sediments within about 20 m of the discharge.
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Aromatic Hydrocarbons in Tissues

Marine invertebrates and fish collected near the four platform discharges contain
concentrations of total PAHs in their soft or edible tissues ranging from less than 0.0001 to 11.68
~g/g dry weight. Most concentrations are below 1.0 ~g/g. The most abundant PAHs in the soft
tissues of marine animals collected near offshore produced water discharges were
alkylnaphthalenes. These concentrations are well below tissue residues of individual and total
PAHs that are associated with toxic effects in marine animals. Therefore, the health risk of
measured tissue residues of PAHs in marine animals collected from the immediate vicinity of
offshore produced water discharges is low.

Summary

Because of the rapid dilution of produced water from offshore platforms when it is
discharged to the ocean, metals and aromatic hydrocarbons in the produced water do not pose a
significant toxicological risk to marine animals in the immediate vicinity of the platforms. The
most likely location where adverse effects might occur is in sediments within less than 100 m of
the produced water discharge, particularly if water depth at the platform is shallow and discharge
volume is high.



CHAPTER 1- INTRODUCTION

DavidGettleson and Brian Balcom
Continental Shelf Associates, Inc.
Jupiter, Florjdaand ksaquah,Washington

1.1 BACKGROUND

Offshore hydrocarbon resource production operations result in the recovery of oil
and/or natural gas as well as various by-products. By-products may include produced water and
produced sand, both of which are obtained from the formation as part of the oil and/or gas
production stream. Produced water and sand may contain varying concentrations of
radionuclides, metals, and hydrocarbons. In addition, the volumes of produced water and sand
vary greatly depending on the hydrocarbon reservoir and production operations.

The processing and reduction or removal of specific constituents is typically needed
to meet U.S. Environmental Protection Agency (EPA) National Pollutant Discharge Elimination
System (NPDES) effluent limitations before these by-products can be discharged on site.
Produced sand was no longer allowed to be discharged after 3 January 1994 as this was the
effective date of the revised EPA Region VI NPDES General Permit. ICF Resources, Inc.
(Continental Shelf Associates, Inc., 1996a) discusses discharge requirements for produced
water.

1.2 OBJECTIVES OF THE PROJECT

This study (task) was completed as part of a U.S. Department of Energy
(DOE)-sponsored project entitled “Environmental and Economic Assessment of Discharges from
Gulf of Mexico Region Oil and Gas Operations.” A primary objective of the project was to
increase the scientific knowledge of the environmental fate and effects of constituents found in
produced water. This study in offshore Gulf of Mexico waters and a second study conducted
under this project of terminated produced water discharge sites in coastal Louisiana (Continental
Shelf Associates, Inc., 1997) address this objective. A third study by Steimle & Associates, Inc.
was implemented to detail the catch, consumption and human use patterns of seafood collected
from coastal and offshore waters of the Gulf of Mexico (Continental Shelf Associates, Inc.,
1996b). The data from these three studies were provided as input into an environmental risk
assessment and a human health risk analysis. A second objective of this project was to evaluate
and assess (i.e., predict) the economic impacts of proposed regulations on offshore oil and gas
producers in the Gulf of Mexico region. This objetilve was addressed in a report by ICF
Resources, Inc. (Continental Shelf Associates, Inc., 1996a).

1.3 OBJECTIVES OF THE STUDY

The overall objective of this study was to determine concentrations of radionuclides,
metals, and hydrocarbons in water, sediment, and biota collected in close proximity to oil and gas
production operations in the offshore Gulf of Mexico. Further, ambient levels of these elements
and compounds were also to be determined in reference areas that were distant from produced
water discharges. Produced water, produced sand, produced water discharges/receiving water,
ambient seawater, sediment, interstitial water, and biological tissue (i.e., biofouling, benthic soft
substrate, and midwater fish assemblages) samples were to be collected and analyzed.
Measurements of select physical oceanographic parameters (i.e., hydrography and currents) at
representative sampling sites were also to be conducted. These data were to be used in an
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environmental risk assessment for metals and hydrocarbons, which is part of this report.
Brookhaven National Laboratory (BNL) was to use the radionuciide data for an environmental risk
assessment of radionuclides and the radionuclide, metal, and hydrocarbon data for a human
health risk assessment (Meinhold and Holtzman, 1996).
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the U.S. Department of Energy, Bartlesville, Oklahoma.
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Department of Energy, Bartlesville, Oklahoma.
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Oklahoma.
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CHAPTER 2- STUDY DESIGN AND OVERVIEW

Alan Hart, Bruce Graham, and Luis Lagera, Jr. (Section 2.4)

Continental Shelf Associates, Inc.

Jupiter, Florida

2.1 STUDY COMPONENTS

This study was divided into three components. The purpose of Component 1 was to
sample platform sites that were representative of produced water discharging sites with much
higher than average loadings for radionuclides. These sites were to be sampled more intensely
than the sites for the other two components. The purpose of Component 2 was to sample sites
representative of ambient seawater and sediment conditions in the western and central Gulf of
Mexico; extensive efforts were to be made to insure that Component 2 sites were as unaffected
by oil and gas activities as practical. The purpose of Component 3 was to sample sites that had
produced water radionuclides ioadings that were less than the higher than average cases
sampled for Component 1, including sites where no produced water discharges had ever
occurred.

The three components were as follows:

■ Component 1

Sampling was to involve collecthg produced water, produced sand, discharge
plume/receiving water, ambient seawater, sediments, and biological tissues
for determination of concentrations of radionuclides, metals, and hydrocarbons
and hydrographic and current data at four oil and gas platform sites located on
the Texas/Louisiana continental shelf. In addition, produced water samples
were to be mllected monthly over a 6-month period to investigate temporal
variability of produced water composition at the four Component 1 sites.

■ Component 2

The purpose of Component 2sampling was to provide reference data for
radionuclides, metals, and hydrocarbons at four sites far removed from oil and
gas activities. Sampling was to consist of collecting ambient seawater and
sediment samples.

■ Component 3

Sampling was to be conducted at four produced waterdischarging platform
sites, which had radionuciides loadings less than the Component 1 platform
sites, and consist of collecting produced water and tissue samples.
Radionuclide concentrations were to be determined in the produced water
samples and radionuclides, metals, and hydrocarbons in the tissue samples.
In addition, sampling was to be conducted at two platform sites where
produced water discharges had never occurred; sampling at these sites was
to consist of collecting ambient seawater and tissue samples. Radionuciide
concentrations were to be determined in the ambient seawater samples and
radionuclides, metals, and hydrocarbons in the tissue samples.
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The scope of the sampling and analysis effort was based on guidance and comments
received from DOE representatives and a 24-member Scientific Review Committee (SRC). The
members included representatives from the States of Louisiana and Texas (State of Louisiana
Department of Environmental Quality, State of Texas Railroad Commission, and State of Texas
Water Commission); U.S. government agencies (EPA, Fish and Wildlife Service, Minerals
Management Service [MMS], and National Oceanic and Atmospheric Administration [NOAA]),
Brookhaven National Laboratory, and oil industry groups (American Petroleum Institute, Gas
Research Institute, Louisiana Association of Independent Producers and Royalty Owners,
Louisiana Mid-Continent Oil and Gas Association, Texas Mid-Continental Oil and Gas
Association, and Offshore Operators Committee [OOC]).

2.2 SELECTION OF SITES

The basis for the selection of Components 1 and 3 sites was the level of
radionuciides loadings in the produced water discharges. Component 1 sites were selected to
be representative of platforms that had much greater than average radionuclides loadings
(radionuclide concentrations x discharge volumes); and Component 3 sites were selected to
represent platforms with radionuclides loadings ranging from zero to the loadings at Component
1 sites. Initialiy, potential candidate production platform sites were compiled from data sources
received from the EPA and the OOC. Discharge Monitoring Repotis (DMRs) for 1991 were
received from EPA and tabulated to ascertain the upper quantile for discharge rates (Figure 2.1).
This tabulation indicated that platforms discharging more than 4,000 bbl/d were in the upper
quantile (i.e., platforms with produced water discharge volumes that were more than 75% of
those reported for ail the discharging platforms). It was recognized that this estimated volume for
the 75th percentile is approximate because as many as 10’?kOof the discharge volumes appear to
have been misreported based on the nuniber of platforms reported to have discharges exceeding
100,000 bbl/d.

A list of platforms where the 00C had measured ‘GRa and ‘GRa in produced water
samples was examined to determine potential Components 1 and 3 sites. Other potential sites
were identified by examining the EPA DMR database and conducting discussions with platform
operators in the Gulf of Mexico. If radionuclide data were not available, then produced water
samples were obtained from the platforms and analyzed for ‘GRa and ‘*Ra. The platform
operators were contacted and their willingness to participate in the study was determined;
operators were asked to document monthly average discharge volumes. Based on the radium
loading data and the operator responses, the study sites were selected. Three Component 1
sites were located offshore Louisiana in the South Marsh Island (SMI) and Vermilion (VR) lease
block areas (SMI 130B; SMI 236A VR 214A); and a fourth Component 1 site was located
offshore Texas in the High Island (Hi) lease block area (H1A-595CF). Platforms discharging
produced water that were selected for Component 3 sites were Eugene Island (El) 31 3A, HI A-
382F, HI A-323A, and Matagorda Island (Ml) 703A. Component 3 sites where produced water
discharges had never occurred were SMI 229C and an offshore shallow-water bank (VR
298/305, Sonnier Bank). Loadings of ‘GRa and 2GRa at the produced water-discharging
platforms selected for Components 1 and 3 are shown in Figure 2.2.

2-2



200

100

0

50

40

30

20

10

0

-1

0 25000 50000 75000 100000

Discharge Volume (bbl/d)

o 25000 50000 75000 100000

DischargeVolume (bbl/d)

/

i 1
I I I I

o 25000 50000 75000 100000

DischargeVolume (bbUd)
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monitoringreportsfiled by platformoperatorswith EPA.
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Component 2 sites were selected to be representative of ambient conditions in the
central and western Gulf of Mexico. The original objective of Component 2 site selection was to
identify potential sites that were located at least 15 km from any existing oil and gas structures
discharging produced water. This was not possible in all cases and sites at least 10 km from
discharging platforms were considered. Potential Component 2 sites were initially identified by
examining recent navigational charts with existing oil and gas structures plotted. After a potential
site was identified, MMS Public Records was contacted to obtain information pertaining to
previous and existing oil and gas activities in the lease block where the potential site was located
and in surrounding lease blocks. It was important that the site was distant from existing
produced water discharges and also distant from previous drilling activities where drilling mud
discharges could have altered the chemical composition of the sediments. A final evaluation of
Component 2 sites was conducted on location using shipboard radar to verify the absence of oil
and gas structures within the prescribed radius of the site (1O km). The Component 2 sites were
in Galveston (GA) A-205, GA A-90, SMI 186/195, and West Cameron (WC) 448.

The geographic locations of the sites are presented in Figure 2.3. Table 2.1 lists the
latitudes/longitudes, water depths, produced water discharge rates (Components 1 and 3), and
type of hydrocarbon production for the sites.

2.3 SAMPLING DESIGN

Table 2.2 presents a summary of data and samples that were designated for
collection at each of the 14 sites. Produced water, produced sand, produced water discharge
plume/receiving water, ambient seawater, sediment, interstitial water, and biological tissue
samples were to be collected. Table 2.2 lists the analyses that were to be performed on each
sample type for each site. Radionuclides analytes were to include isotopes of radium (ZeRa and
‘8Ra), lead (210Pb),polonium (210Po),an-dthorium (=Th). Metals to be measured in the various
sample matrices included arsenic, barium, cadmium, chromium, copper, iron, lead, manganese,
mercury, molybdenum, nickel, vanadium, and zinc. Sediments (surficial and produced sand)
were also to be analyzed for concentrations of aluminum and calcium. Hydrocarbon anaiytes
included the volatile aromatic hydrocarbons (VAHS), saturated hydrocarbons (SHCS), and
polycyclic aromatic hydrocarbons (PAHs) listed in Table 2.3.

2.3.1 Component 1

Produced water samples were to be collected at each of the Component 1 sites and
analyzed for radionuclides, metals, hydrocarbons (VAHS, SHCS, and PAHs), and total organic
carbon (TOC). Rhodamine WT dye was to be injected into the produced water discharge so that
the discharge plume could be visually and flourometrically detected. Samples for radionuclides
and VAHS were then to be collected to determine the dilution rate of the analytes within the
plume. Ambient seawater samples were also designated for collection to determine background
levels of radionuclides, metals, VAHS, PAHs, and TOC.

Produced sand was to be collected at each site for analysis of radionuclides, metals,
SHCS, PAHs, and grain size.
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Table 2.1. Lease area and block designations, latitudes and longitudes, water de~ths, and
produced water discharge ~ates of the selected sites.- “

Produced

Lease Area Latitude/
Water Water

Component Depth Discharge
Type of

and Block Longitude
(m) Rate

Hydrocarbon

(bbilday)

Component 1 HI A-595CF 27°52’05” 122 5,269 Oil/Gas
93°59’30”

SMI 130B 28°17’53” 65 22,880 Oil/Gas
92°00’43”

SMI 236A 29°20’05”
92°0044

6 14,800 Oil/Gas

VR 214A 28°41’50 39 8,500 Oil/Gas
92°15’45”

Component 2 GA A-90 28°20’24” 39 NA
94°5900

GA A-205 28°00’05” 66 NA
95°14’18

SMI 186/195 27°5908 110 NA
92°02’53

WC 448 28°36’17” 36 NA
93°24’58

Component 3 El 313A 28°15’27” 72 883 Oil/Gas
91046’04”

HI A-323A 28°10’03” 72 621 Gas/Oil
93°46’04”

HI A-382F 27°54’48” 104 8,818 Gas/OH
93°56’06”

Ml 703A 27°53’44” 38 250 Gas/Oil
96°25’41”

SMI 229C 29°20’55” 7 NA
91°5919

VR 298/305 28°19’51” ‘ 25 NA
(Sonnier Bank) 97°27’42”
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Table 2.3. Target analytes of volatile aromatic hydrocarbons (VAHS), saturated hydrocarbons
(SHCS), and polycyclic aromatic hydrocarbons (PAHs).

I

VAHS SHCS PAHs

Benzene n-CIODeCane Naphthalene
Toluene n-C1lUndecane 1-Methylnaphthalene
Xylene n-C72Dodecane 2-Methylnaphthalene
C~-benzene n-Cl~Tridecane 2,6-Dimethylnaphthalene
CA-benzene n-CqgTetradecane 1,3,5-Trimethylnaphthalene
Naphthalene n-C4~Pentadecane C1-Naphthalenes

n-C1~Hexadecane C2-Naphthalenes
n-C17Heptadecane C~-Naphthalenes
n-C1*Octadecane Cd-Naphthaienes
n-C1gNonadecane Biphenyl
n-CzOEimsane Acenaphthylene
n-C21Heneicosane Acenaphthene
n-CZ Docosane Fluorene
n-C= Tricosane C1-Fluorenes
n-C2dTetracosane Cz-Fluorenes
n-C%Pentacosane . C~-Fluorenes
n-CX Hexacosane Dibenzothiophene
n-CzTHeptacosane C1-Dibenzothiophenes
n-c~sOCtacosane Cz-Dibenzothiophenes
n-CX Nonacosane Ca-Dibanzothiophenes .
n-Ca Triacontane Phenanthrene
n-Ctl Hentriacontane Anthracene
n-CWDotriacontane 1-Methylphenanthrene
Pristane C1-Phenanthrenes/Anthracenes
Phytane Cz-Phenanthrenes/Anthracenes

C~-Phenanthrenes/Anthracenes
Cd-Phenanthrenes/Anthracenes
Fluoranthene
Pyrene
C1-Fluoranthenes/Pyrenes
Benzo[a]anthracene
Chrysene
C1-Ctwysenes
C2-Chrysenes
C~-Chrysenes
Cd-Chrysenes
Benzo[b]fluoranthene
Benzo[k)fluoranthene(BKF)
Benzo[e]pyrene(BEP)
Benzo[a]pyrene(BAP)
Perylene(PERY)
Indeno[l ,2,3-c,d]pyrene
Dibenzo[a,h]anthracene
Benzo[g,h,i]perylene
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Sediment samples were to be collected at 25 stations with 24 stations distributed
along four transects radiating from the point of produced water discharge and one station located
at the discharge (Figure 2.4). Cores were to be taken to a depth of 20 cm, if possible, with
levels of analytes to be initially determined from only the Oto 2 cm sediment increment from each
station. Levels of radionuclides were to be determined from single sampl,es collected at 18
stations. At seven stations located on the down current transect, three replicate samples were to
be collected at each station to provide estimates of the within-station variability for levels of
radionuclides. Levels of metals, SHCS, and PAHs were to be determined in three samples
collected at each of three stations located along the down current transect. Grain size and TOC
were to be determined in single samples at each of the 25 stations. After review of the
preliminary data for the O to 2 cm samples, deeper sediment increments from selected samples
could be analyzed to determine the vertical distribution of selected analytes. Sediment cores
were also to be collected at three stations (Figure 2.4), the interstitial water extracted from three
sediment increments, and levels of radionuclides determined.

Collections were to be made and observations to be conducted of biological
specimens at each Component 1 site. Specimens were to be collected from three biological
assemblages (biofouling assemblage, benthic soil substrate assemblage, and platform and
hardbottom associated fish assemblage) to determine the concentrations of radionuclides,
metals, and PAHs in their tissues. Collection of tissues for radionuclides analyses were to be
emphasized over metals and hydrocarbons. Sufficient amounts of tissues (individual specimens)
were to be collected for analyses of radionuclides, metals, and hydrocarbons in a single species
of bivalve mollusk, two crustaceans species (shrimp and crab), and two species of fish. Due to
the expected small size of the candidate bivalve species and the large quantities of tissue
necessary for analyses, it was anticipated that the collected individuals would be pooled at each
site and one pooled sample analyzed per site. Five individual specimens of each target
crustacean species were to be analyzed. Five individual specimens of each fish species were
also to be analyzed. Various methods of collection (i.e., trawls, diver, and traps) and direct
observations of specimens were to be conducted to assess the number of species of commercial
and recreational value.

Water column profiles were to be performed at each site. For each profile,
conductivity, temperature, dissolved oxygen, and depth was to be recorded from the sea surface
to the seafloor (or a maximum water depth of 30 m) to characterize the water mass in the vicinity
of the site. Vertical profiles of current speeds and directions were to be performed to provide
data concerning changes in currents with depth. Continuous current meter data were also to be
collected at a single depth during the occupation of each site.

2.3.2 Component 2

Ambient seawater and sediment samples were to be collected at each of the sites.
The water samples were to be analyzed for radionuclides, metals, VAHS, PAHs, and TOC. The
sediment samples were to be analyzed for radionuclides, metals, SHCS, PAHs, grain size, and
TOC as listed in Table 2.2.

2.3.3 Component 3

Produced water samples were to be collected at four sites and analyzed for
radionuclides and TOC as shown in Table 2.2. Tissue samples were also to be collected at
these sites and analyzed for radionuclides, metals, and PAHs. Ambient seawater and tissue
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samples were to be collected at two additional sites. The water was to be analyzed for
radionuclides and TOC and the tissues for radionuclides, metals, and PAHs. Dissolved oxygen
profiles were to be made at sites shallower than 30 m. Specimens were to be collected from the
same three biological assemblages sampled for Component 1.

2.4 QUALITY ASSURANCE PROGRAM

This study was conducted under a Quality Assurance ((2A) Program that
encompassed all aspects of sample and data collection, processing, analysis, and management.
This section describes the role, components, and characteristics of the QA Program. A
description of the QA Program and guidance for study personnel was provided in a Sampling and
Analysis Plan that was prepared as a draft document, reviewed by the SRC, and revised.

2.4.1 Purpose

The primaty purpose of the QA Program was to document the sample and data
collection and analysis process, provide statistically valid measures of uncertainty, maintain data
integrity, and ensure that the QA Program was operating as required.

2.4.2 Components and Characteristics

Integral to the QA Program are the definitions of specific parameters used to assess
the quality of the data produced in the study. The parameters used to specify the quality of the
data were as follows:

■ Accuracy - the degree of agreement between a measurement and an
accepted reference or known (certified true) value. Accuracy is quantified and
usually expressed as percent recovery, the difference between the mean and
true value expressed as a percentage of the true value. Analytical
instruments and methods are calibrated with known samples (standards) or
reference materials for each sample run to ensure accuracy. Accuracy may
be documented using procedural blanks, matrix spikes/matrix spike
duplicates, surrogate compounds, internal standards, and Standard Reference
Materials (SRMS). Consistent differences between a set of measurements
and a reference standard due to instrumental or analytical problems or
limitations is known as bias.

■ Precision - a quantitative measure of the variability of two measurements
taken under similar conditions and usually expressed in terms of either the
relative standard deviation (RSD), the relative percent difference (RPD), or as
a range. Analytical laboratory precision may be evaluated through the use of
anal~lcal duplicates. Comparison of matrix spike/matrix spike duplicates, and
reference analyses/laboratory control values can also be calculated to provide
an estimate of laboratory precision.

■ Comparability - a qualitative characteristic expressing the confidence with
which one set of data can be compared with another. Assurance of the
comparability of two or more sets of data can be achieved through the use of
standard techniques to collect and analyze representative samples, and by
reporting analytical results in appropriate units. Comparability may be
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assessed through the use of mattix spike/matrix spike duplicates, surrogate
compounds, duplicates, SRMS, equipment rinsate blanks, and field blanks.
Interlaboratory calibration of methods also assure comparability of data and
results.

■ Representativeness - a qualitative expression of how well a sample or group
of samples reflect the characteristics of the media at the sampling point.
Representativeness is ensured by following proper sample collection,
preservation, and analytical procedures. Procedural blanks are used to
evaluate representativeness by providing information on potential
contamination introduced by analytical methodology, while field and equipment
blanks provide information on potential contamination resulting from field
colletilon and handling procedures.

■ Completeness - a measure of the amount of valid data obtained from a
measurement system compared to the amount that was expected from the
sampling design. Completeness is evaluated by comparing the number of
valid measurements obtained with the intended number of measurements.

The QA Program was developed and implemented with documented methods and
procedures through the Sampling and Analysis Plan, laboratory QA Plans, and Standard
Operating Procedures (SOPS). Methods and techniques for sample collection, handling, storage,
and processing were developed to minimize environmental and analytical contamination. Diligent
care was taken by the field crew and laboratory personnel to ensure that samples were not
compromised by contamination and contamination muld be detected through preparation of
relevant quality control (QC) samples. All samples were collected in prescribed containers,
properly labeled, stored, and tracked. A chain-of-custody record was maintained following
sample collection through analysis. A complete sample log was maintained for each field effoft.

SOPS at each laboratory defined specific procedures for sample receipt, storage, and
tracking. SOPS were also prepared for sample preparation and analysis. Samples were
analyzed in batches along with procedural or method blanks and duplicates, matrix spikes/matrix
spike duplicates, and SRMS to quantify and document accuracy and precision, and detect
possible contamination and interferences. Data were reported in data packages that were
reviewed by the Continental Shelf Associates, Inc. (CSA) Data Manager. At each participating
laboratory, raw and processed data were backed up and archived in electronic files and
hardcopy. At CSA, a complete copy of submitted data packages was archived in electronic
and/or hardcopy form.

The participating laboratories had QA Programs prior to this study; and due to large .
differences in methodology and laboratory setups, no attempt was made to standardize QA
Program procedures among the participating laboratories. General guidelines were observed,
which provided adequate documentation of the level of QA at each laboratory.

The Program Manager coordinated the QA activities including ensuring that all
activities and procedures adhered to documented plans and data quality was properly assessed
and documented. Laboratory QA Officers ensured that deviations from the QA Plans and SOPS
were documented, analytical problems resolved, corrective actions were documented, and that
reported data were accurate, and if necessary, properly qualified. Case narratives submitted by

2-13



the participating laboratories along with data packages were the primary mode of reporting QA
results to management.
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CHAPTER 3- FIELD METHODS, LABORATORY SAMPLE PROCESSING,
AND QUALITY ASSURANCE

Bruce Graham, David Snyder, and Luis Laaera, Jr.
Continental Shelf Associ&es, Inc. -
Jupiter, Florida

3.1 FIELD METHODS AND

3.1.1 Field Survey Logistics

LABORATORY SAMPLE PROCESSING

The offshore survey effort was conducted using two vessels. The M/V MR.
OFFSHORE, a 145-ft utility/supply boat, was used from 4 to 29 June 1993 and the M/V WADE B,
a 120-ft utility/supply boat, was employed between 29 June and 11 August 1993. Both vessels
were equipped with sufficient freezer and cooler space for sample storage.

Navigation and long-range positioning were performed using a Global Positioning
System (GPS) interfaced with a HYPACK Navigation System. GPS provided accuracies of *I 5
m. A Measurement Devices Ltd, Lasertrak L5000 range/azimuth system installed and operated
from Component 1 platforms was used for site-specific sediment, interstitial water, and ambient
seawater station positioning and provided accuracies of *I m. The GPS receiver and Lasertrak
system were interfaced to a computer for real-time shipboard tracking and positioning. Monitors
placed on the ship’s bridge and in the deck observation station were used to display the ship’s
position during operations. A calibrated line was used to accurately locate sedimentinterstitial
water stations that were under or very near the platform structure. A calibrated line was also
used to accurately position produced water discharge plume/receiving water stations relative to
the platform’s produced water discharge location.

The Lasertrak system was only used during Component 1 site sampling. The
Lasertrak system used the calculated geodetic position of the produced water discharge as a
reference for determining range and bearing for selected stations within the survey area.
Lasertrak system components included a laser rangefinder, theodolite, and a real-time data
telemetry system. A technician on the platform tracked the vessel with a telescopic sight and
real-time range and azimuth data were relayed, via telemetry, to the survey vessel at one second
intervals. The navigation system enabled the survey team to pre-plot sediment, interstitial water,
and ambient seawater stations and use the system for vessel guidance, data logging, and real
time vessel track plotting via both a primary display on the navigator’s computer and a secondary
display monitor placed in ftont of the survey vessel’s helmsman. On board the survey vessel,
real-time range and azimuth data were converted to X and Y coordinates via an integrated
navigation and data acquisition system. Navigation software was run by a battery-powered,
portable, on-board computer. This system collected and printed the Lasertrak position data.

3.1.2 Water Sample Collection

3.1.2.1 Produced Water

Produced water samples were collected at Component 1 sites and at discharging
(four of the six) Component 3 sites. Produced water samples collected at Component 1 sites
were analyzed to determine levels of radionuclides, metals, hydrocarbons, and TOC. Produced
water samples collected at Component 3 sites were analyzed to determine levels of
radionuclides and TOC.
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Produced water samples were collected six times at each Component 1 site during
the field survey. Three replicate produced water samples (A,B, and C) were collected initially
and single samples (D, E, F, G, and H) were collected five times at approximately 12-h intervals
following the initial sampling. Following the field survey, platform operators collected three
replicate produced water samples for determining levels of radionuclides at l-month intetvals for
5 months at Component 1 sites. Three replicate produced water samples were collected one
time at discharging Component 3 sites during the field survey.

Produced water samples were collected directly from the platform in-line sampling
spigot along the produced water discharge pipe. The in-line spigot was wiped clean of any loose
particles using a lint-free laboratory towel. The spigot was turned on and the spigot line allowed
to flush for approximately 1 minute prior to collecting water samples. Samples were collected
directly into their respective storage containers. Separate sample containers were used for
radionuclides, metals, VAHS, SHCs/PAHs, and TOC. The mouths of the sample containers did
not contact the spigot during sample collection.

Produced water samples for determining levels of radionuclides were collected in 2-L
pre-cleaned polyethylene bottles. The sample bottles were not completely filled with produced
wate~. an air space was left for the addition of nitric acid (HNO~) preservative. The partially filled
sample bottles were capped, labeled, and placed in a plastic cooler with blue ice for transport to
the survey vessel. On board the survey vessel, a plastic dropper bottle was used to add HNO~
until the samples reached a pH <2. Following acidification, sample bottles were capped, custody
seals were attached, and the bottles were placed in a refrigeration unit for storage at a
temperature of approximately 4“C.

Platform operators were supplied with sampling kits and instrudions for collecting
produced water radionuclide samples at l-month intervals for 5 months. Sample kits included 2-
L pre-cleaned polyethylene bottles, each containing an appropriate amount of HNOa for sample
preservation, an insulated cooler with form-fitted packing material, lint-free laboratory towels,
sample and shipping labels, custody seals, and custody sheets. Operators collected produced
water samples directly from the in-line spigot into the sample bottles, capped the sample bottles,
attached custody seals, and placed the bottles in the insulated cooler. Samples were shipped in
the insulated coolers to CSA. The pH of each sample was checked upon arrival at CSA to verify
proper sample preservation.

Produced water samples for metals analyses were collected in 1-L pre-cleaned
polyethylene bottles. Once the sample bottles were full, they were capped, labeled, and placed
in a plastic cooler with blue ice for transport to the survey vessel. Duplicate samples for
metal/analyses were collected to determine whether HNOa was necessary to preserve produced
water samples. On board the survey vessel, HNO~ was added to one of the duplicate samples
until the pH was <Z. HNO~ was added to the samples using a 1-mL calibrated pipette with
disposable plastic volume tip. Before HNO~ was added to the samples, the plastic volume tip

was filled with HN03 and the HNO~ discarded to clean the volume tip and prevent possible
contamination of the water samples. The volume tips were discarded following the preservation
of the samples. The bottles of acidified and unacidified samples were capped, custody seals
were attached, and the samples were stored at 4°C in a refrigeration unit. Based on the
analytical results for acidified and unacidified duplicate produced water metal samples; it was
determined it was not necessary to acidify in the field produced water samples for metals
analyses provided the holding time did not exceed 7 days.

VAH samples were collected in triplicate; samples were collected in 40-mL
pre-cieaned amber open top glass volatile organic analysis (VOA) vials with a teflon/silicone

3-2



septa. All vials had a “Certificate of Analysis” for quality control of possible contaminant volatiles.
Special precautions were taken when collecting VAH samples. The volume of produced water
flowing from the spigot was reduced to prevent aeration of the sample and sample containers
were completely filled to eliminate any airspace. VAH samples were presewed immediately with
hydrochloric acid (HCI) (approximately 37%) at a pH <2. A spare pm-cleaned VOA vial was used
at each site to determine the amount of HCI to add to the VAH samples to reach a pH <2. The
procedure for preservation of water samples to be analyzed for VAHS was as follows:

1) a spare VOA vial was filled with produced wate~
2) HCI was added to the sample from a pm-cleaned teflon dropper bottle;
3) after each drop of HCI was added to the produced water, the pH of the water

was determined with pH paper
4) HCI was added and the pH determined until the water reached a pli <2;
5) after the amount of HCI needed to reach a pH <Z was determined for the test

sample, it was assumed the same amount was sufficient for the actual sample
and the proper amount of HCI was added to the VAH samples without
introducing possible contamination from testing with pH pape~ and

6) following acidification, the sample bottle was capped with the air space
completely eliminated by applying pressure to the septa during closure,
labeled, and placed in a plastic cooler with blue ice for transport to the survey
vessel.

On board the survey vessel, a custody seal was attached to each of the VAH samples, and the
samples were stored upside down at 4°C in a refrigeration unit.

SHC/PAH samples were collected in 2.5-L pre-cleaned amber glass jars with teflon-
Iined lids with inserts of purified aluminum foil. All jars had a “Certificate of Analysis” for quality
control of possible organic contaminants. “The sample jars were not completely filled with
produced water to leave an air space for the addition of methylene chloride for preservation. The
partially filled sample jars were capped, labeled, and placed in a plastic cooler with blue ice for
transport to the survey vessel. On board the survey vessel, approximately 200 mL of laboratory-
specified methylene chloride was added to the sample, the sample jars were capped, custody
seals were attached, and the samples were stored at 4°C in a refrigeration unit.

TOC samples were collected in 20-mL pm-cleaned glass vials. The sample vials
were not completely filled with produced water to leave an air space for expansion during
freezing. The partially filled sample vials were capped, labeled, and placed in a plastic cooler
with blue ice for transport to the survey vessel. On board the survey vessel, custody seals were
attached to the vials and the samples were stored frozen.
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3.1.2.2 Dkcharge Plume/Receiving Water

Discharge plume/receiving water samples were collected at Component fi sites.
Rhodamine WT dye was injected into the produced water just prior to overboard discharge from
the platform which allowed the plume to be detected via visual and fluorometric methods. A
calibrated and buoyed line attached to the produced water discharge pipe was deployed and held
in position by a sub-surface parachute drogue. The positions of sampling stations along the
discharge plume were marked by buoys attached to the calibrated line at five distances (5, 10,
30,50, and 100 m) from the discharge. The center line of the discharge plume at each of the
five sampling stations was determined by fluorometric measurement using a Turner Design flow-
through fluorometer. Three replicate samples for radionuclide analyses were colleoted at each of
the five distances in the plume. Discharge plume water samples for radionuclide analyses were
collected from an inflatable rubber boat using an in-line water pump attached to the fluorometer.
If the platform structure precluded sampling and use of the fluorometer from the inflatable rubber
boat, a 5-L teflon-lined Go-FIo water bottle deployed from the platform “catwalk” into the visually
detected plume was used to collect radionuclide samples at the 5 m distance. Three replicate
VAH samples were coilected at 5 and 100 m using a 5-L teflon-lined Go-FIo water bottle.

The sample containers and presewation methods were the same as those described
for the produced water samples (Section 3.1.2.1).

3.1.2.3 Ambient Seawater

Ambient seawater samples were collected at three stations located 22,000 m from
the produced water discharge at each Component 1 site. The stations were located on three of
the four transects (Figure 2.4) that were most isolated from other oil and gas operations.
Ambient seawater samples collected at Component 1 sites were analyzed to determine levels of
radionuclides, metals, VAHS, PAHs, and TOC. Three replicate samples (A, B, and C) of ambient
seawater for radionuclide analyses and single samples (A) of the other parameters were
collected at each station.

Ambient seawater samples were collected at Components 2 and 3 (two
non-discharging sites only) sites. Three replicate ambient seawater samples (A, B, and C) for
radionuclides, metals, VAHS, PAI-Is, and TOC analyses were collected at each Component 2
site. Three replicate ambient seawater samples for radionuclides and TOC analyses were
collected at the two reference Component 3 sites.

Ambient seawater samples were collected at a water depth of approximately 5 m
using a clean 5-L teflon-lined Go-FIo water bottle suspended from ‘%-in. braided dacron line and
weighted with a lead anchor. Ambient seawater sampling was conducted from an inflatable
rubber boat to avoid possible contamination from the survey vessel. Samples were collected
directly from the water bottle into their respective storage containers. Separate storage/sample
containers were used for radionuclides, metals, VAHS, PAHs, and TOC. Sample containers and
preservation methods were the same as those described for the produced water samples
(Section 3.1.2.1) with one exception. Ambient seawater samples for metals analyses were
collected and stored in pre-cleaned 2-L polyethylene bottles instead of the 1-L bottles used for
produced water because a larger sample quantity was needed.



3.1.3 Produced Sand Collection

Produced sand samples were collected at five locations as part of Component 1
sampling. Sampling locations included two of the four designated Component 1 sites (SMI 130B
and SMI 236A). The two other Component 1 sites did not have an accumulation of produced
sand. Three other sites [Eugene Island (El) 189B and Ship Shoal (SS) 149 and 274C] were
selected. Produced sand samples were analyzed to determine levels of radionuclides, metals,
SHCS, PAHs, and grain size. For each sample parameter, three samples of produced sand were
collected at SMI t 30B and 236A, two samples at El 189B and SS 274C, and one sample at SS
149. These samples were taken before treatment to remove free oil.

Produced sand samples from SMI 130B and 236A were collected (24 June and
12 September 1993, respectively) directly from a holding tank following their removal from the
produced water discharge system. Samples from El 189B and SS 274C were collected on 15
and 16 December 1993 from drums of produced sand that were stored on a platform in
Mississippi Canyon Block 194. The compositing scheme for the produced sand samples
collected from El 189B and SS 274C is presented in Figure 3.1. Two storage drums of produced
sand were sampled from each platform site (El 189B and SS 274C). Three samples for each
sample parameter were collected from each storage drum and the three samples were
composite. The composite samples from each storage drum were used as replicate samples
(A and B). The produced sand sample from SS 149 was collected in January and February 1994
from a small batch from nearly 2,000 barrels that were stored in Grand Chenier, Louisiana after
removal from the wet and dry oil tanks on the SS 149 platform. The produced sand from El 189B
and SS 149 and 274C was used in an evaluation of produced sand treatment equipment
(Chapter 10). This evaluation was added during conduct of the study.

Produced sand samples were collected using .a pre-cleaned teflon coated spatula.
Separate sample containers were used for radionuclides, metals, SHCs/PAHs, and grain size.
Radionuclide samples required approximately 200 g of produced sand and were stored in pre-
cleaned 250-mL glass jars. Metal samples required approximately 50 g of produced sand and
were stored in pre-cleaned 40-mL plastic or 60-mL glass jars. SHC/PAH samples required
approximately 200 g of produced sand and were stored in pm-cleaned 250-mL glass jars. Grain
size samples required approximately 200 g of produced sand and were stored in pint-size,
sealable plastic bags. Sample containers were not completely filled with produced sand so that
an airspace was left for expansion. Samples jars were capped, custody seals were attached,
and samples were stored frozen.

3.1.4 Sediment Samples

3.1.4.1 Sediment Chemistry

3.1.4.1.1 Field Collection

Sediment chemist~ samples were collected at Components 1 and 2 sites. Samples
were collected primarily with a stainless steel Gray OHara box core. Samples were also
collected with a teflon-coated Van Veen grab or by divers with hand held cores when sediment
conditions or physical obstructions precluded sufficient penetration by the box core. Samples
were collected by divers only when the water depth was less than 33 m (100 ft).
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There were 25 sediment chemistry stations at each Component 1 site. One sediment
chemistry station was located directly below the produced water discharge. Stations were
located on four transects at distances of 20, 50, 100, 150, 300, and 2,000 m. The transect
located along the predominant downcurrent direction relative to the produced water discharge
was identified based on discussion with the platform operator. The four 2,000-m stations served
as reference stations. Some minor deviations from pre-plotted station locations (Figure 2,1)
were made in-field because of platform obstruction and/or d“ficulty in obtaining a sample due to
anthropogenic debris. These deviations are noted in Chapter 4.

Single samples for radionuclide analyses were collected at 18 stations (Figure 2.1).
Three samples for radionuclide analyses were collected at the station located at the discharge
and at the six stations located on the downcurrent transect. Three samples for metals and
SHC/PAH analyses were collected at the station located at the discharge and the 20 and 2,000-
m stations along the downcurrent transect. Single discrete samples for grain size/TOC were
collected at all stations except the three stations where samples were taken from one of the
three metals and SHC/PAH samples. In addition, duplicate surficial sediment samples for grain
size/TOC were collected at approximately 5?A0of the stations. Duplicate samples were collected
by taking an additional core from the grab sample. The duplicate samples were analyzed
separately to identify within-station variability for grain size and TOC. A 9.5-cm diameter acrylic
tube was used to subcore the box core/grab or was used by divers as the primary sampling
device. If possible, sediment cores were collected to a depth of 20 cm, with 4 cm being the
minimal acceptable depth of penetration. Several attempts were made at each station to obtain
a suitable sample (i.e., with sufficient sediment penetration). A single core was used to obtain
each radionuclide sample. A single core was also used to obtain each discrete grain size/TOC
sample. Two additional cores were used to provide sfilcient sediment for metals and SHC/PAH
samples. The grain size/TOC sample was also taken from the two cores collected for one of the
three metals and SHC/PAH samples. Cores were capped and frozen until they were processed
(Section 3.1.4.1.2) for laboratory analyses. All cores used to collect sediment for metals and
SHC/PAH analyses had teflon-lined caps.

Three sediment samples for radionuclide, metal, and SHC/PAH analyses and a single
sample for grain size/TOC analyses were collected at each Component 2 site. Methods for
collection and storage of Component 2 site sediment samples were the same as those previously
described for the Component 1 sites.

3.1.4.1.2 Laboratory Processing

The O-2 cm sediment increment of the cores was processed in the laboratory prior to
analyses. Sediment cores designated for radionuclide and grain size/TOC analyses were
processed at CSA as follows:

1) Frozen sediment cores were partially thawed to allow the sediment to be
extruded while maintaining the integrity of the sediment within the subcore;

2) The top and bottom caps were removed and the core was secured on an
inclined processing bracket

3) The O-2 cm sediment increment from the core was extruded using an
appropriately sized plungec
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4) The increment was separated from the sediment core using a pre-cleaned
stainless steel spatula;

5) Sediment was placed in a pm-cleaned glass bowl and homogenized with
distilled wate~ and

6) Sediment was poured into a pre-cleaned 500-mL plastic jar.

Sample jars were labeled according to the sediment core designation (radionuclides or grain
size/TOC) and stored frozen. Frozen samples were shipped to the University of South Alabama
(Dr. Wayne Isphording’s laboratory) and the remaining portion of the sediment cores were frozen
and archived at CSA.

Frozen sediment cores designated for metals/SHC/PAH and metals/SHC/PAH/grain
size/TOC analyses were sent to Arthur D. Little Inc. (ADL) for subsampling and processing prior
to analyses. Sediment cores designated for either metals/SHC/PAH or metals/SHC/PAH/grain
size/TOC analyses were processed as follows:

1) Frozen sediment cores were partially thawed to allow the sediment to be
extruded while maintaining the integrity of the sediment within the core;

2) The top and bottom caps were removed and the core was secured on an
inclined processing bracket;

3) The O-2 cm sediment increment from the core was extruded using an
appropriately sized pre-cleaned teflon-coated plunger

4) The increment was separated from the sediment core using a pre-cleaned
stainless steel spatula;

5) The intact and partially frozen sediment increment was placed on a
pre-cleaned glass processing plate;

6) Approximately 0.5 cm of sediment was removed from the outer edge (i.e.,
portion in contact with the acrylic core) of the sediment increment and
discarded; and

7) Remaining sediment was placed in pre-cleaned glass bowl, combined with
other sediment from the same station, and homogenized.

The O-2 cm sediment increment from the two cores collected at each station was combined and
homogenized. The homogenized sediment was divided into aliquots and stored frozen prior to
analyses. A pre-cleaned teflon spatula was used to put approximately 30 g of sediment for
metals analyses in pre-cleaned 100-mL plastic jars, 100 g of sediment for SHC/PAH analyses in
a pre-cleaned 250-mL glass jar, and 80 g for grain size/TOC analyses in a plastic bag. Sample
containers were labeled according to analyses type and stored frozen. Frozen samples were
shipped to the appropriate laboratory for analyses. The remaining portion of the sediment cores
were frozen and archived.
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3.1.4.2

3.1.4.2.1

Interstitial Water

Field Collection

Sediment samples for interstitial water extraction were collected at the station located
at the discharge and the 20 and 2,000-m stations on the down current transect at each
Component 1 site. Sediment for interstitial water extraction was collected in the same manner as
described for sediment chemistry samples (see Section 3.1 .4.1.1). Twelve sediment cores were
needed’ to provide sufficient interstitial water for radionuclide analyses. Radionuclide levels were
determined at three sediment depth intervals (O-2, 2-4, and 18-20 cm) in the sediment column.
Identical sediment increments from each of the twelve cores were extruded using an
appropriately sized plunger and were placed in a pre-cleaned 2-L glass holding jar. Samples of
sediment for intetiltial water extraction were stored at 4°C in a refrigeration unit while onboard
and shipped to CSA.

3.1.4.2.2 Laboratory Extraction

Interstitial water was extracted at the CSA laboratory from the sediment using a
“squeezer” device which had dual systems each comprised of a cylinder/piston unit and opposing
pressure plates. The “squeezer” was equipped with a hand-crank hydraulic jack to apply
pressure to the sediment during interstitial water extraction.

A diagram of the cylinder/piston unit used to hold the sediment during interstitial water
extraction is presented in Figure 3.2. The cyiinder/piston unit was comprised of a thick-walled
polyvinyl chloride (PVC) cylinder and a PVC piston equipped with dual o-rings to provide an air-
tight seal between the walls of the cylinder and the piston. The base of the cylinder had a small
centered opening for funneling extracted interstitial water into a sample container. The
cylinder/piston unit was cleaned with phosphate-free soap (Liquinox) and distilled water and
thoroughly rinsed with distilled water prior to the initial “squeezing” for each day of operations.
The cylinder/piston unit was thoroughly rinsed with distilled water following the initial “squeezing.”
The cylinder/piston unit was completely dried prior to use. The process for loading sediment into
the cylinder/piston unit was as follows:

1) A 47-mm diameter nylon reinforcement screen was placed in a recessed area
above and adjacent to the opening in the base of the cylinde~

2) A 47-mm diameter/O.4 micron interstitial size polycarbonate membrane was
placed on top of the nylon reinforcement screen;

3) A 12.5-cm diameter ash less paper filter which covered the entire base of the
cylinder was then placed over the polycarbonate membrane;

4) A PVC ring was inserted into the cylinder to stabilize the entire series of filters;
5) Standing water present in the sample holding jar was decanted;
6) Approximately 500-mL of sediment was placed in the cylinder; and
7) The pre-cleaned piston was placed in the cylinder on top of the sediment to be

squeezed.

A diagram of the “squeezer” device is presented in Figure 3.3. The sediment-filled
cylinder/piston unit was placed on a PVC stand which was then placed on a moveable pressure
plate. The stand elevated the cylinder/piston unit during “squeezing” to accommodate the
placement of a sample collection jar under the cylinder/piston unit. The pressure plate, stand,
and sediment-filled cylinder/piston unit was raised with the hydraulic jack until the top of the
piston was properly aligned and came in contact with an opposing pressure plate. Pressure was
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gradually applied to the cylinder/piston unit until the piston came in contact with the sediment
within the cylinder and interstitial water began dripping from the opening at the base of the
cylinder. The first few drops of interstitial water were discarded because they could have
potentially been contaminated with residue present in the opening. Extracted interstitial water
was collected in a pm-cleaned 250-mL glass jar which was placed inside the stand and directly
under the opening at the base of the cylinder. Continuous pressure was applied to the sediment
until most of the interstitial water was extracted (i.e. rate of extraction decreased significantly).

Multiple “squeezes” were necessary to provide the minimum volume of 150 mL of
interstitial water required for radionuclide analyses. A plastic dropper bottle was used to add
HN03 to interstitial water samples until the samples were at a pH <2. Following acidification, the
sample bottles were capped, custody seals attached, and placed in a refrigeration unit for
storage at a temperature of approximately 4“C. Interstitial water samples for radionuclide
analyses had a recommended holding time of 6 months and were shipped and analyzed prior to
exceeding the holding time.

3.1.5 Biological Samples

3.1.5.1 Field Collection

Specimens for tissue analyses were collected at Components 1 and 3 sites.
Biological samples collected at Component 1 sites were analyzed to determine levels of
radionuclides, metals, and PAHs. Biological samples collected at Component 3 sites were
analyzed to determine levels of radionuclides only. Insufficient bivalve mollusks were present at
VR 298/305 (Sonnier Bank) for tissue colleti!on. There were no other known hard bottom areas
or non-discharging platforms in the central Gulf of Mexico that were 10 km from existing
produced water discharges, had sufficient quantities of bivalve mollusks, and had either a portion
of the hardbottom or platform in less than 30 m water depths. One platform was identified in Hi
A-389 in a water depth of 102 m that had a produced water discharge below a water depth of 90
m. Due to density differences between the produced water and seawater, the produced water is
believed to remain near the depth of discharge and not affect bivalves collected on the upper 15
m of the platform. This platform was selected for collection of bivalves as a substitution of
bivalve tissue from VR 298/305.

3.1.5.1.1 Biofouling Assemblage

A single sample of multiple bivalve specimens was collected for radionuclides,
metals, and PAHs, Bivalve specimens were collected by divers from the platform-support and
platform-associated structures (pilings) in water depths of less than 20 m and within a 100-m
horizontal radius of the produced water discharge, if present. Divers collected bivalves by
removing the whole specimen from the platform structure by use of a metal pry-bar. Specimens
were taken intact to prevent incidental contamination during collection and subsequent
processing. Once removed from the platform structure, specimens were placed in a nylon-mesh
dive bag and brought to the vessel for processing. Bivalve specimens were placed in a clean
glass setting tray which was cleaned with Liquinox phosphate-free soap and seawater and rinsed
with seawater. The extraneous biofouling material was removed from specimens prior to
storage.
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3.1.5.1.2 Benthic Soft Substrate Biological Assemblage

Up to five samples (A, B, C, D, and E) of various fish and crustacean taxa of the
benthic soft substrate assemblage were collected for each sample parameter. Specimens were
collected in close proximity (within 0.5 nmi) to the platforms using bottom trawls and traps. A
“mongoose” style net with an 8 m head rope, 6 cm stretch mesh body, and 1 cm stretch mesh
cod-end bag was used for trawling. Trawling time was approximately 30 min and once brought
aboard, contents of the trawl were placed on a plywood sorting tray. Specimens retained for
analyses were placed in clean plastic tubs during on-deck rough sorting. Fish and crab traps
constructed of wire mesh with 3-cm opening and baited with dead fish were deployed on the
bottom and marked with buoys. Traps soaked at least overnight before they were retrieved.
Contents of the traps were emptied onto a plywood sorting tray, rough sorted, and stored frozen.

3.1.5.1.3 Platform and Hard Bottom Associated Fish Assemblage

Up to five tissue samples (A, B; C, D, and E) of various platform and hard bottom
associated fish taxa were collected for each sample parameter. Specimens were caught by
hook-and-line, fish trap, and spearing. Hook-and-line fishing was conducted from the survey
vessel in close proximity to the platform. Fish caught by hook-and-line from the survey vessel
had the hook removed and were immediately placed in a clean fish holding box until immobile.
Fish traps constructed of wire mesh with 3-cm opening and baited with dead fish were deployed
on the bottom and marked with buoys. Traps soaked at least overnight before they were
retrieved. Contents of the traps were emptied onto a plywood sorting tray, rough sorted, and
stored. Spearfishing with pole spears and spear guns was conducted by two-man dive teams.
Spear shafts were equipped with stainless steel tips to reduce the possibility of tissue
contamination. Fish caught by spearing were placed in a nylon dive bag, brought back to the
vessel, then placed in the clean fish holding box until immobile.

3.1.5.1.4 Biota Available for Harvest

Observations concerning the availability of harvestable species (e.g., shrimp) were
conducted concurrently with collection of biological samples for tissue analyses at Component 1
sites.

Harvestable biological species collected and/or observed within 1,000 m of the
platform during sampling were identified. Specimens were collected by trawls, traps, hook-and-
Iine, and spearfishing and observed during on-deck and diving operations. The proximity of
collection/observation site of the specimen to the platform was noted, if possible.

3.1.5.2 Tissue Sample Storage and Shipping

Tissue samples for radionuclide and metals analyses were placed in separate,
sealable, pm-labeled plastic bags and “double bagged.” Samples for PAH analyses were placed
in either a‘ pm-cleaned glass jar with tefion-lined lids or triple wrapped in pm-cleaned aluminum
foil, depending on size. Aluminum foil was cleaned with methylene-chloride. Labeled samples
were stored frozen in chest freezers. All efforts were made to minimize time between collection
and storage.
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All tissue samples have unspecified holding times (Environmental Protection Agency
[EPA], 1991) and were retained frozen in chest freezers on board until the vessel entered port.
Frozen samples were transported by truck to CSA’S laboratory for further processing. Sample
shipments were conducted following personnel shift changes and the completion of the survey.
Tissue samples were stored frozen in chest freezers at CSA prior to processing.

All tissue samples were stored frozen in chest freezers at CSA while decisions were
made concerning which tissue sample were to be analyzed (see Chapter 4). Tissue samples
were shipped frozen to the appropriate laboratory for processing and analyses.

3.1.5.3 Laboratory Processing

Mollusks, crustaceans, and fish specimens were collected to provide tissue samples
for analyses of radionuclides, metals, and hydrocarbons (PAHs). Specimens were processed to
provide the following tissue types:

9 Soft tissue of bivalve mollusks;
8 Edible flesh, carcasses, and whole specimens of crustaceans; and
■ Edible flesh (i.e., fillet), carcasses, and whole specimens of fish.

Tissue sample processing was conducted at several laboratories, including CSA (radionuclides),
Florida Institute of Technology (FIT) (metals), and ADL (hydrocarbons). The minimum required
wet weight of tissue for radionuclide, metal, and PAH analyses was 100, 30, and 40 g,
respectively. All processed tissue samples were stored frozen prior to analyses.

Mollusk soft tissues were removed and stored for analyses and the shell was
discarded. The procedure for the removal of soft tissue was as follows:

1) The whole mollusk was thawed until the valves of the shell were partially
separated;

2) The blade of a pre-cleaned stainless steel knife was inserted between the
valves to cut the adductor muscles at their point of attachment on the dorsal
valve; and

3) VMth the shell completely opened, the soft tissue was completely separated
from the shell valves by cutting the adductor muscles at the point of
attachment on the ventral valve.

The soft tissue of each specimen was weighed and recorded. Soft tissues from multiple
individuals were composite to provide sufficient tissue for radionuclide and PAH analyses; the
number of individuals per composite sample were recorded. Individual mollusk specimens
provided sufficient soft tissue for metals analyses.
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Crustacean tissue types included edible flesh, carcasses, and whole specimens.
Edible flesh was removed from relatively large crabs and shrimp. Pre-cleaned stainless-steel
instruments (e.g., scissors and forceps) were used to remove the edible tissue from the clawed
chelipeds, walking/swimming legs, and peripheral body cavity of crabs and the tail (abdomen) of
shrimp. The edible tissue of each crab specimen was weighed and recorded. Shrimp carcasses
were processed for analyses and were comprised of the remaining portion of the shrimp
following the removal of the edible tail flesh; crab carcasses were not processed for analyses. It
was necessary to process whole specimens of crabs and shrimp from some sites because
individuals were too small to efficiently remove the edible flesh. Edible tissue, carcasses, and
whole specimens from multiple individuals were composite, by tissue type, to provide sufficient
tissue for radionuclide and PAH analyses. Each composite sample replicate contained the same
number of specimens with the number of specimens per composite sample replicate recorded.
Individual specimens provided sufficient tissue for metals analyses.

Fish tissue types included edible flesh (i.e., fillets), carcasses, and whole specimens.
The standard length and weight of each specimen was recorded prior to processing. A pre-
cleaned stainless-steel knife with a flexible blade was used to remove the two lateral fillets from
individual specimens. The fillet did not include skin with scales and bone. Filleting was
conducted on a pm-cleaned glass or plastic cutting board. The weight of the two fillets from.
each specimen was recorded. Fish carcasses processed for analyses were comprised of the
remaining portion of the fish following the removal of the fillets. It was necessary to process
whole fish collected at some sites because individuals were too small for filleting. Edible tissue,
carcasses, and whole specimens from multiple individuals were composite, by tissue type, to
provide sufficient tissue for radionuclide and PAHs analyses. The number of individuals per
composite sample was recorded. Individual specimens provided sufficient tissue for metals
analyses. <

3.1.6 Hydrographic and Current Data Collection

3.1.6.1 Hydrography

Hydrographic profiles for conductivity, temperature, dissolved oxygen, and depth were
conducted at Component 1 sites to characterize the vetilcal structure of the water column.
Profiles for dissolved oxygen and depth were conducted at Component 3 sites that were located
in a water depth of less than 30 m (98 ft) to detect possible hypoxic conditions prior to tissue
sample collections. Measurements for each parameter were recorded from the sea sutiace to
the sea floor (or a maximum water depth of 30 m) at 5-m intervals. Profiles were conducted with
a Hydrolab Surveyor Ill Water Quality Analyzer. An InterOcean Model S-4 electromagnetic
current meter equipped with sensor probes also collected conductNity, temperature, and depth
data concurrently with current profiles. These data were recorded to cross-check the Hydrolab
data. Hydrographic profiles were conducted in close proximity (within approximately 2,000 m) to
the study site.

3.1,6.2 Currents

Vertical profiles of current speed and direction were performed to provide data
concerning changes in currents with depth and were conducted in conjunction with the
hydrographic profiling previously described (see Section 3.1.6.1). Current measurements taken
with an InterOcean Model S-4 electromagnetic current meter were collected at 5-m intervals from
the sea surface to the seafloor (or a maximum water depth of 30 m).
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Measurements for current speed and direction were collected continuously during
sampling at each Component 1 site. Current data was collected using an InterOcean Model S4
electromagnetic current meter and an Endeco Type 105 current meter was used as backup. The
current meters were deployed on a taut-wire mooring array which was located upcurrent and in
close proximity (within approximately 200 m) of the platform structure. The mooring array had a
subsurface buoy positioned at a water depth of approximately 5 m to prevent the array from
being hit by on-site vessel traffic. Current meters were positioned below the subsurface buoy at
a water depth of approximately 6 m. The current meters and mooring array were deployed
during the first day of site-specific operations and recovered when sampling was completed.
Current meter data were transferred onto magnetic disk immediately after the recovery of each
meter.

3.2 QUALITY ASSURANCE AND QUALITY CONTROL

A concern for data quality as it related to field sampling resulted in the incorporation of
detailed sampling plans and comprehensive QA field checklists into the field sampling program.
Prior to the field effort, the required sample matrices, types, volumes, collection techniques,
containers, preservation type, storage, and handling requirements along with QC samples were
determined and specified in a detailed field plan and instructions to the field team.

To further ensure data quality in this study, the following field QA activities were
implemented:

■ Adherence of sample and data collection activities to SOPS;
■ Maintenance of a sample log and proper sample labeling;
m Strict observance of sample custody procedures; and
■ Preparation and collection of QC samples.

The succeeding section describes the field QA activities. These activities and relevant records
are documented in CSA’S project files including field notes, sample logs, and sample custody
sheets.

3.2.1 Mobilization and Sample Collection

As a integral part of the mobilization phase of the field effort, the Task Manager met
with the field team to review objectives, methods, and procedures to ensure that the study
objectives would be met. An equipment and materials list and logistics plan was prepared and
reviewed to ensure completeness, practicality, and workability. In the field, specific sample
collection procedures for each matrix and sample type as prescribed in the Sample and Analysis
Plan were observed. Particular attention was made to minimizing contamination of samples from
vessel exhaust and cross-contamination among samples. Samplers were cleaned and field
equipment was calibrated according to specifications prior to use. A Field Scientist supervised
all sampling activities conducted by project personnel to ensure that study and data quality
objectives (DQOS) would be met. Any difficulties and problems encountered during the field
effort were noted in the Field Scientist’s Field Log. Relevant ancillary information relating to the
sampling conditions were also noted.
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3.2.2 Sample Logging and Tracking

Logging of samples was accomplished through the use of prepared sample checklists
and the sample custody forms described below. Because sampling locations, matrices, and
types were pre-determined prior to the field effort, sample checklists were generated during
mobilization and were available for use in the field. To minimize errors and confusion, CSA used
a descriptive sample labeling protocol which identified the sample origin, matrix, and analysis
parameter. As each sample was collected, the sample checklist was completed and ancillary
information recorded. Replicates and QC samples were identified similarly. Ancillary information
was recorded and maintained in the sample log. Custody sheets were prepared for all samples to
accurately and consistently track them following the field collection.

3.2.3 Sample Custody

From the time a sample was collected in the field, its custody was carefully
documented, such that the entire history of the sample and all who handled it were directly
traceable. QC samples were documented similarly. Sample custody was documented from the
time of colletilon to final disposal or archival. A Chain-of-Custody Record served as a sample
logging mechanism for the analytical laboratory where the samples were delivered for analyses.
Samples were properly packaged for shipment and delivered or shipped to the designated
laboratory for analyses. The documentation included the sample date, site, station, sample type,
time of collection, collection personnel, and a sequential identification number for that sampling
effort. Signed custody sheets with this information accompanied all samples during collection,
transportation, shipping, analyses, and final disposition.

3.2.4 Quality Control Samples

To detect and document possible sources of contamination in the field, QC samples,
with exception of the sediment matrix, were collected along with actual field samples. Several
types of QC samples were prepared and collected during the mobilization and field effort
including trip blanks, field blanks, and equipment blanks or rinsates. The type of QC samples
collected reflected the degree of significance of possible sources of contamination and
requirements for quantifying data quality.

Trip, field, and equipment blanks were prepared in the appropriate matrix for
produced water, ambient seawater, and interstitial water and analyzed for radionuclides, metals,
VAHS, and PAHs. Trip blanks were collected to quantify possible contamination from sample
containers. Field blanks can document environmental contamination sources in the field while
equipment blanks can quantify contamination from sampling equipment including cross-
contamination between samples. Accuracy, precision, and comparability of analyses for
radionuclides was quantified through composite samples of produced water, ambient seawater,
interstitial water, and tissues. Composite samples were prepared by collecting sutilcient volumes
of sample in single or multiple containers and then homogenizing the sample prior to splitting and
shipping to the analytical laboratories.
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3.2.5 Sample Summary and Shipping

Published sample collection, storage, and holding guidelines were observed for those
sample types that had such guidelines. Volumes, preservatives, container types, and holding
times for water, sediment, and tissue samples are provided in Table 3.1.

Processed water samples to be analyzed for radionuclides, PAHs, and TOC were
kept on board the survey vessel until samples could be shipped when the survey vessel reached
the dock. These samples were shipped to the appropriate laboratory during weather delays,
repairs, personnel shift changes, or demobilization. Water samples to be analyzed for metals
and VAHS were shipped to the appropriate laboratory within one week of sample collection and
were transported via helicopter to shore for shipping when necessary to meet a one-week time
frame.
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Table 3.1. Volumes, preservatives,containertypes, and holdingtimesforwater, sediment,and tissue samples collectedduringthe field survey.

Matrixand Sample Type
MinimumSample

Volume
Preservative Container HoldingTime

ProducedWater, Ambient Seawater, DischargePlume, and InterstitialWater

Radionuclides 2 L except 150 ml HNOqat a pH <2; storedat polyethylene 6 months
(interstitialwater) 4°C (recommended)”

Volatile Aromatic 40 ml HCI at a pH <2; storedat amber open top glass vial 14 days fromcollectionto
Hydrocarbons 4°C withteflon/siliconesepta extraction

Saturated Hydrocarbons ,2.5 L (includes 200 ml of methylene amber glasswith 40 days after extraction;
and PolycyclicAromatic preservative) chloride; teflon-linedlidwith insert additionof methylene
Hydrocarbons storedat 4°C of purifiedaluminumfoil chlorideconsidered

beginningof extraction
processb

Metals 1 L (produced HNO~at a pH <2; storedat polyethylene 7 days fromcollection
water); 4°C (laboratoryspecified)’
2 L (ambient
seawater)

Total Organic Carbon 20 ml frozen glassvial with teflon-lined 28 daysb
lid

Sediment

Radionuclides Ioog frozen pre-cleaned 500 ml 6 months
plasticjar (recommended)”

Saturated Hydrocarbons Ioog frozen pre-cleaned 250 ml glass Unspecified
and PolycyclicAromatic jar
Hydrocarbons

Metals 30 g frozen pre-cleaned 100 ml Unspecified
plasticjars

Grain Size ‘ 80 g frozen zip-lot plasticbag Unspecified



Table 3.1. (Continued).

Matrixand Sample Type
MinimumSample

Volume
Preservative Container HoldingTime

Total OrganicCarbon same sample as frozen glassvial with teflon-lined 28 daysb
grainsize lid

Tissues

Radionuclides Ioog frozen double plasticbags 6 months
(recommended)”

PolycyclicAromatic 40 g frozen untilextraction pre-cleaned glassjars or Unspecifieduntilextraction
Hydrocarbons triple-wrappedin

CH3C1-cleaned
aluminiumfoil

Metals 30 g frozen double plasticbags None

w

L) * Dr. DavidDemorest(Core Laboratories).
o b EPA, 1991.

c Dr. JohnTrefry (Florida Instituteof Technology).



CHAPTER 4- DESCRIPTION OF STUDY SITES

BruceGraham
Continental Shelf Associates, Inc.
Jupiter, F/orida

The description of the eight platform sites with produced water discharges and seven
reference sites are presented in this section. The descriptions include the physical
characteristics of the platforms and produced water discharges, the associated biological
assemblages with emphads on biota available for commercial and recreational harvest, and
additional site-specific data. Site-specific deviations from the study design (see Chapter 2) are
also presented.

A summary of biological taxa collected at each site and taxa selected for chemical
analyses are presented in Table 4.1. Seletiion of taxa for analyses was based on the taxa being
represented at multiple sites and important tom an environmental risk and human health
perspective. A preliminary list of selected taxa was reviewed with representatives of DOE, BNL,
and several of the oil industry SRC members and a final list (Table 4.1) was developed.
Although no tissue samples were collected at Component 3 sites specifically for metal analyses,
extra samples were analyzed in some cases.

Hydrographic and current meter data collected during the study are not presented.
These data may be used by BNL for produced water discharge plume modeling. Dissolved
oxygen profiles did not indicate hypoxic conditions at any Components 1 and 3 sites located in a
water depth of s30 m. Current speed and direction vertical profile data were determined to be
unreliable and no moored current meter data were collected at SMI 236A as the meters were
struck by a vessel and destroyed.

4.1 COMPONENT 1

The following site descriptions are presented alphabetically by area designation.

4.1.1 High Island A-595CF

l+ A-595CF is an eight-pile platform located offshore of Texas in a water depth of
approximately 122 m. The platform had been in place for 12 years at the time of the field survey.
HI A-595CF is part of a two-platform structure. It is used for oil and gas production and
discharges approximately 5,269 bbl/day of produced water. Produced water was discharged
through a 15 cm diameter pipe at a water depth of 38 m below the sea surface.

The marine environment associated with HI A-595CF is characterized by clear water
and a sand/mud substrate. The platform is located approximately 9 nmi west of the West Flower
Garden Bank in the “Bluewater” zone as described by Gallaway and Lewbel (fi982). The zones
described by Gallaway and Lewbel (1982) are based on water depth and are characterized by
distinct assemblages of biota (biofouling and ichthyofauna). The “Bluewater” zone is located in a
water depth of greater than 60 m. The biofouling assemblage associated with the “Bluewater”
zone is characterized by relatively low biomass and is dominated by algae, stalked barnacles,
and bivalve mollusks (Galiaway and Lewbel, 1982). The ichthyofauna associated with the
“Bluewater” zone is dominated by Caribbean reef forms (Gallaway et al., 1981). The biofouling
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Table 4.1. Biologicalsamplescollectedat each site and samplesselectedfor analyses.

STUDY SITES

ScientificName CommonName Component1 Component3
HI SMI SMI VR El HI HI HI Ml SMI VR

A-595CF 130B 236A 214A 313A A-323A A-382F A-389 703A 229C 2981305

NVERTEBRATES
Area zebra turkeywing x x x x
BarbatiaSPP.

x
ark x x x x x x x

Chama macerophylla jewelbox RMP RMP RMP RM RM RM RM RM
Crassostreavirginica easternoyster RMP RM
kogromon spp. purse-oyster x x x x x x x
Pinctada imbricata Atlanticpearl-oyster x
Spondylusamericanus thornyoyster x x x
Calappa5P. boxcrab x
Ca//inectesspp. bluecrab RMP RMP R R R
I-/epatussp. calicoboxcrab x
Libiniasp. spidercrab x
Menippe adina , stonecrab x x
Penaeidae shrimp x x x x
Penaeusspp. shrimp R RMP x R R R R R R

Portunusspp. swimmingcrab x RMP R R R R R

Sicyonia brevirostris rockshrimp RP RMP R x x R
Trachypenaeussp. roughneckshrimp P x

‘ISH
Arius felis hardheadcat%h RMP R

Balistes capriscus graytriggerfish R RMP RMP R R R R RM

Caranx crysos bluerunner x
Caulolatiiuscyanops blacldinetilefish x
Centropristisspp. seabass R RP- R R R R R R

Chaetodipterus faber spadetish x x
Cynoscion arenarius sandseatrout x x

Cynoscionnebulosus spottedseatrout x x
Cynoscion nothus sitverseatrout RMP R
Diplectrumbivittatum dwarfsandperch x
Equetus umbrosus cubbyu x x x x x x x
Etrumeus teres roundherring x
Gymnachirus texae fringedsole x
HemanthiasIeptus Iongtailbass RP
Lagodonrhomboids pinfish R RP R R R R R

Leiostomusxanthurus spot x
Lutjanus campechanus redsnapper RMP RMP R R R RM
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assemblage associated with HI A-595CF covered a large percent of the available substrate with
a relatively low biomass. The biofouling assemblage included numerous species of bivalves,
none of which are commercially important. Gallaway et al. (1981) reported observing the
commercially and recreationally important spiny lobster (Parwlim argus) on the platform support
structure. No commercially important soft bottom-associated invertebrates were collected during
this study. Commercially and recreationally important species as identified by Fischer (1978) of
the demersal fish assemblage observed and/or caught during the field survey at HI A-595CF are
presented in Table 4.2.

Deviations from the study design for Hi A-595CF included in-field modifications
concerning sediment sampling, insufficient biomass of invertebrate target species, and
availability of produced sand. The platform structure precluded the collection of sediment
samples at the exact locations for the 20-m stations along each transect and the 50-m station
along the down current transect, so the stations were moved approximately 40 and 20 m,
respectively, to avoid the obstructions. Sediment and interstitial water samples were not
collected below the produced water discharge as metal plates for platform stabilization were
present on the seafloor. Sufficient biomass of crustacean taxa were not available from the
benthic soft bottom biological assemblage in the area of the platform. A total of 24 trawl samples
were taken at HI A-595CF in the auempt to collect sufficient tissue sample biomass. Produced
sand was not available at HI A-595CF.

4.1.2 South Marsh Island 130B

SMI 1306 is an 8-pile platform located offshore of Louisiana in a water depth of
approximately 65 m. The platform had been in place for 19 years at the time of the field survey.
SMI 130B is part of a 3-platform structure used for oil and gas production and discharges
approximately 22,880 bbl/day of produced water. Produced water was discharged from a 30 cm
diameter pipe approximately 1 m above the sea surface.

The SMI 130B marine environment was characterized by clear water and a muddy
sand bottom substrate. It is located at the boundary of the “Offshore” and “Bluewater” zones as
described by Gallaway and Lewbel (1982). The “Offshore” zone is located in a water depth
range of 30 to 60 m. The biofouling assemblage associated with the “Offshore” zone is
dominated by bivalve mollusks and includes”an abundant growth of octocorals and near-surface
algae (Gallaway and Lewbel, 1982). The ichthyofauna associated with the “Offshore” zone is
dominated by bluefish, spadefish, and mixed schools of moonfish and lookdowns (Gallaway and
Lewbel, 1982). Other common ichthyofauna include blue runner, jacks, gray triggetfish, and
snapper. Caribbean reef forms are neither diverse nor abundant in the “Offshore” zone
(Gallaway and Lewbel, 1982). The biofouling assemblage associated with SMI 130B was
representative of the “Offshore” assemblage. It included numerous species of bivalves and
dense biotic coverage. Although the biofouling assemblage supported many species of bivalve
mollusks, none of the species are commercially important. Juvenile stone crab (/t4er@e adina),
which as an adult is commercially important and more closely associated with the bottom, was
commonly observed within the dense bidic cover attached to the platform structure.
Commercially important motile epifaunal invertebrates associated with the soft-bottom in the area
of the platform included rock shrimp (Sicymia hrevirostk), penaeid shrimps (Penaeus spp.), and
swimming crabs (PortunLIs spp.). No adult stone crab (Mer?ippe adina) were collected during the
field survey. The commercially and recreationally important species of the demersal fish
assemblage observed and/or caught during the field survey at SMI 130B are presented in Table
4.2.
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Table 4.2. Commercially and recreationally important species of the demersal fish assemblage
observed andior caught at Component 1 sites.

STUDY SITES

ScientificName Common Name Component 1

HI A-595CF SMI 130B SMI 236A VR ~14A

Archosargusprobatocephaius sheepshead x

Balistescapriscus gray triggerfish x x x

Caraf7xcrysos blue runner

Caranx/atus horse-eyejack x x

Caulolatiluscyanops blacklinetilefish x

Centropristk spp. sea bass x x x

C noscions .~ seatrout x

E/agatisbipinnulata rainbowrunner x

Epinephelusnigritus’ warsaw grouper x x

Epinephe/usniveatus snowygrouper x x

Haernukmspp. grunts x

Lagodonrhomboids pinfish x x x

Leiostomusxanthurus spot

Lu@anuscampechanus red snapper x x

Lutjanusgriseus gray snapper x

Lutjanusjocu dog snapper x

Lutjanussynagris lane snapper x

Micropogoniasundulatus Atlanticcroaker x x

Mycteropercaphenax scamp x

Paralichthysspp. flounder x

Pepri/usburti gulf butter%h x x x

Pogoniascfomis black drum x

Rhornbop/itesaurorubens vermilionsnapper x x

Sciaenopsocellatus red drum x

Scomberomoruscavalla king mackerel x

Serioladumerili greater amberjack x x

Seriolarivoliana almaco jack x

Sphyraenabarracuda great barracuda

Thunnusatlanticus blackfintuna x

Clupeidae herring x
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It was necessary to make in-field modifications to the sampling design to facilitate the
collection of complete data sets. A complete suite of sediment samples, with the exception of
radionuclides, was collected at an additional 2,000-m reference station (along Transect IV, but
designated as station V-2000) because the 2,000-m station along the down current transect (1)
was located within 1,000 m of an adjacent platform. Sediment samples were not collected below
the produced water discharge due to a platform obstruction nor closer than 30 m on any transect.
Sediment interstitial water samples, proposed to be collected at the discharge location and 20-m
station were collected approximately 50 m from the discharge location on both the down current
transect and on Transect Ill. Anthropogenic debris on the seabed precluded the collection of
interstitial water samples in closer than 50 m to the discharge along the down current transect.

4.1.3 South Marsh Island 236A

SMI 236A, an 8-pile platform, is part of a 2-platform complex which is located in the
nearshore coastal environment of Louisiana in a water depth of approximately 6 m. The platform
had been in place 10 years at the time of the field survey. SMI 236A is used for oil and gas
production and discharges approximately 14,800 bbl/day of produced water. Produced water is
discharged 1 m below the surface from a 15 cm diameter pipe.

The SMI 236A nearshore environment was characterized by murky, low salinity water,
strong tidal currents, and a soft sediment substrate. The platform is in the “Coastal” zone (O to
30 m) described by Gallaway and Lewbel (1982). The biofouling assemblage associated with the
“Coastal” zone is typically dominated by one or more species of barnacle whose shells are
covered by hydroids, bryozoans, and sponges (Gallaway and Lewbel, 1982). The ichthyofauna
associated with the “Coastal” zone is dominated by sheepshead, spadefish, and schools of
bluefish and blue runners (Gallaway and Lewbel, 1982). Vertical zonation of fishes is typically
not observed at platforms in the “Coastal” zone (Gallaway and Lewbel, 1982). The commercially
impotiant Eastern oyster (Crassostrea virginica) was a common component of the biofouiing
assemblage at SMI 236A. Commercially important motile epifaunal invertebrates associated with
the soft-bottom substrate in the area of the platform included penaeid shrimps (Penaeus spp.),
blue crabs (Callinectes spp.), and the stone crab (Menippe adina). The commercially and
recreationaliy important species of the demersal fish assemblage observed and/or caught during
the field survey at SMI 236A are presented in Table 4.2.

4.1.4 Vermilion 214A

VR 214A is a 4-pile platform located offshore of Louisiana in a water depth of
approximately 39 m. The platform had been in place for 18 years at the time of the field survey.
VR 214A is used for oil and gas production and discharges approximately 8,500 bbl/day of
produced water. Produced water was discharged approximately 1 m above the sea surface from
a 15 cm diameter pipe.
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The marine environment in the area of VR 214A was characterized by variable water
clarity and a muddy substrate. The biological assemblages associated with the platform was
similar to the “Offshore” assemblages described by Gallaway and Lewbel (1982). The biofouiing
assemblage observed in the upper 25 m of the water column at VR 214A had relatively dense
coverage and was visually dominated by the octocoral Carjioa rikei and various species of
bivalve mollusks. None of the bivalve species are commercially important. Juvenile stone crab
(Mer?ippe adina) was observed among the biofouling assemblage. No adults were observed or
captured during ‘the survey. Commercially important motile invertebrates collected in the area of
the platform included rock shrimp (SJcyonia brevirostk), penaeid shrimps (Penaeus spp. and
T’achYpenae~s sp.), and blue crabs (Cahectes spp.). The commercially and recreationally
important species of the demersal fish assemblage observed and/or caught during the field
survey at VR 214A are presented in Table 4.2.

It was necessary to make in-field modifications to the sampling design at VR 214A.
Sediment and interstitial water samples were not collected at the station directly below the
produced water discharge because the platform had a shell-mud mat which precluded
penetration of the box mre. Produced sand was not available from VR 214A.

4.2 COMPONENT 2

Two of the non-platform reference sites (GA A-90 and GA A-205) were located
offshore of Texas and two (SMI 186/195 and WC 448) were located offshore Louisiana. Both of
the offshore Texas sites were located at a distance of greater than 10 nmi from other oil and gas
platforms. The Louisiana platforms were located 9.2 (SMI 186/195) and 7.4 (WC 448) nmi from
other oil and gas platforms.

4.3 COMPONENT 3

The sites included six platforms, four which discharged produced water near the
sutiace (El 313A, HI A-323A, HI A-382F, and Ml 703A), one near-bottom discharging platform (H1
A-389) used as a reference site for bivalve tissue samples, and a non-discharging platform (SMI
229C). A natural hardbottom bank feature (Vermilion 298/305, Sonnler Bank) also served as a
reference site for collection of water and tissue samples.

4.3.1 Eugene Island 313A

El313A is located offshore of Louisiana in a water depth of approximately 72 m. El
313A is used for oil and gas production and discharges approximately 833 bbl/day of produced
water. The biological assemblages associated with the platform were similar to the “Bluewater”
assemblages described by Gallaway and Lewbel (1982). The biofouling assemblage at El 313A
was characterized by broad coverage, relatively low biomass, and supported numerous species
of bivalves, most confined to the upper 30 m of the platform substrate. The soft bottom-
associated invertebrates included rock shrimp (Sicyonia brevkostrk), swimming crabs (IWW?us
spp.), and penaeid shrimps (Penaeus spp.).

4.3.2 High Island A-323A

HI A-323A is an 8-pile platform located in a water depth of approximately 72 m. HI A-
323A is used for oil and gas production and discharges approximately 621 bbliday of produced
water. The biological assemblages associated with the platform were similar to the “Bluewater”
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assemblages described by Ga!laway and Lewbel (1982). The soft bottom-associated
invertebrates included rock shrimp (Sicyonia brevkostrk), swimming crabs (Porturws spp.), and
penaeid shrimps (Penaeus spp.).

4.3.3 High Island A-382F

l+ A-382F is an 8-pile platform located in a water depth of approximately 104 m. HI A-
382F is used for oil and gas production and discharges approximately 8,818 bbl/day of produced
water. The biological assemblages associated with the platform were similar to the “Bluewater”
assemblages described by Gallaway and Lewbel (1982). The soft bottom-associated
invertebrates included swimming crabs (Portunus spp.) and penaeid shrimps (Penaeus spp.).
The observed ichthyofauna associated with the platform was relatively depauperate at the time of
the field survey.

4.3.4 High Island A-389

HI A-389 is an 8-pile platform located in a water depth of approximately 102 m. The
produced water is discharged at a water depth of approximately 92 m due to the proximity (cl
nmi) of the East Flower Garden Bank. The biological assemblages associated with the platform
were similar to the “Bluewater” assemblages described by Gallaway and Lewbel (1982) with the
exception that the biofouling assemblage exhibited dense coverage and high biomass.
Biofouling tissue samples were collected in the upper 15 m and were considered not to be
exposed to the discharged produced water.

4.3.5 Matagorda Island 703A

full 703A is located offshore of Texas in a water depth of approximately 38 m.
Ml 703A has a produced water discharge rate of 250 bbl/day. The biological assemblages
associated with the platform were similar to the “Offshore” assemblages described by Gallaway
and Lewbel (1982). The soft bottom-associated invertebrates included blue crabs (Ca//hectes
spp.), swimming crabs (Portwws spp.), rock shrimp (Sicyonia brevirostrk), and penaeid shrimps
(Penaeus spp. and Trachypenaeus sp.).

4.3.6 South Marsh Island 229C

SMI 229C, an 4-pile platform, is part of a 2-platform complex which is located in the
nearshore coastal environment of Louisiana in a water depth of approximately 7 m. It is a non-
discharging platform and had been in place 8 years at the time of the field survey. The platform
is in the “Coastal” zone described by Gallaway and Lewbel (1982) and the platform-associated
assemblages were similar to those described for SMI 236A (see Section 4.1.1). The soft
bottom-associated invertebrates included blue crabs (Ca//inectes spp.) and penaeid shrimps
(Penaeus spp.). Stone crabs (Menippe aclina) were collected in traps.

4.3.7 Vermilion 298/305 (Sonnier Bank)

Sonnier Bank is located in Vermilion 298/305 in a water depth range of 18 to 61 m.
The biological assemblages associated with the hardbottom formation were similar to those
described by Putt et al. (1986) with macroepibiota dominated by fire corals and various species
of sponge. Putt et al. (1986) identified 28 species of fish at Sonnier Bank. The surrounding soft
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bottom-associated invertebrates included swimming crabs (Portunus spp.), rock shrimp (Sicyonia
brevirostrk), penaeid shrimps (Penaeus spp.), and blue crabs (Ca//inectes spp.).
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CHAPTER 5- SURFICIAL SEDIMENT GRAIN SIZE AND TOTAL ORGANIC
CARBON CONTENT AND PRODUCED SAND GRAIN SIZE

Bruce Graham
Continental Shelf Associates, Inc.
Jupiter, Florida

5.1 INTRODUCTION

This chapter presents the results of the grain size and TOC analyses of surlicial
sediment samples and grain size analysis of produced sand samples. Surficial sediment grain
size and TOC samples were collected at Components 1 and 2 sites. Produced sand grain size
samples were collected at two of the four Component 1 sites. The data are used to characterize
the sediment at each of the stations sampled for sediment chemistry (radionuciides, metals, and
hydrocarbons).

5.2 LABORATORY METHODS

5.2.1 Grain Size

Grain size samples were heated and then washed with organic solvents to remove
any heavy coating of hydrocarbons. Samples were then washed in demineralized water, dried,
and weighed. The coarse and fine fractions (sand/silt) were separated by sieving through a U.S.
Standard Sieve Mesh No. 230 (62.5 ~m). Sediment texture of the coarse fraction was
determined at half-phi intervals by passing the sediment through nested sieves on a Ro-Tap
apparatus. The weight of the material collected in each size was recorded. Boyocouse
hydrometer analyses was used to determine the fine fraction (<62.5 ~m). A computer algorithm
was used to determine the complete size distribution~and provide interpolated size information for
the fine fraction at 0.25-phi intervals. A Sedigraph 5,000 ET Particle Size Analyzer was used to
check the hydrometer analyses. Median grain size and percentages of graveI, sand, silt, and
clay were calculated for each sample.

5.2.2 Total Organic Carbon

TOC analysis was conducted using a LECO Induction Furnace. Sample combustion
crucibles were cleaned by heating them in an induction furnace to 950”C. They were then
removed, cooled to room temperature in a desiccator, and weighed to the nearest 0.1 mg. Five
to 10 g of each sample were put in a cleaned crucible and dried to a constant weight at 70”C
(k2°C) to avoid loss of semivolatile and volatile compounds. Each sample was then cooled to
room temperature in a desiccator. The sample was then ground to a fine powder using an agate
mortar and pestle. A 0.2 to 0.5 g aliquot of sample was transferred to a clean pre-weighed
combustion crucible. Several drops of 10% HCI were added to the sample to remove any
carbonates present. Acid was added until effervescing ceased (the acid was added slowly to
prevent loss of sample by “overflow” during effervescence). The sample was then redried at
70”C to constant weight and cooled to room temperature in a desiccator. A pre-measured scoop
of copper was then added to the sample as a combustion aid. The sample was combusted in
the induction furnace in the presence of oxygen and the evolved COZ was captured in a
pre-weighed collection bulb.
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The percent organic carbon was calculated by the following formula:

Percent carbon = A(O.2729)(100)
B

where A= weight, in grams, of C02 obtained by weighing
the ascarite collection bulb before and after
combustion of the sample.

B= the dry weight, in grams, of the unacidified
sample in the combustion boat.

0.2729 = the ratio of the molecular weight of carbon to the
molecular weight of carbon dioxide.

5.2.3 Quality Assurance and Quality Control

5.2.3.1 Procedures

Data quality in the grain size and TOC analyses was ensured through the University
of South Alabama (USA) Department of Geology’s Laboratory QA Program and SOPS. Prior
notice to the laboratory was provided by CSA before samples were delivered to ensure that
sample processing could proceed soon after delivery due to the extended processing time
required. All samples received at the laboratory were checked against the accompanying sample
custody sheets, entered into the laboratory’s sample logbook, and placed in cold storage. A copy
of the signed custody sheets was sent to CSA to complete the chain-of-custody and processing
and analysis instructions and authorization were confirmed with the CSA Task Manager prior to
proceeding with the analyses.

5.2.3.1.1 Grain Size Analysis

To the best extent possible, QA procedures were observed in the dry sieving and
hydrometer methods used for the analysis of the coarse and fine fractions (<62.5 ~m). Because
grain size analysis involved primarily gravimetric procedures and there are no direct reproducible
methods for assessing accuracy through the analysis of calibration standards and standard
reference materials, accuracy is primarily ensured through continuing calibration of weighing
equipment. ASTM-grade standard copper-mesh sieves were used. All sediment washing and
sieving equipment were cleaned and checked daily for possible tears and major occlusions. The
accuracy of all weighing equipment was checked daily or for each sample batch through the use
of internal or National Institute of Standards and Technology (NIST)-traceable calibration-grade
standard weights appropriate to the instrument being used and sample weights involved.
Instrument accuracy ranges from 0.00001 g for analytical (Mettler) balances to 0.001 g for pan
balances. Analytical balances were serviced and calibrated by factory service personnel twice a
year. Maintenance and repair records for each balance were kept in logbooks at the laboratory.
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NIST-traceable volumetric glassware, thermometers, and Bouyocous hydrometers
were used to measure volumes, temperatures, and specificgravity of sediment suspensions.
Sediment samples were suspended in dilute solutions of sodium hexametaphosphate prepared
according to SOPS. The Sedigraph 5,000 ET Particle Size Analyzer used to analyze the fine
fraction as a quality control check of the hydrometer method was calibrated according to the
manufacturer’s specifications using glass spherule standards of known particle size
(microsphere). The quality control check primarily involved comparison of the shape of the
particle density distribution. A lower limit of detection of the hydrometer method cannot be
measured because Brownian motion limits the particle size which will settle out. Median grain
size and percentages of gravel, sand, silt, and clay were calculated for each sample.

5.2.3.1.2 Total Organic Carbon

For each sample batch, the LECO induction Furnace carbon analyzer was initially
calibrated by running at least three steel ring standards of known carbon content supplied by
LECO, Inc. according to procedures specified by the manufacturer. Other than instrument
standards, no standard reference materials were analyzed for carbon content to measure sample
and analfllcal accuracy using the LECO carbon analyzer. Ten percent of all sediment samples
were randomly selected and analyzed for TOC in duplicate to assure that precision was being
maintained. Accuracy was checked through continuing calibrations using ring standards that
were analyzed every 10 samples. The analysis was stopped and the instrument serviced or
repaired if results from calibration standards varied from known values by more than 1‘XO.
l+xwver, records of these initial, continuing calibration, and other QC checks were not kept.

All analysts involved in the grain size and TOC analyses were extensively trained on
the SOPS involved. All sample, fraction, and aliquot weights and analytical data were entered in
ink in each analyst’s data logbook. Each data set underwent internal reviews and audits prior to
submission to CSA. Relevant project files and data will be archived at the University of South
Alabama for at least five years before being destroyed.

5.2.3.2 Results

Due to limitations inherent to the sieving and hydrometer methods, no QA/QC results
can be reported. Although QC steps were undertaken to check accuracy and precision in each
anal~ical batch, records are not available. In addition, the parameters reported from grain size
and TOC analyses are operationally defined, and therefore issues of accuracy and precision are
difficult, if not impossible, to consistently quantify and resolve. Similarly, concern about
contamination and interferences in the methods also cannot be addressed.
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5.3 RESULTS AND DISCUSSION

5.3.1 Surficial Sediments

5.3.1.1 Component 1

SMI 236A

The percentage of gravei, sand, silt, clay, and TOC for surficial (O-2 cm) sediment
samples collected at SMI 236A are presented in Table 5.1. The surficial sediment composition
in the area of SMI 236A is variable, but can best be characterized as muddy since 18 of the 23
stations sampled have sediments comprised of 250% mud (silt and clay components combined).
The percentage of gravel ranges from Oto 35.30 with only half of the stations having gravel
present in the sediments. The grain size of the samples plotted on a ternary diagram is shown in
Figure 5.1 (a). The percentage of TOC in the surficiai sediments ranges from 0.79 at the
di~chargeto”4.17 at the 300 m station along Transect IV. The grain ~ze and TOC values of the
duplicate samples (A and B) are similar.

VR 214A

The percentage of gravel, sand, silt and clay and TOC for surficial (O-2 cm) sediment
samples collected atVR214A-are presented in Table 5.2. The surficial sedim-ents in the area of
VR 214A are best characterized as muddy with all stations outside of 100 m having sediments
comprised of >50’XOmud (silt and clay components combined). All 20 and 50-m stations, except
the 50-m stations along Transects I and IV (1-50 and IV-50) have sediments containing gravel.
This is probably due to the shell mat which was placed on the sediments directly under the
platform prior to the placement of the platform. Sediments at all 20 and 50-m stations are
comprised of >70’Yosand. Grain size distribution for samples collected atVR214A is shown in
Figure 5.l(b). The percentage of TOC in the surficial sediments ranges from 0.51 at the 2,000-
m station along Transect 1to 12.11 at the 20-m station along Transect Il. Sediments with the
highest TOC content are within 50 m of the produced water discharge location. The grain size
and TOC of the duplicate sample (A and B) are similar.

HI A-595CF

The percentage of gravel, sand, silt, clay, and TOC for surficial (O-2 cm) sediment
samples collected at HI A-595CF are presented in Table 5.3. The surficial sediments in the area
of HI A-595CF are best characterized as sandy with 17 of the 24 stations having sediments
comprised of z40Y0 sand. Gravel is present at only 3 stations which were within 70 m of the
discharge location. Grain size distribution for samples collected at HI A-595CF is shown in
Figure 5.1(c). Percentage of TOC ranged from 1.07 to 3.88.

SMI 130B

The percentage of gravel, sand, silt, clay, and TOC for surficial (O-2 cm) sediment
samples collected at SMI 130B are presented in Table 5.4. The surficial sediments in the area
of SMI 130B are highly variable. However, approximately half of the stations have sediments
comprised of 250% mud (silt and clay components combined). The sediments along the primary
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Table 5.1. Percentage of gravel, sand, silt, clay, and total organic carbon (TOC) for surficial (O-2
cm) sediment samples collected at SMI 236A. Sediment textural descriptions based
on Folk’s (1954) classification are presented.

Station
[transect - Gravel Sand silt clay TOC TexturalDescription

Discharge 4.60 64.80 11.51 19.09 0.79 gravellymuddysand

1-20 0.00 24.24 18.78 56.98 0.92

1-100 35.30 34.98 11.75 17.97 3.10

1-150 17.04 53.47 15.00 14.49 2.99

1-300 5.08 35.03 36.02 23.87 3.13

1-2000 0.00 13.98 32.91 53.11 1.40 sandy mud

11-20 0.00 16.32 32.12 51.56 2.15

11-50A 4.04 21.83 35.55 38.58 3.56

11-50B 1.93 18.09 45.20 34.78 3.01 gravelly sandy mud

H-1oo 8.95 17.21 34.07 39.77 3.15 gravelly mud

11-150 3.28 24.59 29.73 42.40 3.12

11-300 0.00 16.98 39.04 43.98 3.61 sandy mud

11-2000 0.00 2.29 37.78 59.93 2.98 mud

HI-20 0.00 25.85 28.90 45.25 2.94

111-50 0.00 26.91 28.09 45.00 3.67 sandy mud

Ill-1oo 0.00 35.98 23.87 40.15 3.12 sandy mud

111-150 0.00 1.07 29.83 69.10 3.18

111-300 6.59 38.57 28.18 26.66 2.99 gravelly mud

111-2000A 0.00 1.55 28.32 70.13 3.51 day

111-20WB 0.00 3.35 30.92 65.73 3.12 day

IV-20 16.15 59.40 7.09 17.36 3.16

IV-50 12.79 10.63 33.01 43.57 2.09 gravellymud

Iv-1 00 9.12 17.62 36.35 36.91 2.12

Iv-1 50 0.00 3.19 36.04 60.77 2.98 mud

IV-300 11.77 42.19 21.45 24.59 4.17 gravelly mud
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Table 5.2. Percentage of gravel, sand, silt, clay, and total organic carbon (TOC) for surficial (O-
2 cm) sediment samples collected at VR 214A. Sediment textural descriptions
based on Folk’s (1954) classification are presented.

Station
[transect- Gravel Sand silt clay TOC Textural Descni@lon

distance (m)]

1-20 12.10 73.40 6.03 8.47 1.63 gravelly muddy sand

1-50 0.00 77.81 12.98 9.21 5.81 muddy sand

l-l 00A 0.00 29.80 52.41 17.79 1.81 sandy silt

1-100B 0.00 26.88 45.05 28.07 2.20 sandymud

1-150 0.00 37.65 35.50 26.85 2.01 sandy mud

1-300 0.00 8.07 58.80 33.13 1.98 mud

1-2000 0.00 11.86 44.81 43.33 0.51 sandy mud

11-20 3.26 96.16 0.58’ 12.11 gravelly sand

11-50 3.85 92.64 3.51’ 7.18 gravelly sand

11-100 0.00 13.73 45.66 40.61 2.94 sandy mud

11-150 0.00 25.95 46.76 27.29 2.81 sandy mud

!1-300 0.00 8.23 49.82 41.95 2.44 mud

11-2000 0.00 8.74 44.25 47.01 2.51 mud

111-20 11.76 85.96 2.28” 8.12 gravelly sand

111-50 10.12 88.99 0.89’ 6.21 gravelly sand

Ill-1oo 0.00 96.35 3.65= 2.43 sand

111-150 0.00 40.88 40.62 18.50 2.77 sandy silt

111-300 0.00 19.46 58.22 22.32 2.15 sandy silt

111-2000 0.00 9.72 57.69 32.59 1.93 mud

IV-20 9.66 87.42 2.92’ 7.18 gravelly sand

IV-50 0.00 77.72 14.28 8.00 4.91 muddy sand

Iv-1 00 0.00 39.30 38.40 22.30 1.71 sandy mud

[v-l 50 0.00 20.58 50.45 28.97 2.38 sandy mud

IV-3(3O 0.00 3.23 67.86 28.91 2.51 silt

IV-2000 0.00 5.77 48.51 45.72 2.38 mud

a Combined total forsiltand clay components.
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Table 5.3. Percentage of gravel, sand, silt, clay, and total organic carbon (TOC) for surFicial (O-
2 cm) sediment samples collected at HI A-595CF. Sediment textural descriptions
based on Folk’s (1954) classification are presented.

Station
[transect-distance Gravel Sand silt Clay TOC Textural Description

(m)]

1-60 2.69 68.4f 20.17 8.73 1.12 gravelly muddy sand

1-70 1.63 45.67 44.74 7.96 2.58 gravelly sandy mud

1-100 0.00 64.19 29.03 6.78 2.91 silty sand

1-150 0.00 40.17 50.15 9.68 3.75 sandy silt

1-300 0.00 11.28 64.76 23.96 3.88 sandy silt

1-2000 0.00 15.79 40.66 43.55 1.07 sandy mud

11-50 0.00 57.09 36.78 6.13 1.79 silty sand

II-so 0.00 18.38 69.38 12.24 1.99 sandy silt

II-100 0.00 48.96 41.06 9.98 2.68 sandy silt

11-150 0.00 57.81 29.21 12.98 2.22 silty sand

11-300 0.00 40.15 42.19 17.66 2.15 sandy silt

11-2000 0.00 5.71 43.77 50.52 2.59 mud

Ill-so 0.00 76.69 17.84 5.47 2.44 silty sand

Ill-so 2.37 57.36 32.18 8.09 2.46 gravelly muddy sand

Ill-1oo 0.00 57.74 30.78 11.48 2.63 silty sand

111-150 0.00 56.08 34.24 9.68 3.01 silty sand

111-300 0.00 79.84 11.68 8.48 2.73 muddy sand

lli-2ooo 0.00 36.37 49.27 14.36 2.11 sandy silt

IV-so 0.00 38.18 57.63 4.19 1.61 sandy silt

Iv-so 0.00 67.63 25.61 6.76 2.12 silty sand

Iv-1 00 0.00 58.33 33.73 7.94 1.54 siltysand

Iv-150 0.00 60.62 24.52 14.86 1.94 muddy sand

IV-300 0.00 38.02 44.61 17.37 2.50 sandysilt

IV-2000 0.00 48.24 37.86 13.90 2.75 sandysilt
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Table 5.4. Percentage of gravel, sand, silt, clay, and total organic carbon (TOC) for surficial (O-2
cm) sediment samples collected at SMI 130B. Sediment textural descriptions based
on Folk’s (1954) classification are presented.

Station
[transect-distance Gravel Sand Silt clay TOC TexturalDescription

(m)]

1-50 2.76 81.22 7.63 8.39 0.95 gravelly muddy sand

1-50 0.99 88.69 6.15 4.17 1.21 gravelly muddy sand

1-100 0.00 67.40 23.46 9.14 2.50 silty sand

1-150 0.00 70.22 18.94 10.84 1.41 muddy sand

1-300 0.00 1.82 48.56 49.62 1.97 mud

1-2000 0 1.91 35.79 62.3 1.59 mud

1140 0.00 68.65 17.44 13.91 0.83 muddy sand

11-50 0.00 66.38 21.92 11.70 1.53 muddy sand

11-100 0.00 45.06 40.36 14.58 2.16 sandy silt

11-150 0.00 21.34 45.12 33.54 2.50 sandy mud

11-300A 0.00 2.72 35.21 62.07 2.01 mud

11-300B 0.00 2.60 46.65 50.75 1.99 mud

11-2000 0.00 2.30 47.85 49.85 1.89 mud

111-50 0.00 95.28 4.72’ 0.70 sand

111-50 0.00 75.54 18.32 6.14 1.92 silty sand

111-100 - 5.74 55.10 17.07 22.09 1.83 gmveily muddy sand

111-150 0.00 28.68 40.07 31.25 1.54 sandy mud

111-300 0.00 5.33 49.16 45.51 1.74 mud

111-2000 0.00 0.87 39.61 59.52 1.97 mud

IV-30 A 0.00 80.19 11.56 8.25 2.91 muddy sand

IV-30 B 0.00 ‘ 80.72 10.82 8.46 2.83 muddy sand

IV-50 0.00 74.71 15.68 9.61 2.14 muddy sand

Iv-1oo 16.01 42.64 25.69 15.66 1.98 gravelly muddy sand

IV-150 0.00 35.79 38.32 25.89 2.18 sandy mud

IV-300 0.00 62.47 22.33 15.20 2.12 muddy sand

IV-2000 0.00 0.57 52.32 47.11 1.98 mud

V-2000 o 0.81 32.86 66.33 0.75 clay

a Combined total for silt and day components.
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transect (1) out to 150 m are predominantly sand as are sediments along the other transects out
to 100 m. Gravel is present at only four stations. Sediments at all the 2,000-m stations are
comprised of >97Y0 fine partkles (silt and clay). Grain size distribution for samples collected at
SMI 130B is shown in Figure 5.l(d). Percentage of TOC ranges from 0.70 to 2.91. The grain
size and TOC of the duplicate samples (A and B) are similar.

5.3.1.2 Component 2

The percentage of gravel, sand, silt, clay, and TOC for surficial (O-2 cm) sediment
samples collected at Component 2 sites are presented in Table 5.5. The two sites, WC 448 (36
m) and GA A-90 (39 m), with similar water depths are characterized as sandy mud based on
Folk’s (1954) classification. Overall, the sediment composition at the Component 2 sites are
quite variable and should provide an adequate reference for comparing analytical results for
sediment samples collected at Component 1 sites. Grain size distribution for samples collected
at Component 2 sites is shown in Figure 5.2. Percentages of TOC are relatively low and range
from 1.00 to 1.71.

Table 5.5. Percentage of gravel, sand, silt,clay, and total organiccarbon (TOC) for surficial(O-2cm)
sediment samplescollectedat Component2 sites. Sediment texturaldescriptionsbased on
Folk’s(1954) classificationare presented.

Site Gravel Sand silt Clay TOC TexWal Description

WC 448 0.00 28.56 29.75 41.69 1.71 sandy mud

SMI 186/195 0.00 43.11 15.11 41.78 1.00 sandy clay

GA A-205 0.81 62.00 13.52 23.65 1.09 gravelly muddy sand

GA A-90 0.00 47.78 20.46 31.76 1.21 sandy mud

5.3.2 Produced Sand

The percentage of sand, silt, and clay for produced sand samples collected at
SMI 130B and SMI 236A are presented in Table 5.6. The samples from both sites are
predominantly sand with approximately 20% fine particles (silt and clay). Produced sand settles
out in the oilhvater separator, but the majority of fine particles probably remain in suspension and
are discharged in the produced water.

5.4 ACKNOWLEDGEMENTS

Dr. Wayne Isphording was responsible for conducting the grain size and TOC
analyses. Wayne put forth a diligent effort in specially treating the produced sand samples in
order to conduct the grain size analysis.
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Table 5.6. Percentage (mean ~ 1 standard deviation) of sand, silt, and clay for produced sand
samples collected at Component 1 sites (n=3). Sediment textural descriptions
based on Folk’s (1954) classification are presented.

Site
Sediment Component

SMI 130B SMI 236A

Sand 81.33 ~ 1.74 79.4815.69

Silt 7.84 ~ 1.36 20.52 ~ 5.69’

Clay 10.96 k 0.54

Textural Description muddy sand muddy sand

a Combined total for silt and clay components.

5-12



CHAPTER 6- RADIONUCLIDES IN OIL AND GAS OPERATIONAL
DISCHARGES AND ENVIRONMENTAL SAMPLES
ASSOCIATED WITH OFFSHORE OIL AND GAS PRODUCTION
FACILITIES

Luis Lagera, Jr., Alan Hart, and Bruce Graham
Continental Shelf Associates, Inc.
Jupiter, Florida

6.1 INTRODUCTION

Produced water is commonly discharged from platforms located on the outer
continental shelf of the Gulf of Mexico during production of oil and gas. Gulf of Mexico produced
waters characteristically have elevated salinities and often contain elevated concentrations of
inorganic and organic constituents compared to the receiving ambient seawater. Among the
constituents of some Gulf of Mexico produced waters are radionuclides. Produced sand, which
also contains radionuclides, was also commonly discharged prior to January 1994. There is a
potential for marine organisms living around produced water discharges to bioaccumulate
radionuclides.

The objective of this portion of the study was to gather data on the levels of selected
radionuclides in produced water, produced sand, ambient seawater, sediment, interstitial water,
and tissues of selected organisms. Radionuclide data collected during this study are being used
by Brookhaven National Laboratory (BNL) in an environmental and human-health risk
assessments of radionuclides from produced water discharges.

The primary focus of this chapter is to report levels of selected radionuclides (22eRa,
‘8Ra, and 210Pb)in produced water, produced sand, ambient seawater, discharge
plume/receiving water, sediment, interstitial water, and biological tissue samples collected from
and in the vicinity of Gulf of Mexico discharging platforms (Components 1 and 3 sites) and
reference sites (Components 2 and 3 sites). In addition, 228Thand 210Polevels were determined
in the produced water samples.

Laboratory methods and QA issues specific to analyses for radionuclides are
described in this chapter. Results and a brief discussion of the radionuclide analyses are also
presented. The data show very clearcut differences between radionuclide activities in produced
waters and ambient seawater, and very low radionuclide levels were found in almost all tissue
samples.

Sampling was conducted at 15 sites classified into Component 1 discharging sites
(4), Component 3 discharging sites (4), and non-discharging reference sites (2), and Component
2 reference sites (4). A supplemental site was also included as a reference site where bivalve
collections were made. As described in detail in Chapters 2 and 4, the study sites were
distributed over a range of water depths and oceanographic conditions (Table 2.1).
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6.2 - LABORATORY METHODS

6.2.? Sample Preparation

6.2.1.1 Produced Water, Ambient Seawater, Discharge Plume/Receiving Water, and
Interstitial Water Samples

Upon delivery at the Core Laboratories, Inc. laboratory in Casper, Wyoming, all water
samples were logged in and held in cold storage until specific analysis instructions and
authorizations were received by the laboratory. One liter of unfiltered water was used for each
analysis of radionuclide activities.

6.2.1.2 Produced Sand and Sediment Samples

The produced sand and sediment samples were received and stored frozen until
analysis. The samples were dried and weighed. The produced sand samples were then
analyzed following the procedures similar to those used for water samples as described in
Section 6.2.2. Whole sediment samples were analyzed by gamma spectroscopy.

6.2.1.3 Tissue Samples

Biological tissue samples (bivalve tissues, fish fillets, shrimp tails, and crab muscle
tissues) were received and stored frozen until analysis. Each sample was thoroughly
homogenized and then dissolved in concentrated HNO~. The resulting solution was extracted
with an equal volume of heptane to remove the long-chain fat molecules. The nitric fraction was
then solubilized with consecutive digestions using dilute HNO~, then HNO~-H20z, and finally
HNO~-HCIOA-HF digestion. After a Na$30A fusion to complete the destruction of the organic
material, the samples were analyzed following the procedures in Section 6.2.2.

6.2.2 Radium-226 and 228 Analysis

Preparation of samples for radionuclide analyses was performed following standard
protocols of Percival and Martin (1974) and EPA (1980) with slight modifications to remove
interferences known to occur in specific sample types following Demorest and Wallace (1992).

With the exce~lon of the sediment samples which were analyzed using gamma
spectrometry, ‘sRa and ‘*Ra activities in produced water, ambient seawater, discharge
plume/receiving water, interstitial water, produced sand, and tissues were determined using
alpha and beta low background proportional counters. A new procedure was developed and
employed in order to achieve low detection limits for the radium isotopes in ambient seawater
and tissue samples and to reduce the error range of the numbers generated at these lower
detection limits. The basic premise of the method was to increase the efficiency in counting of
both 22eRaand ‘8Ra. Both of these isotopes decay to shorter lived alpha and beta emitters, and
the classic methodologies often utilize these higher specific activity isotopes to identify and
quantify the parent isotopes. In the past, it has been difficult to separate the many different
decay products and identify them relative to the parent responsible for their production. In this
method, the approach to this problem was simplified by making an assumption that at low levels
of activity there would be a relatively constant contribution from both ‘GRa and ‘sRa if the
materials were allowed to reach equilibrium. This assumption was tested by running a series of
low level standards for 22sRaand 228Raseparately and combined. A very accurate estimate of
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percentage contribution to both alpha and beta was developed when the samples were allowed
to equilibrate for 3 weeks.

This approach allowed the **aRa activity to be estimated tillizing an unlimited counting
time without the need to consider the ‘SAC (6 h half-life) decay product. The classic method
utilizes the isolation of this decay product and immediate counting. The rate of decay is so rapid
that extended counting times are not feasible. The results of these calibration experiments
demonstrated that there is a very constant contribution of decay products from each isotope at
low activity levels.

Following the initial preparation previously described, all radium samples were
analyzed identically using this method. A PbSOQ precipitation was petiormed by the addition of
Pb(NO~)z to a solution that contained a high concentration of sulfate. This precipitate was
dissolved in diethylenetriaminepentaacetic acid (DTPA) and the radium was coprecipitated with
BaSOd. The resulting barium precipitate was isolated on a planchet, and the planchet was set
aside for a 3-week period to allow the in-growth and equilibration of the decay products from both
‘GRa and 228Raon the same planchet. A Berthold LB-7702 10 Detector Low-Background Gas
Flow Proportional Counter was used for counting alpha and beta activity in the samples. The
samples were counted for up to 600 min and the activity of the ‘GRa and 2=Ra determined by a
calibration curve, which was developed by utilizing low level standards. The resulting data
demonstrated much lower detection limits, as well as reduced uncertainty in the counting error.
Radionuclide activity in produced water, ambient seawater, and interstitial water samples are
expressed in pCi/L while tissues are in pCi/g wet weight.

‘ Sediment samples were analyzed for ‘eRa and 228Raactivity using 2-channel
high-purity germanium co-axial detector gamma spectroscopy systems (GEM or GMX series).
Experience has shown that radionuclide activities determined by both instruments (proportional
counters and gamma spectrometer) are generally comparable. Radionuclide activity in sediment
and produced sand samples are expressed as pCi/g on a dry weight basis.

6.2.3 Lead-210 Analysis

Following methods modified from Percival and Martin (1974), 210Pbwas determined
by purification of the PbSOd precipitate (which contains the radium, lead, and thorium isotopes)
through a series of precipitations and then isolated and counted by low background liquid
scintillation analysis. After dissolution in DTPA, the radium isotopes were extracted from the
PbSOd through BaSOq precipitation and the remaining thorium and lead isotopes were then re-
precipitated as PbSOd. The sulfate ion was removed via ammonium acetate and sodium
carbonate double precipitation and the PbCO~ precipitate was dissolved in acetic acid, added to
a cocktail solution and counted using a Packard Instruments Corporation 2260 XL Low
Background Liquid Scintillation Counting System. The method is specific for 210Pbwhich is a low
energy beta emitter. All sample batches were analyzed with the required QC samples according
to SOP.
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6.2.4 Thorium-228 Analysis

The analytical method for 22STh,an alpha emitter, is also based on the sequential
precipitation method for radium, thorium, and actinium described in Section 6.2.3 (Percival and
Martin, 1974). The thorium was purified by precipitation and liquid-liquid extraction with cerium
fluoride and filtration and activity was counted by alpha spectrometry. The PbCO~ generated by
double precipitation was dissolved in nitric acid and the thorium extracted into trioctyl phosphine
oxide (TOPO). The thorium was back extracted, the organic material removed by an acid digest,
and the thorium isolated on cerium fluoride precipitate, filtered, and mounted on an aluminum
disk for alpha spectrometry using a Canberra Nuclear Products 7404 Quad Alpha Spectrometer.
All sample batches were analyzed with the required QC samples according to SOP.

6.2.5 Polonium-210 Analysis

2f0Po is an alpha emitter and was determined by isolating the element by precipitation
with iron hydroxide followed by isolation on diethylammoniumdiethyldithiocarbamate (DDTC) and
counting via alpha spectroscopy. Water samples or digests from sediment or tissues were
spiked with ‘*Po tracer and ferric nitrate carrier, acidified, boiled, and precipitated using
ammonium hydroxide. The precipitate was centrifuged out, acidified with hydrochloric acid,
treated with ascorbic acid, then extracted with freshly prepared DDTC in chloroform. The organic
extract was decomposed, then the polonium was plated out from solution onto nickel disks.
Sample disks were then counted via alpha spectrometry using a Canberra Nuclear Products
7404 Quad Alpha Spectrometer. In addition to the internal 2mPotracer to document chemical
and counter eticiency, all sample batches were analyzed with the required QC samples
according to SOP.

6.2.6 Quality Assurance and Quality Control

6.2.6.1 Procedures

Core Laboratories provides radiochemistry analytical services through a
comprehensive, rigorous corporate QA Program. The laboratory has been granted Region Vlll
EPA cetiification for radionuclide analysis and maintains certifications with a number of states for
analysis of various radionuclides in different matrices. Core Laboratories is subject to and has
passed EPA audits every 2 years. In addition, Core Laboratories was subjected to and passed
audits by several DOE facilities (e.g., by Sandia, Oak Ridge National Laboratories) for site-
specific projects.

Upon arrival, all samples received at the Core Laboratories’ Casper, Wyoming
laboratory were examined with a gamma probe for high activity levels, checked for possible
contamination from breakage/spillage, and inspected for acceptable shipping conditions. The
samples were sorted and matched with the accompanying chain-of-custody forms and analysis
instructions. A laboratory sample identification number was assigned to each sample as part of
Core Laboratories’ log-in process. At times when a hold order was placed on a batch of
samples, Core Laboratories’ standard log-in process was not completed until authorization was
received from CSA. In these cases, samples were held in storage until specific analysis
instructions and authorization was obtained from CSA prior to proceeding with the analyses.
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According to Core Laboratories SOP, each sample was assessed for adequate
sample volume and the sample information was entered into Core Laboratories’ Laboratory
Information Management System (LIMS) including client, laboratory sample identification number,
processing instructions, and count times. Upon completion of the log-in procedure, summary
reports were generated with the LIMS for sample receipt verification and reviewed by the
Radiochemistry Section Supervisor. Following review, copies of the log-in verification, chain-of-
custody, and sample verification forms were sent to CSA.

Samples were prepared for analysis as described in Section 6.2, and each analytical
instrument was setup and initially calibrated according to the manufacturer’s specifications and
applicable SOPS. Instrument and analyst performance was monitored continuously using
laboratory control charts. Calibration sources for each instrument and matrix were prepared from
NIST-traceable materials. Stock solutions and method blanks were prepared with distilled-
deionized water. Certified analytical grade acids and solvents for all solutions were used
according to SOP. Records were kept of all standards and prepared solutions and sources,
including certHied analyses.

After initial instrument calibration was completed, each batch of field samples was
analyzed with a complete set of QC samples including method blanks, method duplicates, a
laboratory control standard, and matrix spikes to assess contamination, interferences, accuracy,
and precision. Detection limits (minimum detectable activity) were determined and reported for
each sample, analyte, sample type, and matrix. DQOS and acceptance criteria for radionuclide
analysis are presented in Table 6.1.

All analytical results was reviewed and audited prior to submission to CSA. Along
with a case narrative and a complete QC summary, each data package was submitted in
hardcopy and spreadsheet format. According to laboratory SOP, data reports, working
documents, and project files will be archived for at least five years before disposal.

6.2.6.2 Results

Detection limits determined during the analysis for the radionuclides are presented in
Table 6.2. Detection limits for the radium isotopes were determined for each analysis because
the detection limit is a function of the quantity of sample and the gross background counts.
Based on the results of the analyses of the QC samples, data quality for radionuclides in the
relevant matrices was good. Low radionuclide activities were also found in field blanks indicating
contaminant-free samples. Similarly, evidence that samples were contaminant-free can be found
in the low radionuclide activities found in the equipment blanks that were analyzed. Low
background counts were found in procedural blanks used in each analytical sample batch.

The DQOS for accuracy, precision, detection limits, and comparability for radionuclide
analyses of samples were met by Core Laboratories in most cases. Quality control data from the
matrix spikes and reference materials demonstrated that the accuracy and precision of the
radionuclide measurements generally were mostly within the DQOS. Although the method
duplicates in some cases were out of the stated acceptance criteria ranges for precision, these
were due to the very low activity levels found in the majority of the samples.
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Table 6.1. General data quality objectives and criteria for radionuclide analyses.

Data Quality Objective/
Element or Sample Type MinimumFrequency Acceptance Criteria

InitialCalibration Priorto everyanalyticalbatch *I 0% of calibrationvalues

LaboratoryControlSample 1 per batch Percent recoverywithin80°XIto
120?40

MatrixSpikes 1 per batch or 5~0 of field Percent recoverytarget analytes
samples 75% to 125%

Matrix Duplicate 1 per batchor 5V0 of field Relative percentdifferencewithin
samples 20%

Procedural Blank 1 per batchor 5% of field Not to exceed 5 times target
samples detectionlimit

Duplicate Sample Analysis 1 per batch or 5?40of field Absolutedifference between
samples duplicateslessthan detection

limit

Target Detection Limit:‘Raa Producedwater 2.09 pCi/L
Ambientseawater 0.1 pCi/L
Producedsand and sediment 0.05 pCi/g dryweight
Tissue 0.006 pCVgdryweight

Target Detection Limit:‘8Raa Producedwater 3.5 PCilL
Ambientseawater 0.35 pCi/L
Producedsand and sediment 0.19 pcilg dryweight
Tissue 0.019 pCi/g dryweight

Target Detection Limit 2’OPb’ Producedwater 3.28 pCi/L
Ambientseawater 0.22 PCi/L
Producedsand and sediment 0.11 pCdgdryweight
Tissue 0.012 pCi/g dryweight

Target Detection Limit:‘%h Producedwater .3pCi/L

Target Detection Limit.. “*’”Po Producedwater 3 pCi/L

aDue to sample limitations,target detetiion limitswere not specifiedfor interstitialwaters.
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Table 6.2. Lower limits of detection achieved during radionuclide analysis of various matrices.

ProducedWater AmbientSeawater ProducedSand Tissue
and Interstitial (pCilL) and Sediment (pcdg

Radionuclide Water (oCtiL) (~Ci/a dryweight) wet weight)

‘Ra 0.10 to 0.80 0.02 to 0.40 0.03 to 3.70 0.001 to 0.006

‘Ra 0.20 to 2.3 0.10 to 2.40 0.1 to 1.0 0.002 to 0.020

Zlopb 0.10 to 2.3 0.10 to 2.30 0.05 to 0.2 0.002 to 0.011

210poa 0.10to 10.90 .- --

-ha 0.30 to 16.60 --

Producedwater only.
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Due to the nature of the material and the analytical methods, method detection limits
(MDLs) comparable to the organics and metals were not developed for radionuclides. As defined
by the methodology, a lower limit of detection (minimum detectable activity) was determined for
each sample a priori as a function of the matrix, sample volume, background activity, and
counting time. Core Laboratories was generally able to achieve detetilon limits at very low levels
of activity and produced reliable and reproducible results at these low levels, particularly for
tissue samples.

In produced water, the reported lower limit of detection for **eRa was higher than the
target detection limit of 2.09 pCi/L in 131 of the 162 produced water samples analyzed. About
50% of the produced water samples analyzed for ‘8Ra had reported detection limits that were
greater than the target detection limit. The ‘sTh target detection limit was not achieved in 13 of
the 50 samples analyzed while the target detection limit for 210Powas not achieved in 12 of the
50 produced water samples analyzed. For the majority of the samples whose reported detection
limits exceeded the target, radionuclide concentrations were generally greater than the target
detection limit by 2 times or more. Only 5 of 61 ambient seawater samples analyzed forzGRa,
‘sRa, and *’”Pb had reported lower detection limits that were higher than the target detection
limits of 0.1, 0.35, and 0.22 pCi/L, respectively.

CSA specified target detection limits for all matrices except for interstitial waters as
part of the analysis instructions provided to Core Laboratories. Target detection limits for
interstitial water samples could not be specified because there was little experience in the
analysis of this matrix upon which to base detection limits. In addition, detection limits could not
be set a priori because of the uncertainty in the sample volume that could be extracted from each
sediment sample as this is a function of the porosity of the sediment and the amount of sediment
available for extraction (number of cores times volume of subcores or sections).

In the case of sediment samples, these were mostly analyzed by gamma
spectroscopy without digestion which does not allow the lower limits of detection achievable
through the wet chemistry method using proportional counters. Lower detedlon limits reported
for ‘Ra and ‘8Ra in sediment samples were therefore much higher than the target detection
limits set for these radionuclides. Reported detection limits for 210Pbanalyses were below the
target detection limit of 0.11 pCi/g for all the 162 sediment samples analyzed with the exception
of six samples.

The target detection limits for22GRaand ‘8 Ra in tissues of 0.006 and 0.019 pCi/g,
respectively, were met in the 550 samples analyzed with the exception of two samples analyzed
for ‘8Ra (reported lower detection limit was 0.020 vs. target of 0.019 pCi/g). Similarly, detection
limits for210Pb in all tissue samples were below the target detection limit of 0.012 pCi/g.

6.3 RESULTS AND DISCUSSION

The field effort was conducted in the summer of 1993. At the four Component fi
discharging sites, samples of produced water, produced sand (two sites only, SMI 130B and SMI
236A), ambient seawater, discharge plume/receiving water, and biological tissues were
collected. Sediment and interstitial water samples were also collected at the Component 1 sites.
At the four Component 3 discharging sites, produced water and biological tissue samples were
collected. Ambient seawater and biological tissue samples were also collected at two of the
Component 2 non-discharging sites and biological tissue samples only at the third site. Ambient
seawater and sediment samples were collected at the four Component 2 reference sites. When
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values were repotied to be below the sample specific detection limit, the detection limit is
reported (e.g., c2.09 pCi/L or <0.3 pCi/g).

6.3.1 Produced Water, Discharge Plume/Receiving Water, and Ambient Seawater

Three replicate produced water samples were collected at each of the Components 1
and 3 discharging platform sites (Table 6.3). With the exception of Hi A-595CF, the ‘GRa and
‘Ra activities were within the range reported by Stephenson andSupemaw(1990) for 42 Gulf
of Mexim offshore produced water discharges (4 to 584 pCi/L and 18 to 586 pCi/L, respectively).
Continental Shelf Associates, Inc. (1993) reported ‘GRa and ‘Ra activities for two offshore
Louisiana produced water discharges in Eugene Island Area Block 189 and Ship Shoal Area
Block 169, where 22eRaactivities were 225 and 111 pCi/L, and ‘sRa activities were 260 and 240
pCi/L, respectively. The elevated mean 226Raactivity reported in produced water from HI A-
595CF includes a single outlier (showing an activity an order of magnitude higher than the two
other samples) which is likely due to produced water scale entrained into the sample. Scale
typically contains high radionuclide activities. There were no apparent differences in the
activities of the three radionuclides between the Components 1 and 3 sites.

‘8Th and 210Poatilvities in produced water collected tlom the Components 1 and 3
sites were generally within an order of magnitude of the radium (zETh) or lead (210Po)
radioisotopes. 2~h activity ranged from 11 to 121 pCi/L while mean activity of 210Poin produced
water samples was less than 2.3 pCi/L.

Seawater samples collected at the ambient reference sites (Table 6.3) showed mean
‘GRa, ‘8Ra, and 210Pbactivities that were several orders of magnitude lesser than the activities
measured for the produced water samples. ‘Wh and 210Pbactivities were not measured in the
ambient seawater samples from the reference sites.

Additional produced water sampling was performed at the four Component 1
discharging sites to investigate the variability of radionuclide activities of produced water at two
time scales. After the initial produced water sampling, five additional produced water samples
were collected sequentially at 12-h intervals to investigate short-term variability of radionuclides
in produced water. Up to five additional sets of replicate samples were also collected by the
platform operators at monthly intervals to investigate longer term variability of radionuclides.
With the exception of HI A-595CF, ‘GRa activities in the produced water collected at 12-h
intervals were generally more consistent than samples collected at monthly intervals (Table 6.4).’
At HI A-595CF, the **GRaactivities were variable at both time scales. ‘8Ra and 210Pbactivities
were not as variable as the ‘GRa activities at either time scale (Table 6.4). These data indicate
that a single sampling of produced water at a platform may not be entirely representative of
radionuclide levels over longer periods of time, which has implications for relating produced
water activities to activities in organisms living in the vicinity of the discharge.
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Table 6.3. Mean (* standard deviation) activities (pCi/L) of 226Ra,228Ra,210Pb,228Th,and *“”Po in produced water samples from.. . ..- ---
Components 1 and 3 sites. Mean (* standard deviation) activities (pCi/L)of 2’5Ra, ‘z5Ra, and ‘lOPb are also shown for
ambient seawater samples from Component 2 reference sites.

Platform/ReferenceSite Location I 226Ra I 228Ra Plopb I 228Th

I

210p.

Component 1 Sites

SouthMarsh Island236A 91 * 13 239 + 67 12.3 * 4.3 81.7 * 10.1 1.3 * 0.7

Vermilion214A 300 * 157 228 k 29 7.7 * 47 77.6 k 12.3 13 * 0.7

SouthMarsh Island 130B 362 * 43 164 t 146 5.6 * 5.5 43.1 * 17.3 2 k 1.1

High IslandA-595CF 1,494 * 1,989 356 * 19 12.5 i 26 79 * 6.7 1 * 06

Component 3 Sites

MatagordaIsland 703A 56*3 69*7 2.6 * 05 11.4 i 4.9 0.7 * 0.5

HighislandA-323A 112 * 6 162 * 12 5.2 * 25 29 * 4.4 06 * 02

Eugene Island313A 270 * 16 388 * 15 13.8 * 1.9 62.6 k 9 2,3 & 1.4

High IslandA-382F 255 * 43 600 * 107 16.7 * 4.1 1207 * 7.4 1.9 & 0.6

Component 2 Sites

West Cameron 448 043 * 0.17 <0.30 0,37 * 0.15 ----- .....

GalvestonA-90 007 * 0.06 0.7 * 0.66 0.23 k 0.21 ----- . .. ..

SouthMarsh Island 186/195 0.13 * 0.06 0.6 * 053 0.03 * 0,06 ----- . ....

GalvestonA-205 0.13 * 0.06 0.93 * 1.21 0.3 t 0.26 ----- . .. ..



Analyte Time of Sampling SMI 236A VR 214A SMI 130B HI A-595CF

226R~ Initial sampling 91 * 13 300 * 157 362 ~ 43 1,494 k 1,989

12 h after initialsampling 70 400 261 490

24 h after initialsampling 66 347 317 470

36 h after initialsampling 47 441 110 83

48 h after initialsampling 175 373 373 944

60 h after initialsampling 68 344 229 734

1 mo after initialsampling 39* I 60*8 196 k 97

2 mo after initialsampling 65*2 77 * 11 315 * 7 101 * 11

3 mo after initialsampling 38 *’6 90 * 25 265 * 26 165 * 259

4 mo after initialsampling 292 * 11 238 k 71 287 * 18 434 * 13

5 mo after initialsampling 321 * 33 286 * 12

228Ra Initialsampling 239 * 67 228 * 29 164 * 147 356 * 19

12 h after initialsampling 138 214 130 409

24 h after initialsampling 307 193 113 362

36 h after initialsampling 126 241 43 291

48 h after initialsampling 187 263 187 220

60 h after initialsampling 166 217 k 279 257

1 mo after initialsampling 119 * 14 242 * 6 193 * 17

2 mo after initialsampling 277 * 52 318 * 11 188 * 5 276 * 30

3 mo after initialsampling 126 * 3 278 * 26 156 k 57 190 * 297

4 mo after initialsampling 274 * 17 228 * 63 196 * 27 470 * 55

5 mo after initialsampling 306 * 16 196 * 23



Table 6,4. (Continued).

Analvte

210Pb

Time of Sampling SMI 236A VR 214A SMI 130B HI A-595CF

Initialsampling 12*4 8*5 6*5 13*3

12 h after initialsampling 13 8 13 11

24 h after initialsampling 16 5 4 15

36 h after initialsampling I 12 7, 2 20

48 h after initialsampling 16 11 5 23

60 h after initialsam~lirm 15 14 11 12

1 mo after initialsampling 4* I ! 6*2 5&2
,

2 mo after initialsampling 8*2 [ 7* I 7*O [ 4*O

3 mo after initialsampling 4* I 6+2 5* I 8*3

4 mo after initialsampling 2*3 4* I <2.1 9&5
!3mn after initial samdina II*9 <2.1



Radionuclides were determined in water samples collected in the discharge
plume/receiving waters at the four Component 1 platforms. Samples were collected at distances
of 5, 10, 30, 50, and 100 m from the discharge point. In addition, ambient seawater samples
were collected at three stations located greater than 2,000 m from each platform. All discharges
were above the’sea surface. The values are compared to those for the produced water and the
Component 2 reference sites in Tables 6.5 to 6.7.

The activities of the radionuclides are quickly reduced after discharge of the produced
water, generally approaching levels comparable to ambient conditions within short distances
from the discharge point. At 5 m from the discharge point, ratios of produced water activity to
plume water activity for ‘eRa and 228Rawere 228:1 to 1668:1 and 162:1 to 759:1, respectively.
The radium ratios observed at these four platforms were similar to those observed by Continental
Shelf Associates, Inc. (1993) at Eugene Island Area Block 189 and Ship Shoal Area Block 169.
Produced water-to-plume water activity ratios were lower for 210Pb,ranging from 24:1 to 80:1.
The difference in produced water-to-plume water activity ratios between the radium isotopes and
the lead isotope indicated that they may be behaving differently in the plume. Lead is commonly
associated with fine-grained particles. When the radium isotopes enter the sulfate-rich seawater,
they may form particles of radium sulfate just as barium does. White (1992) suggested that 90%
of the radium in discharged produced water could be coprecipitated with barium.

6.3.2 Produced Sand

Table 6.8 summarizes the results of the analyses of radionuclides in produced sand
from Component 1 sites SMI 236A and 130B. Produced sand radionuclide activities were in the
same order of magnitude as activities in sediment samples from Component 1 sites. ‘eRa
activity in produced sand samples ranged from 1.49 to 2.34 pCi/g dry weight while ‘8Ra activity
ranged from 0.8 to 1.18 pCi/g dry weight. 210Pbactivity was least, ranging from 0.68 to 0.91
pCi/g dry weight.

6.3.3 Sediments and Interstitial Water

‘GRa, 228Ra,and 210Pbradionuclides were determined in surficial sediment samples
collected at the four Component 1 sites. Sediment samples were also collected at the
Component 2 reference sites. Sediment samples could not be collected directly below the
discharge point at three of the platforms. The ‘GRa and ‘Ra activities in sediment samples
from the vicinity of SMI 236A and VR 214A,were slightly greater than those observed at the
Component 2 reference sites. However, distinct gradients with distance from the discharge point
were not evident (Tables 6.9 and 6.10). *’”Pb activities were similar to those observed at the
Component 2 reference sites (Table 6.11). Radionuclide activities were generally less than 3
pCi/g dry weight with most samples below the lower limit of detection.

Interstitial water was extracted from sediment samples that were collected at the
Component 1 platforms. The ‘GRa 228Ra and 210Pbactivities were determined in several strata.
The results are presented in Tables 6.12 ~o6.14. ‘eRa activities were generally less than a few
pCi/L with no apparent patterns relative to strata and distance from the platforms. Although
slightly higher 2nRa and 210Pbactivities were observed in interstitial water from some samples,
most samples were below the lower limit of detection and no evident spatial patterns were
observed.
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Table 6.5. Mean 22GRaactivities (pCi/L) (* standard deviation) in water samples from Components 1 and 2 sites.
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Table 6.6. Mean 228Raactivities (pCi/L) (* standard deviation) in water samples from Components 1 and 2 sites.

Component 1 Platform

Water Sample Type SMI 236A I VR 214A SMI 130B HI A-595CF

ProducedWater ! 238.67 & 67,47 ! 227.67 * 28,54 ! 164.00 * 146.50 ~ 356.00 + 19.31 II
5m 0.83 k 0.49 0,30k 0.35 0.63 i 0.60 2.20 t 0.52

10m 0,60 * 0.56 1.87 t 0.21 0.90 * 0.66 1.93t 0.75

Discharge 30 m 1.07 * 1.22 0.93 * 0.85 0.33 * 0.29 2.03* 1.10
Plume/ Receiving

Water 50 m 3.60 * 4.94 0.50 * 0.10 1.30* 0.20 1.93 * 0.21

I 100m 3.87 k 2.25 I 1.60 * 0.20 ! 1.23 * 0.40 ! 1.07 * 0.72
II

AmbientSeawater
3.20 * 2.31 0.30 * 0.52 1.67 t 0.65 0.63 * 0.45
0.10*0.17 0.60* 0.52 1.27 * 1.22 0.53 * 0.35

>2,000 m 1.60 k 0.70 1,03* 0.95 0.13 * 0.23 1.20 i 1.32

—.,”,-,- .

Component2 Lease Block

Water Sample Type WC 448 SMI 186/195 GA A-205 GA A-90

AmbientSeawater <().30 0.60 * 0.53 0.93 * 1.21 0.70 * 0.66

c = Below lowerlimitof detection.



Table 6.7. Mean 210Pbactivities (pCi/L) (* standard deviation) in water samples from Components 1 and 2 sites.

Component 1 Platform

Water Sample Type SMI 236A VR 214A SMI 130B HI A-595CF

Produced Water 12.27 * 4.31 7.70 * 4.70 5.60 * 5.50 12.50 * 2,60

5m 0017*0.15 0.10 * 0.14 0.07 * 0.12 0.53 * 0.12

10m 0.17*0.15 0.23 * 0.06 0.13*0.12 0.80 * 0.10

Discharge
Plume/

30 m 0.03 * 0.06 0.10*0.14 0.07 * 0.06 0.70 * 0.20

Receiving 50 m 0.13*0.12 0.33 * 0.35 0.03 * 0.06 0.53 * 0.35
Water

100 m <0,10 0.80 * 0,20 0,13 * 0.12 0.17 k 0.29

Ambient Seawater
0.33 * 0.29 0.50 * 0,10 0.13 * 0.06 <0.20
0.13*0.15 0.13*0.15 0.03 * 0,06>2,000 m

<0.20
0.30 * 0.10 0.53 * 0.21 0.07 * 0.06 <0.20

Component 2 Lease Block
I I I

Water Sample Type WC 448 SMI 186/195 GA A-205 GA A-90

Ambient Seawater 0.37 * 0.15 0.03 * 0.06 0.30 * 0.26 0.23 * 0.21

< = Below lower limit of detection.



Table 6.8. Means and standard deviations (*) of ‘GRa, ‘8Ra, 210Pbactivities (pCi/g dry weight)
in three replicate samples of produced sand from SM1 236A and 130B.

Platform

Radionuclide SMI 236A SMI 130B

22GRa 1.49 * 0.12 2.34 t 0.23

228Ra 0.80 i 0.19 1.18 * 0.07

210Pb I 0.91 * 0.14 I 0.68 * 0.14
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Table 6.9. Mean **GRaactivities (pCi/g dry weight) (* standard deviation) in sediment samples collected
transects from four Component 1 platforms compared to the Component 2 reference sites.

along the four radial

NS = Not sampled.
a Station distance from the discharge point varied according to the transect and platform. See Tables5.1 to 5.4 for specific

locations.
< = Below lower limit of detection.



Table 6.10. Mean 228Raactivities (pCi/g dry weight) (* standard deviation) in sediment samples collected along the four radial
transects from four Component 1 platforms compared to the Component 2 reference sites.

Component 1 Platform
Distance

(ml SMI 236A I VR 214A I SMI 130B I HI A-595CF

o 2.30 * 2.01 NS NS NS

20’ 1.17* 1.01 2.10 * 0.44 0.83 * 0.76 0.14 * 0.25

II 50’ ! 0.63*1.10 I 0,43 * 0.75 I 0.67 * 0.58 I 0.10 * 0.18

100 0.43 * 0.75 0.60 * 1.04 <0.11 <().3()

150 <o.60 ‘ 0.83 * 1.44 0.37 * 0.64 1.03* 0.91

300 <oe60 0.30’* 0,53 1.37 * 0.25 <o.60

Component 2 Lease Block

WC 448 SMI 186/195 GA A-205 GA A-90

0.77 * 0.68 1,00*1.41 0.93 A 0.81 <0,60

NS = Not sampled.
a Station distance from the discharge point varied according to the transect and platform. See Tables 5.1 and 5.4 for specific ,

locations.
< = below lower limit of detection.



Table 6.11. Mean *’”Pb activities (pCi/g dry weight) (* standard deviation) in sediment samples collected along the fourradial
transects from four Component 1 platforms compared to the Component 2 reference sites.

Component 1 Platform
Distance

SMI 236A VR 214A SMI 130B HI A-595CF

o 1.77 * 0.81 NS NS NS

20’ 1.30 * 0.87 2.27 * 0.65 1.23 * 0.85 1.49 k0.18

II 5oa ! 0.73 * 0,42 I 1,57 * 0.06 I 1.40*0.10 I 1.81 * 0.43

100 0.50 * 0.10 2.17 * 0.47 1.61 * 0.29 1.87 * 0.29

150 0.70 * 0.10 2.57 * 0.72 1.37*0.12 2.17 * 0.32

II 300 ! 0,93 * 0.25 ~ 2.70 * 0.26 ! 3,67 * 0,06 I 3.27 * 0.59

Component 2 Lease Block

WC 448 SMI 186/195 GA A-205 GA A-90

2.27 * 0.55 3.15 * 0.21 2.40 * 0.26 4.53 * 0.55

NS = Not sampled.
* Station distance from the discharge point varied according to the transect and platform. See Tables 5.1 and 5.4 for

specific locations.
< = below lower limit of detection.



Table 6.12. **GRaactivity in interstitial water samples from Component 1 sites.

Platform

South Marsh Island236A

Vermilion214A

South Marsh Island 130B

High Island 595CF

I Stratum
Transect-Station (cm below sediment I Activ”@(pCiL)

surface)

oto2 <1.6

I 2t04 I <().9

Discharge 4t06 1.7
6 to 88 2.1
18t020 <().9

oto2 <0.9

1-20
4t06 2.2
6t08 1.5
8to10 1.9

I 18t020 I 3.3

oto2 <().9

1-2,000
}

2t04 <0.9
18t020 <1.2

oto2 1.7
1-20 2t04 <1.5

I 18t020 I 2.4

oto2 <0.9
1-2,000 2t04 <().9

18t020 <2

oto2 <0.8
111-50 2t04 1.4

18t020 1.4
oto2I I 1.2

1-50 2t04 2.7
18t020 1.3
oto2 ~.8

1-2,000 2t04 1.5
18t020 1.1
oto2 0.9

V-2,000 2t04 <13.G

18t020 0.8
oto2 <().9

1-60 2t04 <1.2

18t020 <().9

I oto2 I <1.3
1-2,000 2t04 0.7

18t020 2.3

< = Below lower limitof detection.
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Table 6.13. ‘8Ra activity in interstitial water samples from Component 1 sites.

Stratum
Platform Transect-Station (cm below sediment Aotivity(pCI/L)

surface)

oto2 <10

2t04 <10

Discharge 4t06 <7

6t08 <6.8

18t020 <5.5

oto2 7

South Marsh Island 236A
4t06 <13.6

1-20 6t08 17.5

8to10 <6.8

18t020 7.4

oto2 6.’1

1-2,000 2t04 <5.3 I
18t020 7

oto2 13.5

1-20 2t04 15

Vermilion214A
18t020 11.2

oto2 <5.3

1-2,000 2t04 6.1
v

18t020 <13.z

oto2 <7.7

111-50 2t04 <q3.5

18t020 <6.1

oto2 <8.8
.

1-50 2t04 <11.6

18t020 <8
South Marsh Island 130B oto2 12.3

1-2,000 2t04 12.2

18t020 <6.6

oto2 <5.6

V-2,000 2t04 <6.3

18t020 <7

oto2 <5.9

1-60 2t04 <7.9

High island A-595CF
18t020 <5.9

oto2 <12.3

1-2,000 2t04 <5,9

18t020 <15

c = Below lower limitof detection.
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Table 6.14. 210Pbactivity in interstitial water samples from Component 1 sites.

Stratum
Platform Transect-Station’ (cm belowsediment Aotivity(pCi/L)

surface)

oto2 <6.1

2t04 <3.3

Discharge 4t06 4.1
6t08 4.6

18t020 <3.3

oto2 <3.3

4t06 9.7
>outhMarsh Island236A 1-20 6t08 <3.8

8to10 4.4

18t020 <4.5

oto2 <3.3

1-2,000 2t04 <3.3

18t020 <4.5

oto2 <4.5

1-20 2t04 <4.5

(ermilion 214A
18t020 <3.3

oto2 <3.3

1-2,000 2t04 <3.3

18t020 <7.4

oto2 6.8

111-50 2t04 13.4
18t020 6.9

oto2 9.5
1-50 2t04 12.3

18t020 9.6
South Marsh Island 130B oto2 ,7.3

1-2,000 2t04 8.3
18t020 4.9
oto2 4.7

V-2,000 2t04 6.4
18t020 4.5
oto2 <3.3

1-60 2t04 <4.5

High IslandA-595CF
18t020 <3.3

oto2 10.3

1-2,000 2t04 6.2
18t020 <8.2

< = Below lower limitof detection.
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6.3.4 Tissues/Biota - Bivalvesr Crustaceans, and Fish

As reported in Chapter 4, due to differences in water depth and site location the same
species could not be collected from all sites. Selection of taxa for chemical analyses was based
on the taxa being represented at multiple sites and important from an ecological risk and human
health perspective.

The oyster (Crassostrea virginica) was collected from the legs and supporting
structure of Component 1 platform (SMI 236A-6 m water depth) and a Component 3
non-discharging platform (SMI 229C -7 m water depth). The jewelbox (Charna wacerophylla)
was collected from seven Components 1 and 3 sites. Bivalves are excellent biological monitors
of exposure to produced water discharges because they are sessile (they remain attached to the
platform structures for extended periods and do not move), filter feeders with life histories
extending over several years. The jewelbox was also collected at one other Component 3 site
(H1A-389) in addition to the discharging platforms. The jewelbox was collected at HI A-389
beoause sufficient quantities of this bivalve were not available at VR 298/305 (Sonnier Bank).
Although produced water is discharged at the HI A-389 site, the discharge is shunted to within 10
m of the seafloor. The water depth at this platform is 122 m; therefore, the bivalves were not
thought to be exposed to produced water discharges because of this shunting and density
differences between the produced water and seawater.

Several species (blue crab [Callinectes spp.], penaeid shrimp [Penaeus spp.],
swimming crab [Portunus spp.], and rock shrimp [Sicyonia brevirostris]) were collected and
analyzed from several Components 1 and 3 sites as shown in Tables 4.1 and 6.15.

The range in radionuclide activities among replicate analyses of bivalve and
crustacean samples are presented in Table 6.15. Mean activities in bivalve tissues were very
low with most levels close to or below the lower limits of detection.

Radionuclide activities were low in the edible tissue of the blue crabs and the data did
not indicate greater levels in specimens collected around the discharging platforms compared to
the reference sites. Radionuclide activities in the penaeid shrimps were low; activities at the
discharging platforms were comparable with those observed at the shallow water and offshore
reference sites (Table 6.1 5). Similar results were observed for edible tissue from rock shrimp,
which were collected at the deeper study sites (Table 6.15). The swimming crabs also showed
low radionuclide activities in whole individuals.

Radionuclide activities were also determined in the flesh of several fish species living
around the platforms. Red snapper (Lu~anus campechanus) and gray triggerfish (Balktes
caprkcus) are associated with platform structures, living among the legs, pilings, and cross-
members of platforms. Pinfish (Lagodon rhornboides) was collected in trawls over the seafloor in
the vicinity of the platforms. The activities of the three radionuclides were consistently low at all
sites (Table 6.16). For red snapper and gray triggerfkh, activities at discharging sites were
comparable to those at VR 298/305, which was an offshore reference site. Although pinfish was
not collected at VR 298/305, activities in the fillets of this species were similar to those of the
other two species.
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Table 6.15. Summarvof radionuclideactivities(pCi/gwet weight) in bivalve(soft tissue)and crustaceantissues (blue crab, rockshrimp,and shrimp
[E-edible, N-nonedible,W-whole]). Swimmingcrabs (Portunus SPP.)were analyzed as whole individuals. SouthMarsh Island229C,
High IslandA-389, and Vermilion298/305 are referencesites.

Radionuclide

228Ra

Site Jewelbox Eastern
Oyster

South Marsh Island 229C 0.013

SouthMarshIsland236A <0.004
HighIslandA-389 0.365
Vermilion298/305
Vermilion214A 0.033
SouthMarshIsland130B 0.046
HighIslandA-595CF 0.118
MatagordaIsland703A 0.021
HighIslandA-323A 0.076
EugeneIsland313A 0.167
HighIslandA-382F 0,175
SouthMarshIsland229C 0.047

South Marsh Island236A -=0.011

BlueCrabs Shrimp
Swimming

Crabs RockShrimp

<0.003-0.060(WE) <0.003-0.093(E/N)
<0.004-0.015(E) <0.004-0.023(E/N)

0.007-0.027(W) <0.005-0.010(E/N) 0.011~0.031 <0.004-0.007 (E/N)
0.013-0.037(w) <0.005-0.040(E,N)

<0.004-0.008(E/N) <0.005-0.019 <0.003-0.021(E/N)

0.010-0.058(W) cO.003-0.008 (E/N)
<0.004-0.005(E/N) 0.020-0,061

<0.004(E/N) <0.005-0.016 cO.005-O.0063(E/N)
0.005 (E/N) 0.012-0.034

<0.011-0.065(W/E) <0.006-0.047(E/N)
cO.011-0.037 (E) <0.013-0.037(E/N)

<0.011-0.033(W) cO.018-O.046(E/N) <0.017-0.158 <0.014-o.051(E/N)
<0.011-0. I15(W) cO.017-0.047 (E/N)

<0.015(E/N) 0.025-0.069 cO.017-0.105(E/N~
HighIsland595CF 0.061
MatagordaIsland703A cO.016 0.017-0.070 (w) <0.008-0.159(E/N)
UinhIclanri373A <0.066 0.027-0.099(E/N) 0.010-0.122
EugeneIsland313A <0.003 0.093(E) cO.016-0.052 <0.015-<0.017(E/N~
HighIsland382F 0.081 <0.019-0.174
SouthMarshIsland229C 0.035 <0.011-0.017 (E/W) <o,o.A n n-e

Cm ,th MA

I <0.013-0.032I
1

1I t - U.u.xl

~“”,,,,.larahIsland236A I I 0.024 I <0.010-0.022 I <0.009-0.014 zO.008-cO.01O
. .. . . . ----- ‘.,. .4IilgnIslandwrsm U.d”l“1
Vermilion298/305 0.008-0.048 (W) <0.009-0.034 (E/N 14 (E/N)

Vermilion214A 0.075 cO.081-0.035 (W) I 1 <0.009-.075(E/N)
t) I I 0.041- 0.1(

SouthMaffihIsland130B I 0.281 i ! 1 <0.009-0.055(E/N) ! <0.028-0.053 <0.010(E/N)
,

HighIsland595CF 0.418
MatagordaIsland703A 0.043 0.010-0.058 <0.010(E/N)

HighIsland323A 0.188 0.029-0.041(E/N) <0.033-0.059

EugeneIsland313A 0.308 0.015(E/N) 0.015-0.048 <0.009-0.058 (E/N)

c = Belowmethoddetectionlimit.



Table 6.16. Summaryof radionuclideactivities(pCi/gwet weight) intissuesof fishspecies. Letters in parenthesisindicatethe tissuesanalyzed
as follows:W-whole; F-fillets,and C-carcass. South Marsh Island229C, High IslandA-389, and Vermilion 298/305 are reference
sites.

Radio-
nuclide I Site I AtlanticCroaker I AtlanticCutlassfish I Black Drum I Flounders

I
Gray Triggerfish

228Ra Vermilion298/305 <0.004-0.021 (w) <0.004-0.080(F/C)

SouthMarshisland229C 0.013-0.026(W) <0.006-0.016(W)
SouthMarshIsland236A <0.003-0.011 (w) ~o.oo4-0.011 (w) <0.005-0.071(F/C)
Vermilion214A <0.005-0.024(F/C)
SouthMarahIsland130B <0.004-0.080(F/C)
HighIslandA-595CF <0.004-0.123(F/C)
MatagordaIsland703A 0.005(F) <0.004-0.032 (F/C)
HighIsland323A 0.006-0.129(F/C)
EugeneIsland313A <0.005-0.066(F/C)
HighIsland382F <0.006-0.100(F/C)

228Ra Vermilion296/305 <0.016-0.017(W) <0.020-0.154(F/C)
SouthMarshIsland229C <0.017-0.036(W) <0.011-0.013(w)
SouthMarahIsland236A <0.011-0.039(w) .0.016-0.092(W) <0.008-0.035(F/C)
Vermilion214A 0.009-0.055(F/C)
SouthMarshIsland130B <0.015-0.062(F/C)
HighIslandA-595CF <0.014-0.056(F/C)
MatagordaIsland703A <0.014(F) 0.045-0.137 (F/C)
HighIsland323A cO.014-0.096(F/C)
EugeneIsland313A cO.016-0.067(F/C)
HighIsland362F 0.049-0.084(F/C)

2’OPb Vermilion298/305 <0.005-0.030 (w) <0.009-0.109 (F/C)
SouthMarshIsland229C <0.009-0.018 (W) <0.008- cO.010(W)

SouthMarahIsland236A <0.010-0.015 (W) <0.006-0.036 (M/J <0.009-0.023 (F/C)

Vermilion214A <0.010-0.112 (F/C)

SouthMarshIsland130B 0.009-0.140 (F/C)

HighIslandA-595CF <0.0(J9-0.089 (F/C)

MatagordaIsland703A <0.008 (F) <0.011-0.025 (F/C)

HighIsland323A <0.009-0.033 (F/C)

EugeneIsland313A <0.010-0.115 (F/C)



Table 6.16. (Continued).



Table 6.16. (Continued).

Radio-
nuclide

226Ra

210pb

Site I LongspinePorgy I LongtailBass I Pinfish I Red Snapper I Sea Bass II

SouthMarshIsland229C
SouthMarshIsland236A”
Vermilion214A 0.024(MJ) <0.010(F) <0.010-0.027(F/C) 0.040(w)

SouthMarshIsland130S 0.096-0.160(W) <0.008-0.025(F) cO.010-0.008(F/C) <0.011-0.011(FPAf)

HighIslandA-595CF 0.122-0.162(W) <0.005-0.017(F) <0.010(F) <0.009-0.066(FNV)

MatagordaIsland703A <0.007-0.008(F) <0.010(F) <0.010-0.030(vvJ

HighIsland323A 0.195-0.303(w) <0.010(F) <0.011-0.030(F) <0.010-0.032(FAfV)
EugeneIsland313A 0.016-0.134(W) <0.010-0.010(F) 0.010-0.050(F/C) <0.009-0.027(F/W)



Table 6.16. (Continued).

< = Below limitof detection.



Radionuclide activities as listed in Table 6.16 were also consistently low (most values
were below the lower limits of detection) in replicate samples (whole individuals) of other fish
species which were collected from the sites listed in Table 4.1. These fish species included
Atlantic croaker, Atlantic cutlassfish, black drum, flounders, great barracuda, greater amberjack,
grunts, hardhead catfish, lane snapper, iongspine porgy, Ion@ail bass, red drum, sea bass,
spotted trout, trouts, vermilion snapper, and wenchman. In samples where enough material was
available for radionuclide analyses, slightly higher radionuclide activities were measured in the
whole individual or the carcass compared to the edible tissues (fillets).

6.3.5 Loadings vs. Body Burdens

Relationships between mean radionuclide activities in produced water or ambient
seawater and bivalve tissues were not apparent (Figure 6.1). Similarly, mean radionuclide
loadings from produced water discharges were not related to radionuclide activities in bivalve
tissues (Figure 6.2). These comparative data provide evidence that there is no bioaccumulation
of radionuclides in these species.

6.4 SUMMARY

Produced water and produced sand discharges are a potential source of
radionuclides in offshore regions of the Gulf of Mexico. Radionuclide activities in produced water
varied among platforms and over time. Produced water radionuclide levels are rapidly reduced
after entering receiving waters. Based on sediment and interstitial water samples, there was
little evidence radionuclide activities were elevated in areas where produced waters were
discharged. Radionuclides do not appear to be accumulating in the tissues of organisms living in
the vicinity of offshore produced water discharges above background concentrations. The
organisms that were most likely to bioaccumulate radionuclides, the sessile filter-feeding
bivalves, showed activities in edible tissues that were close to the lower limits of detection at
both discharging and non-discharging sites. Pelagic fish, including some that are commonly
eaten by humans, captured near the discharging and reference sites were similar in their levels
of radionuclides.
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CHAPTER 7- ASSESSMENT OF METALS IN OIL AND GAS OPERATIONAL
DISCHARGES AND ENVIRONMENTAL SAMPLES
ASSOCIATED WITH OFFSHORE OIL AND GAS PRODUCTION
FACILITIES

John H. Trefry,RobetlP. Troche, KellyL. Plaito,AnitaL. Contreras,andSimone A4etz
Florida Institute of Technology
Melbourne, Fiorida

7.1 INTRODUCTION

Concentrations of metals in produced water can be enriched by factors of 10 to
greater than 10,000 relative to ambient seawater (Boesch and Rabalais, 1989; Ray and
Engelhardt, 1992). This study was designed in part to assess whether organisms inhabiting
areas adjacent to platforms that discharge produced water show enhanced bioaccumulation of
metals compared with organisms from non-discharging sites. Such studies are limited in number
because research efforts have focused more on laboratory toxicity studies to test the effects of
produced water on organisms (Jacobs et al., 1992; Schiff et al., 1992). For example, Jacobs et
a/. (1992) showed that 50% of the populations of brine shrimp (Arternia salina) and rainbow trout
(Sakno gakdneri) survived exposure to mixtures of 5:1 and 9:1 produced waterfreshwater,
respectively. In acute toxicity tests that concentrated on single elements, Jacobs et al. (1992)
determined EC= levels of 24,000 Kg arsenic/L, 11,600 ~g cadmium/L and 3,000 ~g lead/L.
However, direct comparison of these acute toxicity results with data obtained in the field are
difficult because concentrations in water surrounding the platform are rarely as high as
encountered in laboratory studies. Furthermore, such elevated metal concentrations would
persist for only a brief time at discharging sites because dispersion models predict a 1,000-fold
dilution of produced water within 20 to 30 m of the discharge point (Brandsma and Smith, 1996).
To complement laboratory studies, field measurements of metal accumulation by organisms
provide a longer-term integrator of metal uptake and facilitate more detailed environmental risk
assessment.

In this chapter, we present concentrations of arsenic, barium, cadmium, chromium,
copper, iron, lead, mercury, manganese, molybdenum, nickel, vanadium, and zinc in produced
water, produced sand (aluminum and calcium also measured), ambient seawater (except
chromium), bivalves - jewelbox (Chan?a rnacerophylla) and eastern oyster (Crassostrea
vkginica), red snapper (Lu~anw czm?pechanus),gray triggerfish (13a/istes ca@scus), and
sediments (aluminum and calcium also measured) collected from and near discharging platforms
and from reference, non-discharging sites. Results are described within the context of the
following: (1) concentrations of metals in produced water discharges versus ambient seawater
(2) concentrations of metals in organisms from reference versus discharging sites; and
(3) accumulation of metals in sediments adjacent to oil and gas platforms versus reference sites.
Concentrations of the metals in three additional invertebrates [blue crab (Callit?ectes spp.),
shrimp (Penaeus spp,), and swimming crab (Poflunus spp.)] from single discharging sites, five
fish from single discharging sites [hardhead catfish (Arjus felis), silver seatrout (Cyr?oscion
nothus), Atlantic croaker (Mjcropogonias undulates), vermilion snapper (Rhombopljtes
aurorubens), and Atlantic cutlassfish (Trjchiwus Iepturus)], and one fish [Iongspine porgy
(Stenotornus caprinus)] from two discharging sites are also presented. The main use of metal
data for these additional organisms was for risk assessment (Chapter 9), rather than for direct
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comparison of bioaccumulation between discharging and non-discharging sites. Thus, the data
are only briefly introduced in this chapter.

7.2 LABORATORY METHODS

Metal concentrations were determined by one or more of the following techniques,
depending on sample type and metal levels: (1) atomic absorption spectrometry (AAS), using
either flame atomization with a Perkin-Elmer (PE) model 4000 instrument (chromium, copper,
iron, manganese, nickel, vanadium, zinc) or heated graphite atomization using a PE model 5100
or 4000 system (arsenic, cadmium, copper, manganese, nickel, lead, vanadium); (2) hydride
generation in tandem with the PE model 4000 AAS using flame atomization (arsenic); (3) cold-
vapor A% using a Laboratory Data Control system (mercury); (4) inductively coupled plasma-
mass spectrometry using a PE ELAN 5000 (barium, cadmium, molybdenum, and lead); and (5)
instrumental neutron activation analysis (barium) using the research and training reactor at the
University of Florida. Produced water samples were analyzed directly following appropriate
dilution with distilled-deionized water. Ambient seawater samples were analyzed directly for
barium and mercury, and following preconcentration on Chelex-1 00 resin for cadmium, copper,
iron, nickel, lead, vanadium, and zinc (Sturgeon et al., 1980) and after preconcentration by
reductWe precipitation for manganese (Nakashima et aL, 1988).

Soft tissue from the bivalves was digested using concentrated HNO~. Muscle tissue
(fillet) was carefully excised from fish specimens and digested in concentrated HNO,. The
carcass remaining after removal of muscle tissue from some fish was homogenized and an
aliquot digested with HNO~. Sediment and produced sand samples were completely digested
using a mixture of HF-HNO~-HCIOq. Levels of TOC were determined with good agreement by
both the wet digestion method of Fredericks andSackett(1970), using an 01 Corporation model
524C T.O.C. analyzer and by high-temperature combustion, using a Shimadzu model TOC-500
instrument. The concentration of total dissolved solids (TDS) was determined to *I g/L in each
water sample using a hand-held optical salinometer (Cambridge Instruments, Inc. Model 10419),
thereby providing an approximate salt content.

Statistical treatment of the metals data for organisms was carried out, using the
Jandel Sigma Stat software program. All metals data for a given species were placed in a
common pool and both parametric and non-parametric tests were performed as appropriate. At-
test was used for groups of two and consisted of a normality test and an equal variance test with
a 95% confidence level using two degrees of freedom. Anaiysis of Variance (ANOVA) was used
for data sets of three or more. Non-parametric tests used included the Kruskal-Wallis One Way
ANOVA on Ranks to identify statistical differences between two or more groups, and the Mann-
Whitney Rank Sum test for statistical differences between two groups. The Student-Newman-
Keuls Method was used for multiple correlations between several groups.
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7.2.1 Quality Assurance and Quality Control

7.2.1.1 Procedures

All field and QC samples received at the laboratory were examined for possible
contamination from breakage, spillage, and for acceptable shipping conditions, assessed for
adequate sample volume, and then checked against the accompanying sample custody sheets.
It is standard practice in the FIT laboratory to use the client sample I.D. as the laboratory sample
I.D. number which was entered into the laboratory’s sample logbook, and the sample container
placed in cold storage according to SOP. After accomplishing the required chain-of-custody
procedures, including sending a copy of the signed custody sheets to CSA, individual samples
were evaluated, and specific storage, handling, and analytical instructions were specified. All
applicable holding time requirements were met according to SOP. After assessing if the sample
set was complete, specific analysis instructions and authorization were obtained from CSA prior
to proceeding with the analyses.

Samples were prepared for analysis as described in the previous section with careful
attention placed on minimizing contamination from environmental souroes and sample carry-over
(cross-contamination). Each analytical instrument was setup and underwent initial calibration
according to manufacturer’s directions and applicable SOPS. Calibration stock solutions for each
instrument and matrix were prepared from NIST-traceable analytical-grade material. Stock
solutions, and instrument, procedural, and method blanks were prepared with distilled-deionized
water. Certified analytical grade acids for all solutions were used according to SOP. Records of
all prepared solutions and source, including certif~d analyses, were kept.

After initial instrument calibration was completed, each batch of field samples was
analyzed with a complete set of QC samples including procedural blanks, sample duplicates,
matrix spikes/matrix spike duplicates to assess contamination, interferences, accuracy, and
precision. Seawater, tissue, and sediment SRMS were prepared and analyzed along with field
samples to assess analytical accuracy. SRMS included the following: (1) CASS-2 seawater and
SLRS-I river water from the National Research Council (NRC) of Canada; and (2) TORT-1
lobster hepatopancreas from the NRC, oyster tissue (SRM-I 566a) from the NIST and (3) BCSS-I
and BEST-1 marine sediment from the NRC.

MDLs were determined for each analyte, sample type, and matrix. Although general
MDLs are presented below, in practice MDLs for metals analyses were sample specific because
modifications of procedures (increased sample volume) were done to achieve the necessary
detection limit to determine an actual concentration.

All analytical results were reviewed and audited prior to submission to CSA. Each
data report was submitted as a hardcopy and in spreadsheet format. According to laboratory
SOP, data reports, working documents, and project files will be archived for at least 5 years
before disposal.

7.2.1.2 Results

Table 7.1 summarizes the DQOS for metal analysis. The general MDLs established
for each metal are presented in Table 7.2. Based on the results of the analyses of the QC
samples, data quality for metals in the relevant matrices was good. Low analyte concentrations
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Table 7.1. Data quality objectives and acceptance criteria for metals.

Element or Sample Type MinimumFrequency Data QualityObjective/
Acceptance Criteria

InitialCalibration Priorto every analyticalbatch 3 to 5 pointcalibrationcurveover
two orders of magnitude. Percent
relativestandarddeviations 25%

ContinuingCalibration Every 5-10 samples Percent relativestandard
deviations 30% for 90% of
anaiytes

MatrixSRM One per batch or 5% of field Values must be within* 20% of
samples true value on average for ail

analytes

MatrixSpikes 1 per batch or 5% of field samples Percent recoverytarget analytes
80 to 120%

MatrixDuplicate 1 per batch or 5% of field samples Relative percent differencewithin
20%

Procedural Blank 1 per batch or 5% of field samples Not to exceed 5x target MDL

Duplicate SRM or Sample 1 per batch or 5% of field samples Relative percent difference
Analysis < 20%0

MDL = Method detectionlimit.
SRM = Standard reference material.
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Table 7.2. Method detectionlimitsfor metals. Tissuesand sedimentvalues are dryweight.

Metal Sample Matrix Method DetectionLimit

I~uminum Sedimentand ProducedSands 6 ~glg

,rsenic ProducedWater 0.3 /ug/L

Ambient Seawater 0.3 ~glL

Tissue 0.011 /Jglg
Sedimentand ProducedSands 0.1 /Jglg

Iarium ProducedWater
4.6 ~glL

AmbientSeawater 0.5 fig/L

Tissue 0.013 pglg
Sedimentand ProducedSands 0.1 pglg

ladmium ProducedWater
0.1 #g/L

AmbientSeawater 0.001 ~glL

Tissue 0.002 pglg
Sedimentand ProducedSands 0.002 pglg

)hromium ProducedWater 0.2 ~glL

Tksue 0.001 /Jg/g
Sedimentand ProducedSands 0.1 pglg

:opper ProducedWater
0.2 ,uglL

AmbientSeawater 0.001 figlL

Tissue 0.005 pglg
Sedimentand ProducedSands 2.0 /.Jglg

!ron ProducedWater 0.9 mgiL

AmbientSeawater 0.004 /uglL

Tissue 1.0 /Jgfg
Sedimentand ProducedSands 5 pglg

Lead ProducedWater
0.2 #g/L

AmbientSeawater 0.001 ~g/L

Tissue 0.004/Uglg
Sedimentand ProducedSands 0.1 /Jglg

Mercury ProducedWater
0.01 fig/L

AmbientSeawater 0.01 ~g/L

Tissue 0.001 /Jg/g
Sedimentand ProducedSands 0.001 /LLg/g

Manganese ProducedWater
0.1 ~glL

AmbientSeawater 0.001 ~g/L

Tissue 0.40pglg
Sedimentand ProducedSands 2.0 /Ag/g
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Table 7.2. (Continued).

Metal Sample Matrix Method DetectionLimit

Molybdenum ProducedWater 0.1 /ugfL

Ambient Seawater 0.1 ~@L
Tissue 0.007#l!.Lg/g
Sediment and ProducedSands 0.1 )L4glg

Nickel ProducedWater
1.0 mg/L

Ambient Seawater 0.003 /@L

Tissue 0.006 fig/g
Sediment and ProducedSands 0.2 pglg

Vanadium ProducedWater 1.2 @glL

Ambient Seawater 0.005 ~g/L

Tissue 0.009 pglg
Sediment and ProducedSands 10 pglg

Zinc ProducedWater 0.1 @glL

Ambient Seawater 0.2 @glL

Tissue 0.2pglg
Sediment and ProducedSands 1.0 pglg
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were found in procedural blanks used in each analytical sample batch. Low analyte
concentrations were also found in field blanks and trip blanks indicating contaminant-free
samples. Similarly, evidence that samples were contaminant-free can be found in the low
analyte concentrations found in the equipment blanks that were analyzed.

Analytical accuracy and precision was good based on results of the sample duplicates
and SRMS. Tables 7.3 andTable 7.4 summarizetheresultsoftheSRM analyses. All values
obtained were within acceptable limits for the particular SRM as established by the certifying
agency. Replicate samples analyzed throughout the study to determine analytical and sample
precision show that precision varied as a function of metal concentration and typically ranged
from + YO to 5% with values as high as 20% for very low metal levels.

7.3 RESULTS AND DISCUSS1ON

7.3.1 Produced Water and Ambient Seawater

The potential for enhanced bioaccumulation of metals from seawater surrounding a
platform that is discharging produced water is influenced by the concentration of the metal in the
produced water relative to the ambient seawater, the rates of discharge and mixing of the
produced water with seawater, and the chemical forms of the metal in the produced
water/seawater mixture. Concentrations of metals in produced water from this study were
variable and generally much higher than in ambient seawater (Table 7.5). Overall, dissolved
metal levels in produced water are controlled by a complex interplay of metals with organic
matter, chloride, sulfide, pH, temperature, redox state, and other variables (Barth, 1991;
Helgeson et al, 1993). In the suite of produced water samples analyzed for this study, a general
trend of higher metal levels in samples with higher TDSS was observed (Table 7.5). For
example, the highest metal levels found for produced water in this study were all from the high
salinity discharges (175 g/L TDS) at HI A-595CF (Table 7.5). Concentrations of barium and iron
were as much as 3 to 4 times higher in produced water from HI A-595CF relative to the other
sites (Table 7.5) and levels of lead and zinc were 100 to 150 times greater for the HI A-595CF
produced water. Considering all produced water samples from this study, the best trend for TDS
versus metal concentrations was observed for iron (F = 0.85) and most likely reflects the
stabilizing effect of chloride ion complexation on dissolved iron (Templeton, 1960; Heinrich and
Seward, 1990). Levels of TOC were enhanced in all produced water samples at 120 to 800 mg/L
relative to 1 to 2 mg/L in ambient seawater. Although no direct, strong correlations were
observed between concentrations of metals and TOC, organic matter complexation of metals
certainly helps sustain elevated metal levels in produced water.

Although considerable variability in metal values for produced water was observed
from site to site, metal concentrations in samples from the same discharger collected over the
60-hour period, were very uniform with a coefficient of variance ([standard deviationl/[mean] x
100%) that was generally Cl O% (Table 7.5). The summary data for the produced water samples
in Table 7.5 show the overall uniformity in metal levels over a 60-hour period, thereby providing a
reasonable estimate of metal levels during the sampling program.
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Table 7.3. Results(mean * 1 standarddeviation)fromanalyses of standard referencematerials(SRMS) for coastal seawater (CASS-2) and river
water (SLRS-1). BothSRMSwere obtainedfromthe National Research Council(NRC) of Canada. All concentrationsin #g/L. Mercury
(Hg) is not presentedbecause it is notcertifiedfor eitherSRM.

Reference As Ba Cd Cr Cu Fe Mn Mo Ni Pb v Zn

CASS-2a 1.02 7.85 0.024 0,12 0,67 1.19 1.99 9.12 0.31 0.025 1.11 2.0
(n=ll) *0.03 *0.44 *0.009 *0.01 *0.02 *0.16 *0.10 *0.12 *0.04 iO.008 *0.04 *O.1

Certified 1.01 -- 0.019 0.12 0.68 1.20 1,99 9.01 0.30 0.019 -- 2,0
(NRC) *0.07 *0.004 *0.02 *0.04 to.12 *0.15 *0.28 *0.04 *0.006 *0. I

SLRS-la 0.51 21.0 0.016 0.37 3.58 30.7 1.87 0.79 1.05 0.107 0.66 1.2
(n=ll) *0.04 *0.6 +0.001 *0.01 *0.10 *0.8 *0.03 *0.02 *0.03 *0.006 *0.03 *o. 1

Certified 0.55 22.2 0.015 0.36 3.58 31.5 1.77 0.78 1.07 0.106 0.66 1.3
(NRC) *0.08 *1.7 *0.002 *0.04 *0.30 *2.1 *0.23 *0.04 kO.06 *0.01 1 *0.09 *0.2

aThis study.
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Table 7.4. Results(mean + 1 standarddeviation)fromanalyses of standardreferencematerials(SRMS) for lobsterhepatopancreas (TORT-l), oyster
tissue (1566a), and marine sediment (BCSS-I and BEST-l). The SRMS identifiedas TORT-1, BCSS-I and BEST-1 (Hg) were obtainedfrom
the NationalResearch Council(NRC) of Canada and SRM 1566a was obtainedfrom the U.S. National Institutefor Standards and Technology
(NIST). All concentrationsin~g/g unlessspecified.

a

Reference Al (%) As Ba Ca (’?40) Cd Cr Cu Fe (%) Hg Mn Mo Ni Pb v Zn

TORT-1’(n=18) .- 24.9 3.8 .. 26.0 2.3 435 182 0.32 23.3 1.4 2.2 10.8 1.3 175
*0.9 *1.0 *0.9 *0.3 *lo *4 *0.03 *0.4 *o.1 *0.2 *0.9 *0.2 *4

Certified(NRC) .. 24.6 -- .- 26.3 2.4 439 188 0.33 23.4 1.5 2.3 10.4 1.4 177
*2.2 *2.1 *0.6 *22 *I 1 *0.06 *1.0 *0.3 *0.3 *2.O *0.3 *lo

Oyster 1566aa .. 13.3 3.2 -- 4.29 1.41 67.9 542 0.061 12.2 0.17 2.2 0.378 4.70 850
fn=4) *0.3 *0.4 *0.19 tO.29 *1.7 k6 *0.002 kO.8 &O.06 *0.2 *0.004 *0.09 *7

Certified(NET) -. 14.0 -- .. 4.15 1.43 66.3 539 0.064 12.3 -- 2,2 0.371 4.68 830
*I .2 *0.38 *0.46 *4.3 *I5 *0.006 *1.5 *0.4 *0,014 *0. I 5 *57

BCSS-la(n=l9) 6.31 11.3 331 0.56 0.28 114 17.6 3.30 0.087b 232 2.5 53.1 22.9 92.8 113
*0.17 *1.1 *23 *0.01 *0.02 *7 *I .0 *0.07 *0.002 *5 *0.3 *2.9 *1.3 *4.9 *5

Certified(NRC) 6.26 11.1 (330y 0.54 0.25 123 18.5 3.29 0.092b ~5 (1.9y 55.3 22.7 93.4 119
*0.22 *1.4 *0.05 *0.04 *I4 *2.7 *0.10 *0.009 k3.6 *3.4 *4.9 *I2

“Thisstudv,
bMarine s~dimentSRMBEST-1fromNRC.
cReferencevalue(not cetiified).



Table 7.5. Concentrations of total dissolved solids (TDS), total organic carbon (TOC). and metals in ~roduced water (PW) and
ambient seawater (AS). Values for individual (component 1) sites a’re reported as a mean (* 1 standard deviation).
Summary values for PW and AS at the bottom of the table are given as ranges or means when the range is small. Any

number from this study shown as less than (<) a given value (e.g., <0.1 ~g cadmium/L for PW from SMI 236A) is the
method detection limit (MDL) for that particular sample. The MDLs differ for the same element in some cases because of
the following variations in the method: the original volume of water analyzed, the dilution factor required to minimize the
effects of salt matrices, and variations in instrumental and procedural blanks at the time a given sample was analyzed.

TOC As Ba Cd Cr Fe Hg MrI Mo
Reference TDS(g/L)

~b~ v Zn
(mglL) (jtg/L) (mglL) @g/L) @g/L) (K~L) (mg/L) (pg/L) (mglL) @g/L) (jJ~fL) @g/L) ~g/L (mglL~

SMI236A 90*1 700 0.78 162 <0.1 0.4 <0.2 12*I 0.08 1.2 1.4 <2 0.3 <1.2 0.02
PW(n=12) *4O *O.18 *3 *0,2 *0.07 *0.03 *0.3 *0.2 *0.01
VR214A 97*I 440 5.9 215 0.3 <0,2 <0.2 12*I 0.04 4.5 1.7 <1 <0.2 <1.2
PW(n=8)

0.09
*2O *0,5 *2 *0.3 ko.02 *0.I *0.2

SMI130B
*o#ol

129*1 140 0.74
PW(n=9)

87 <0.3 0.3 <0.2 29*4 <0.02 1.4 0.8 3*2 0.7 <1.2 0.02
*1O *0.10 *4 *0.2 *0.I *0.4 *0.3

HIA-595CF
*0.01

175*3 760 25
PW(n=8)

320 0.6 -=0.1 <0.2 35*2 0.04 7.4 1.4 <1 20 -=1.2 3,0
*5O *4 *14 *0.3 *0,02 *0.3 *0.3

SMI236A
*6 *0.4

7*I (2Y 1.1 0.088 0.04 ND 1.5 <0,002 <0.01 <0.0002 3 1.3 0.04
AS(n=4)

1.5 0.005
*0.1 *0.002 *0.03 *0.2 *0.2 *0.2

VR214A 28*2 (1Y 0.8 0.023 0.01 ND 0.5 <0.0001 <0.01 <0.0003 6 0.5
AS(n=3)

0.08 1.2 0.005
*0.I *0.002

SMI130B
*0.I

33*1 (1)” 1.1 0.015 0.01 ND 0.2 <0.001 .. 0.001 10 ,0.3
AS(n=3)

.. 1.2 0.005
*0.I *0.I

HIA-595CF 34*I (IY 1.6 0.015 0.01 ND 0.2 <0.0001 -- <0.0003 10 0.3
AS(n=3)

0.03 1.2 0.005
*0.I *0.1

PW(n=37) 90-176 120- 0.5-31 81- <o.05- <o.1- <0.2 10-37 <o.o1- 1-7 0.3- +7 <o.1- <1.2 0.o1-
800 342 1.0 0.8 0.2 2.2 28 3.6

AS(n=25)b 7-35 1-2 1-2 0.o1- 0.020 ND o.2- <0.001 <0.01 0.0005 3-10 0.25- 0.02- 1.1- 0.005
0.09 1.7 1.6 0.05 1.7

Pw“ .. <0,1- 5-300 0.1- 0.1- -- 0.4- .. 0.05-2 -- .. 0.4- 1.5- -- 0.1-
1500 2000 200 1500 1700 8600 69

‘ Datafromnearbycontinentalshelflocations(Benneretal, 1992).
bIncludesrasultsfromComponent2sites.
“ NeffandSauer(1995).
n=Numberofsamplesanalyzed;Includesindividualsamplescollectedduringthefieldstudyandintra-laboratoryqualitycontrolreplicates
ND=Notdetermined.

LeaseAreas:
HI- HighIslandSMI- SouthMarshIslandVR- Vermilion .



Concentrations of metals in produced water from this study were all less than the
upper limit of values presented by Neff and Sauer (1995) in their summary of produced water
composition. Maximum concentrations for arsenic, barium, mercury, and zinc determined for
produced water from this study were 6 to 19 times lower than maximum values reported by Neff
and Sauer (1995) (Table 7.5). In even sharper contrast, the maximum values for cadmium,
nickel, and lead in produced water from this study were 200 to 300 times lower than maximum
levels from other studies (Neff and Sauer, (1995) (Table 7.5). Furthermore, the lowest levels of
arsenic, copper, mercury, lead, and zinc in this study were below minimum values presented by
Neff and Sauer (1995) in (Table 7.5).

Concentrations of dissolved metals in ambient seawater are generally within the
ranges expected for nearshore and continental shelf water in the Gulf of Mexico. The four
Component 1 sites for which ambient seawater metal data are shown in Table 7.5 traverse a
range of salinities from 7%onearshore to about 34%o. Concentrations of barium, copper, and
nickel show clear trends of decreasing values with increasing salinities relative to molybdenum
which shows the expected opposite relationship. These trends are related to differences in river
water versus seawater levels of these metals and the lower reactivities (i.e., longer residence
times) of these metals in seawater. In contrast, concentrations of the more reactive metals such
as iron, manganese, lead, and zinc show no clear trends with salinity or location and result from
a variety of local particle and biogeochemical reactions. Concentrations of dissolved metals in
ambient seawater collected at Component 2 reference sites are presented in Table 7.6 and are
included in the summafy for ambient seawater in Table 7.5. Overall, the dissolved metal data
provide a general frame-of-reference for determining metal enrichment in produced water relative
to the ambient seawater.

Highest enrichment factors for metal concentrations in produced water versus
ambient seawater were found for barium, iron, and manganese with average values
z 10,000 (Figure 7.1). Levels of lead and zinc in the produced water were >1 00-fold enriched
relative to ambient seawater. In contrast, produced water samples from this study were depleted
with copper, molybdenum, and vanadium compared with ambient seawater (Table 7.5 and
Figure 7.1). For mercury, cadmium, and lead, three metals of particular environmental concern,
enrichment factors averaged about 10, 30, and 200, respectively. Dispersion models predict a
1,000-fold dilution of produced water within 20 to 30 m of the discharge point (Brandsma and
Smith, 1996). Under this model scenario, only concentrations of dissolved barium, iron, and
manganese would be above levels for receiving seawater at distances of >30 m from the
discharge. Closer to the discharge site, mixing processes maybe more complicated and
concentrations of other metals such as lead and zinc may be elevated above values for receiving
seawater.

Discharge rates for produced water also influence local metal loadings and the dose
to which organisms in the area of a specific platform are exposed. Daily discharge rates were
838 m3 (5,269 bbl/day) at HI A-595CF and 2,353 m3 (14,800 bbllday) at SMI 236A. This
difference in discharge rates for these two sites yielded calculated metal loadings from each site
that agreed within a factor of 3, despite much higher metal concentrations for produced water
from HI A-595CF (Table 7.5). One notable exception to this similarii was a 47 times higher
loading of lead from the HI A-595CF platform versus the SMI 236A platform.
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Table 7.6. Concentrations of metals in ambient seawater samples collected at Component 2 reference sites. Values are expressed as
.a mean *I standard deviation (when present). Any number from this study shown as less than (<) a given value is the
method detection limit (MDL) for that particular sample.

Site/Metal As cd Cu Fe Hg Mn Mo Ni Pb v
(&gIL) (m~L) @g/L) @gIL) &gIL) (#g/L) (/!4glL) (/ug/L) @g/L) (#g/L) ~glL) (:gtL)

WC 448 1.0 0.020 0.02 0.4 <().()01 <0.01 0.001 10 0.4 0.61 <1.2 0.009
*0. I *0.001 *0.05 *0.35

SMI 186/195 0.8 0.017 0.01 0.3 <0.001 <().()1 <0.003 10 0.3 0.23 <1.2 0.005k
*0. I *0.001 *0.04 *0.11 0.003

GA/4-205 1.2 0.013 0.01 0.2 <().001 <0.01 <().()()3 10 0.2 0.09 1.3 0.003k
*0. I *0.001 *1 *0.1 0.001

GAA-90 1.0 .014 0.01 0.3 +0.1 <0.001 <0.01 <0.003 10 0.3 0,12 <1.2 0.003k
*0. I *0.001 *0.08 0.001
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The behavior and subsequent bioaccumulation of metals following mixing of produced
water with seawater is a function of both the concentration and chemical form of the metal of
interest in seawater. Once discharged, iron and barium in the produced water most likely
precipitate rapidly as oxide and sulfate phases, respectively, and perhaps co-precipitate other
metals. However, if barium, iron and other metals are complexed by organic matter, they may
stay dissolved in seawater for longer periods of time. Additional studies are necessary to
evaluate these processes as they relate to high TOC produced water discharges. The kinetics of
manganese oxide precipitation are slower, and manganese generally stays in solution for a
longer period of time than barium or iron. Although some of these more complex questions were
beyond the scope of this study, the database developed for metals in organisms will help
address the more direct question of whether enhanced bioaccumulation of metals occurs near
produced water discharges in the Gulf of Mexico.

7.3.2 Mollusks

Metal concentrations were determined in three separate samples of the jewelbox from “
each of six discharging sites and one reference site (Table 7.7 and Figure 7.2). No statistically
significant differences (a = 0.05) were observed among the sites for concentrations of barium,
iron, lead, vanadium, or zinc. This statistical result is influenced by similar median values, some
large standard deviations, and a small sample population. However, the data suggest that
produced water discharges are not significantly enhancing bioaccumulation of these metals in
jewelbox from the Gulf of Mexico.

Differences in arsenic levels observed for jewelbox from different sites seem to be
more dependent on local concentrations of dissolved arsenic in ambient seawater than on
discharges of produced water. Jeweibox from three offshore sites, including HI A-389 at 102 m,
HI A-595CF at 122 m, and El313A at 72 m (Figure 7.2) averaged 43 * 9 Kg arsenic/g (dry
weight) relative to values of 26 * 6 fig arsenic/g (dry weight) for jewelbox from three sites in
shallower water (Ml 703A at 38 m, SMI 130B at 65 m, and VR 214A at 39 m, Figure 7.2).
Dissolved arsenic values for ambient seawater from Hi A-595CF averaged 1.6* 0.1 ~g/L relative
to 1.1 * 0.1 #g/L for SMI 130B (Table 7.5). Using data from sites HI A-595CF and SMI 130B,
tissue enrichment factors (EFt.,U.) relative to seawater were calculated using the following
equation:

EFti~~U~= @g metal/g tissue wet weight]/ ~g metal/g water]

Despite some of the potential variability in water content for tissue samples, wet tissue weights
are used in Equation 1 to provide a more direct relationship between seawater and a normal wet
tissue sample. Collectively, the jewel box samples averaged 83.0* 2.7% water (n = 21). Using
the specific water content for each sample and ambient dissolved arsenic concentration for each
site, the EFti=uevalues for HI A-595CF and SMI 130B were 103”s9and 103”70,respectively. Using
tissue data from the three offshore sites versus the three shallower sites, combined with
available water data (Table 7.5), values for EFti=u, are 10372 and 10365, respectively. Within the
limits of the data set, the results suggest that arsenic uptake by the jewelbox is influenced by
arsenic levels in ambient seawater and not produced water. This observation is supported by a
maximum arsenic enrichment of c20 in produced water (for HI A-595CF) relative to ambient
seawater.
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Table 7.7. Concentrations (dry weight; mean * 1 standard deviation) of metals in jewelbox (Clwna macerophylla) and eastern oyster
(Crassostrea vkginica) from reference and discharging sites. Dry weight concentrations are reported k ~g/g, Reference
sites are indicated in bold.

13ivalve/Site

Jewelbox

&
HI A-323A I 58’

4
El 313A 47&8

HIA-595CF 41*9

Ml 703A 29*3

SMI 130B 26*8

VN 214A 24*6

Eastern o ster

=

SMI 229C IO* I

SMI 236A II* I

GOMb 8*3

GOM’ 1O*7

Ba I Cd

22* I 3 7*2

79*74 II* I

13*1 14*6

43*24 7*3

14*I5 4* I

14*2 5* I

20*20 5* I

%

12*6 5* I

II*4 7*2

6*2

4*2

Cr Cu

0.8+0.2 4.8*0.4

2.4*0.3 6.6* I .7

2,5k0,6 5.2*1,1

1.4*0.8 6.0*0.6

4*3 6.8* I .3

1.3*0.5 II*3

2.0%0.3 6.2&0.4

z0,7*0.I 98+90

1.3+0.2 140*30

0.6*0.3 250*120

0.6*0.4 150*100

Fe I Hg I Mn I Mo I Ni

180&40 0.054’

70&20 0.051’

7*2 5* I 9*I 0.2*0.I 1.6*0.3
I 1 , ,

12*2 47*I3 I 12* I I 0.3*0.2 3.5* I .3

II*3 32&24 8*1 0.3*0.I 2.8*0.6
I I I I

9*3 6*3 I 6*2 I 0.7*0.5 I 2.2k0.6
I

9*3 34* I 1 II*5 0.2*0.I 2.3*0.2

19*IO 6*4 4*2 0.2*0.04 3.0*2.5

15*2 47* I 3 5* I 0.2*0.I 4.1*1.1

+

320kl 70 o.13a

480*210 0.06’

370*140 0.05”

290*160 0.13’

28* I 3 0.24a 1.O*O.3 0.4&0.2 1.4*0. I

18*5 0.22” 1,0*0. I 0.6*0.02 1.6*0.3

18*8 -- 2.2*O.6 0.6*0.5 -

14*7 - 1.8*I .6 0,6*0.9 -

Zn

170*50

151+42

200*95

145*7O

100*30

90*1 o

180*90

1760*90

181Ok300

1880*730

2150*1 580

‘ single sample (n=l)
b Gulf of Mexko oysters from Presley et al. (1990) for 3 comparable Louisiana locations (n=27): Joseph Harbor Bayou, Vermilion Bay, and Atchafalaya Bay.
C Gulf of Mexico oysters from Presley et al (1990) for 50-69 locations (n=485).
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Figure 7.2. Concentrations of As, Ba, Cd, Cu, Mn, Mo, Pb, V, and Zn injewelbox (Charm r??acemph~/a).
Locations include a reference site (R) (High Island A-389) and five discharge sites (E = Eugene
Island 313A, H = High Island A-595CF, M = Matagorda island 703A, S = South Marsh Island
13013,and V = Vermilion214A).
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Concentrations of molybdenum in jewelbox show an even stronger hi-modal
distribution with samples from HI A-323A, El 313A, Ml 703A, and VR 214A averaging about 40
Kg molybdenum/g (dry weight) relative to 6 Kg molybdenum/g (dry weight) for samples from HI
A-389, HI A-595CF, and SMI 130B (Table 7.7). Data for molybdenum in receiving water for VR
214A, SMI 130B, and HI A-595CF show minor differences in mncentrations of this relatively
conservative and abundant metal among the three sites where jewelbox were collected (Table
7.5). Thus, we can draw no simple explanation for the molybdenum distribution in jewelbox from
this study. However, because all produced water samples had less molybdenum than ambient
seawater, the differences are unlikely to be related to produced water discharges.

For cadmium and copper in jewelbox, concentrations were notably higher at a single
site (El 313A and SMI 130B, respectively) and concentrations of nickel were higher at two
locations (H1 A-323A and Ml 703A) (Table 7.7). Similarly, concentrations of mercury averaged
0.053 * 0.007 &g/g d~ weight for five sites with higher values of 0.110 and 0.125 #g mercurylg
at Ml 703A and HI A-323A, respectively. The iron values for jewelbox were variable but low
enough to ensure that these platform-associated bivalves did not contain any significant amount
of sediment within their gut that could account for higher metal levels. Such sediment distortion
of tissue metal levels would be most conspicuous for nickel and vanadium in these samples
because of naturally low tissue levels of these metals, and none is observed (Table 7.7). Thus,”
we have no clear explanation for the above deviations, but note that such variations have been
previously reported for bivalves (e.g., Presley et al., 1990). Furthermore, all produced water
samples had levels of copper, mercury and nickel that were below or comparable with those for
ambient seawater, thereby minimizing the role of produced water discharges in the observed
single site anomalies.

Our mean values for lead show that jewelbox from HI A-595CF contained 2 to almost
5 times more lead than those from the other sites (Figure 7.2). Although this result is not
statistically significant and also may be due to natural variability, we should note that lead loading
from HI A-595CF at fi6.8 g lead/day is approximately 7 times higher than at SMI 130B (2.5 g
lead/day). In a similar fashion, barium concentrations for jewelbox from HI A-595CF are also the
highest for this study (Figure 7.2). However, this trend for barium is not consistent with loadings
as about 268 kg barium/day are released from HI A-595CF, relative to a barium discharge at SMI
130B of316 kg barium/day. Nevertheless, samples of organisms from platforms discharging
produced water with high metal levels and high discharge rates may help to better identify worse-
case scenarios for enhanced metal bioaccumulation.

Manganese is one metal with a potential for enhanced bioaccumulation in jewelbox
because of its high enrichment factor (> 10,000) in produced water relative to ambient seawater
and because the slower kinetics of manganese precipitation in seawater favor survival of the
dissolved form in the platform area. However, manganese values of 15*2 pg/g for jewelbox from
only one site (l/R 214A) are statistically higher than in jewelbox from the reference site (Table
7.7). Thus, either the jewelbox is regulating manganese concentrations internally or the influence
of high manganese in produced water is not easily discernible.
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At the two nearshore sites (SMI 229C and SMI 236A), eastern oyster rather than
jewelbox was the available bivalve. No significant differences (a = 0.05) were observed for any
metals in samples of eastern oyster from SMI 229C versus SMI 236A (Table 7.7, Figure 7.3).
Furthermore, metal levels from this study were in good agreement with results obtained by
Presley et al. (1990) for eastern oysters from coastal Louisiana and throughout the Gulf of
Mexico (Table 7.7).

In addition to showing similarities in metal levels between the reference and discharge
sites, Figure 7.3 also shows a greater than three order-of-magnitude range in actual
concentrations of the various metals in oyster tissue. The absolute metal concentrations also
can be viewed from the perspective of their enrichment relative to seawater. When the tissue

data are COnVerted tO EFtiss~using Equation I ! VaiUeS greater than 10,000 are calculated for
manganese, copper, cadmium, iron and zinc relative to levels of about 100 or less for nickel,
vanadium, and barium (Figure 7.3). Essential micronutrients such as copper, manganese, iron
and zinc can be very efficiently removed from seawater by marine organisms relative to
non-essential elements such as arsenic, lead and barium. These data provide a frame of
reference for comparing metal concentrations in eastern oysters for future monitoring efforts as
well as for establishing universal trends in values for EFti=u,.

7.3.3 Red Snapper and Gray Triggerfkh

Metal concentrations also were determined for five individuals of red snapper and
gray triggerfish from each of two discharging sites (SMI 130B and VR 214A) and one reference
site (VR 298/305). No statistical differences (a = 0.05) were observed among the sites for
concentrations of barium, cadmium, chromium, copper, iron, manganese, molybdenum, nickel,
lead, vanadium or zinc for both species of fish (Table 7.8). Although this statistical result is
influenced by similar median values, some large standard deviations and a small sample
population, the results in Table 7.8 and on Figures 7.4 and 7.5 certainly support similarities in
metal levels for these reference and discharging sites.

Higher levels of arsenic are observed in red snapper and gray tfiggerfish from the
reference site on Sonnier Bank (l/R 298/305 at a water depth of 25 m) relative to adjacent,
platform sites SMI 130B (water depth of 65 m) and VR 214A (water depth of 39 m) (Figures 7.4
and 7.5). Observed arsenic enrichment in fish collected from VR 298/305 (Sonnier Bank) may be
related to different food sources or even to movement of outer continental shelf waters into this
area via advection or upwelling (Naito, 1994). Whatever the cause for this difference, the results
once again show that local environmental conditions may have a greater influence on arsenic
levels in biota than produced water discharges. A similar trend to that found for arsenic was
observed for mercury in red snapper with the highest average values for samples from the
reference site (Figure 7.4). In contrast, mercury levels in gray triggerfkh from VR 214A average
1.1 ~glg relative to 0.5 #gig at VR 298/305 (Sonnier Bank) and SMI 130B.

Metal concentrations in fish fillet (Table 7.8) are consistently lower than those found
for bivalves (Table 7.7). Thus, tissue enrichment factors for red snapper fillet (Figure 7.6) are 10
to 20 times lower for arsenic, barium, lead, copper and iron, 100 times lower for zinc, and 300
times lower for manganese relative to values calculated for whole samples of eastern oysters
(Figure 7.3). The micronutrient elements (especially copper, iron and zinc) are actively regulated
in fish tissue, leading to the very uniform values shown in Table 7.8, and lower tissue enrichment
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factors in fish fillet. In sharp contrast, the degree of mercury bioaccumulation was >3,000 in red
snapper (Figure 7.6) and almost 20 times higher than in the eastern oyster. Bioaccumulation of
mercury in fish is favored because most of the mercury stored by fish is in the form of methyl-
mercury (Fergusson, 1990). Once again, both concentrations and tissue enrichment factors
provide a frame of reference for comparing metal concentrations in fish for future monitoring
efforts as well as for establishing universal trends in values for EFti~~u,.

Overall, barium levels in fish fillets from this study were low with mean concentrations
of cO.I #g/g (dry weight). In fact, samples of red snapper from SMI 130B averaged 0.012 gg
barium/g, wet weight (wet tissue = 77* I % water) and had EFti~.u,values of about 1 (Figure 7.6).
This observation suggests that no bioaccumulation of barium above seawater levels occurs in
red snapper. In contrast, about 25% of the gray triggerFishfillets had >0.025 &g barium/g wet
weight and four samples of gray triggerfish from SMI 130B had >0.070 #g barium/g wet weight.
The randomness of values in the barium-enriched tissues maybe related to incorporation of
minute patilcles of barite as has been noted by Jenkins et al. (1989); and it would be valuable to
identify the mode of tissue incorporation when enhanced barium levels are determined.

In addition to analysis of muscle tissue (fillet), the remaining carcasses of red snapper
and gray tfiggerfish from two discharging sites (VR 214A and SMI 130B) were homogenized,
digested, and analyzed. Metal data for carcasses have been included in this study because
many people consume other portions of the fish besides the fillet and because large marine
carnivores at the upper end of the food chain eat the entire fish. In general, concentrations of the
metals from this study are significantly enriched in the carcass relative to the fillet (Figure 7.7;
Tables 7.8 and 7.9). Barium and manganese show the greatest enrichment (>1 O fold) in carcass
relative to fillet for both red snapper and gray tiiggerfish and lead and zinc in gray triggeti!sh
(Figure 7.7). Intermediate enrichment in carcass relative to fillet (2 to 10 fold) was observed for
chromium, copper, and iron in both fish species and lead and zinc in red snapper. Finally,
carcass and fillet concentrations of arsenic, mercury, and nickel were similar (Figure 7.7).

7.3.4 Shrimp, Crab, and Additional Fish

Concentrations of arsenic, cadmium, chromium, iron, molybdenum, and nickel
samples of shrimp and crabs, each from one discharging location (Table 7.10), were lower than
found in jewelbox. However, the shrimp and crabs had consistently higher levels of copper, yet
similar concentrations of mercury, manganese, lead, vanadium, and zinc to the jewelbox
samples. No reference samples of shrimp or crabs were collected from non-discharging
platforms. The metal data obtained for these other invertebrates are used in risk assessment
(Chapter 9).

Metal levels in the vermilion snapper from the two discharging sites (Table 7.10) are
markedly similar to those reported for the red snapper in Table 7.8 and, as such, seem to show
no evidence of enhanced metal levels relative to the reference site used for red snapper. Metal
levels in the other five species of fish (Table 7.10) are generally within the range of metal
concentrations found for fish with the exceptions of elevated barium and mercury in longspine
porgy and iron in silver seatrout, Atlantic croaker, and longspine porgy. Samples of longspine
porgy from both SMI 130B and HI A-595CF had very similar metal levels. The fish data
presented in Table 7.10 are used in risk assessment (Chapter 9).
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Table 7.9. Concentrations (dry weight; mean t 1 standard deviation) of metals in fish carcass (excluding fillet) for red snapper
(Lu~anus campechanus) and gray triggerfish (Baktes caprkcus) from discharging sites (n = 5 for each site). Dry weight
concentrations are reported in ~gig.

Site/Metal As Ba Cd Cr Cu Fe Hg Mn Mo Ni Pb v Zn

RedSnapper

VR214A 0.77*0.25 1.6~0.4 0.05*0.01 0.5*0.4 1.9*0.2 48~10 0.16*0.03 4.2*I .0 0.56*0.18 1.6*0.3 0.2*0.I 1.9*0.5 48*6

SMI130B 0.60*0.31 2.0*0.7 0.17$0.16 0.4*0.I 1.5*0.3 35*8 0.16*0.02 3.3*1.O 0.45*0.17 1.4*0.3 0.8*0.8 1.4*0.4 34*8

GrayTrigger’fish

VR214A 13*8 8*4 0.6*0.2 0.6*0.4 3.6~0.l 68*3 0.62*0.03 54+2 0.75*0.04 1.6*0.I 7,5+.0.0 2.1*0.I 280k4

SMI 130B 20*14 15*IO 0.6&0.3 0.8k0.l 20*34 67*9 0.41i0.61 24*6 0.47k0.16 7*I3 1.5fd .6 1.7t0.8 320+100

LeaseAreas:
VR - Vermilion
SMI-SouthMarshIsland



Table7.10. Concentrations(dryweightmean* 1 standarddeviation)ofmetalsininvertebratesandfishfromdischargingplatforms.

-4
(J
-4

Biota/Metal

Invertebrates
~

Swimming 35 117
Crabh *3 *38

Fish
I I

0.14 0,36 32 44 0.04 5.1 0.11 1.0 0.11 0.44 54
*0.02 *0.12 *3 *2 I *0.01 +0.9 *0.05 *0. I *0.02 *0.07 *3

0.50 0.16 55 30 0.29 5.4 0.27 1.3 0.14 1.0 194
*0,49 *0.03 *2 I *lo *0.14 *I .2 *0.18 *0. I *0.05 *0.1 *II

0.88 2.7 26 458 0.09 90 0.31 7.1 0,93 8.0 78
*0.22 *0.7 *2 *279 *0.02 *I5 *O.1O *I .9 *0.83 *1.2 *IO

0.18 2.6 5.2 278 0.04 15 0.18, 1.3 0,21 0.54 72
*0,23 *0.4 *4.9 *51’ *0.01 *3 *0.03 *0.2 *0.09 *0.21 *4

0.06 1.9 2.6 243 0.03 29 0.58 2.4 0.23 2.0 54
*0.02 *2.O *0.4 *92 *0.01 *I2 &O.25 *0.8 *0.09 *0.7 *5

0.04 0.54 2.4 36 0.36 1.5 0.02 0.11 0.06 0.11 54
*0.03 *0.06 *0.2 *6 *0.14 *0.3 *0.00 *0.03 +0.06 *0.06 *I7

Atlantic 0.20 1.3 0.16 2.5 6.9 131 0.05 7.0 0.12 1.6 0.12 0.20 42
Cutlassfish’ *0.03 *1.1 *0.09 +2.0 *5.3 *52 &o.02 *3.3 *0.06 *0.5 *0.02 *0.18 *3

Longs~ine 0.24 32 0.13 5.4 1.5 247 0.42 23 0.22 1,8 0.90 2.4 45
Porgy &O.08 * 22 *0.02 *2.8 ko.3 *118 *0.42 *3 *0.15 *0.9 *0,25 *0.5 *3

Vermilion 3.2 0.06 0.02 0.13 1.4 11 0.13
SnappeF’

0.3 1.12 1.5 0.08 0.75 13
*0.6 *0.01 *0.01 *0.03 *0.O *3 *omoo *0. I *1 .54 ko.3 *0.03 *0.04 *1

Longspine 0.40 26 0.25 13.3 1.8 309 0.65 25 0.21 5,3 0.56 2.8 56
PorgyC *0.17 *II *0.05 &6,7 *0.2 *155 *0.69 *5 *0.05 *3.O *o. 13 *0.5 *4

Vermilion 3.3 0.24 0.02 0.25 1.6 9 0.37 0.3 0.05 1.3 0.19 0.69 13

“ Samplesfromdischargingsite SMI 236A.
b Samples from discharging site SMI 130B.
“ Samples from discharging site HIA 595CF.



7.3.5 Produced Sand

Concentrations of metals in the produced sand samples from SMI 130B and 236A are
listed in Table 7.11. Concentrations of aluminum and iron are lower in samples of produced
sand (Table 7.11) than in sutficial sediments from the area (Table 7.12) because of lower
amounts of clay and metal-bearing minerals in the produced sand. Consistent with the
observations for aluminum and iron, concentrations of the metals in the produced sand are
comparable with or slightly lower than found in area sediments. Higher metal levels in the
produced sand sample from SMI 130B, relative to the sample from SMI 236A (Table 7.11), are
related to the higher amounts of aluminum and iron in the former sample and the increased
amounts of clays and metal-bearing phases associated with iron-bearing aluminosilicates.

7.3.6 Sediments

Three sediment samples were collected along the downcurrent transect at distances
of 20 and 2,000 m from the Component 1 discharging sites (SMI 236A and VR 214A). At SMI
130B and HI A-595CF, the 20-m stations were moved approximately 30 m. Three sediment
samples were also collected at the station located at the discharge for SMI 236A and at each of
the Component 2 sites. To assess the presence of contaminant levels of metals in these
sediments, concentrations of each metal were plotted versus aluminum to normalize metal
values and thereby correct for differences in grain size and mineralogy. Fine-grained, clay-rich
sediments naturally contain higher levels of aluminum and metals. As fine-grained sediments
introduced from riverine sources are mixed with metal-poor carbonates and coarse-grained
sediments, concentrations of aluminum and metals are diluted. Thus, for a suite of
uncontaminated sediments with a mixture of grain sizes and mineralogy, a simple straight line,
such as shown for nickel versus aluminum in Figure 7.8 is observed. This trend suggests that
no significant enhancement of nickel was observed in sediments from these sites due to platform
activities. Similar good correlations were observed for vanadium, iron, manganese, chromium
and copper indicating that these metals are generally present at close to natural levels near the
sites.

Plots of lead and barium versus aluminum (Figure 7.9) show some large deviations
from the natural metal/aluminum ratio represented by the straight line on each graph. These
anomalies indicate significant anthropogenic inputs of lead and especially barium. The influence
of offshore drilling on metals in sediments has been most notable for barium (Trocine and Trefry,
1983; Boothe and Presley, 1987). Sources of barium include drilling fluids wherein BaSOd is
used as a weighting agent for pressure control and produced waters that have high barium
concentrations naturally, due to its enhanced volubility at elevated chloride and low sulfate levels.
Elevated barium levels were especially noteworthy (>4,000 #g/g) in sediments from SMI 130B
and HI A-595CF. Lead tends to be a more ubiquitous contaminant related to a variety of platform
activities (Figure 7.9). concentrations of lead in sediments from SMI 236A are comparable with
values of about 30 pg/g for incoming Mississippi River suspended sediment however, an excess
was identified for the 20 m distances from VR 214A and 50/60 m distances from HI A-595CF
(Table 7.12 and Figure 7.9). HI A-595CF also has the highest lead loading from produced
waten however, the sediment lead enhancement is unlikely to be solely related to produced
water.
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I
Table 7.11. Metals concentrations(dryweight; mean t 1 standarddeviation)for producedsand samplescollectedat SMI 130B and SMI 236A, The

MDLs differfor the same element in some cases because of the followingvariationsin the method:the originalvolume of water
analyzed, the dilutionfactorrequiredto minimizethe effectsof salt matrices,and variationsin instrumentaland proceduralblanks at the
time a given samplewas analyzed.

Sitehletal Hg Ni Pb
(1!) ($g) ‘a(LJ9/9) :) (PV9) (#;;g) Cu(/’@9) (T) (v9/9) ‘n(P919) (W!g) (#g/g) (#g/g) (J’@ (P%9)

SMI 130S 3.9 3.7 1,181 0.79 0.43 28 18.7 1.6 0.003 99.5 3,4 12.9 14.5 16.3 140
+(),1 ~ 0.3 +832 + 0.10 + o.06 +3 22.7 + 0.3 + 0.001 + 2.6 + 0.3 ~ 0.5 ~1.6 + (),2 ~ 27

SMI236A 2.0 2.1 816 0.24 0.1 8 7.4 0.5 0.005 32.6 0.8 <5.0 8.5 10.7 25
+(J,I +0,2 + 57 + ().03 + o.r)rJ +1 +6.2 .+(),1 + 0.001 + 2,9 + 0,2 + 0.0



Table 7.12. Concentrations of metals (dry weight mean* 1 standard deviation) in surficial sediments.

Ba Cr Cu Mn Mo Ni v Zrl
Site (m)’ & ‘s

(P919) (P919)
:, cd

0J9/9) (P919) (pglg)
(y, ‘g

(P919) (/J9/9) (pglg) (U919) ‘b
(#9kl) (I-419) (/’Jg/g)

SMI130B 1.6 4.6 695 2.9 0.72 “ 58 10.1 1.2 0.35 134 2.8 6 7.8 23 796
(50) *0.4 *0.7 *344 &o.2 *0.22 *33 *I .0 *0. I *0.16 *24 *I .6 *I *2.8 *4 *212

SMI 130B 7.7 15.4 3,820 2.7 0.09 75 15.1 3.5 0.045 956 2,9 26 29.3 130 103&36
(2,000) *0.3 *1.6 *1 ,560 *0.2 *0.01 *2 *1.O *I .0 *0.002 *6 I *1.9 *1 *2.3 *I6

SMI 236A 1.2 1.6 605 1.7 0.19 13 6.2 1.0 0.017 103 0.7 6 12.9 15 467
(DISCH) *0.8 *0.9 *31 &O.6 *0.06 *4 *0.6 *0. I *0.021 *37 *0. I *1 *0.8 *9 *255

SMI 236A 7.4 7.7 963 1.1 0.24 77 19.7 3.6 0.044 772 4.5 27 36.1 115 268
(20) *0.7 *0.4 *243 *0.4 *0.10 *I5 *3.7 *0.4 *0.004 *119 &O.8 *3 *8.1 *I2 *24

SMI 236A 7.7 8.4 738 1.7 0.16 83 18.3 3.7 0.046 781 0.8 28 24.4 112 112
(2,000) *0.9 *0.3 *7 I *I .0 *0.02 *11 *2.6 *0.5 *0.01 1 *8 I ko.2 *4 *2.3 *I3 *9

VR 214A ‘ 5.2 4.4 3,010 5.8 0.73 96 24.8 6.5 0.063 407 5.7 30 11O*67 91 275*IO
(20) *0.7 *0.2 *I ,750 *I .8 *0.50 *9 i-8.5 , *1.7 *0.025 *42 *1,0 *6 *I7 8

VR 214A 7.1 7.7 1,080 1.7 0.42 79 11.6 3.1 0.033 940 0.8 21 22.8 118 99
(2,000) *o. 1 &O.6 *I5 *0. I *0.47 *1 &O.6 *0.02 *0.001 *24 *0. I *1 *0. I *lo *4

HI A- 3.2 4.4 6,460 7.0 0.6 41 9.7 1.7 0.125 241 0.9 9 78 31 281
595CF *0.2 *0.4 *4,550 *I .7 *0. I 1 *4 *1.4 *o. 1 *0.023 *I2 *0.3 *2 *104 *3 *66
(80)

HI A- 5.8 8.0 6,350 8.3 0.12 58 12.6 2.6 0.054 653 0.7 21 24* I 87 96*5
595CF *0. I *0.8 *586 *3.O *0.03 *3 &O.6 *0. I *0.008 *124 *0. I *2 *4
(2,000)

WC 448 5.82 20.9 546 6.45 0.08 54.5 11.4 2.96 0.023 599 4.4 18 19.9 96 64.9
*0.33 *1.7 *27 *1 .93 *0.O *4.4 *0.7 *0.08 *0.001 *42 *0.6 *1 *0.8 *I5 *4.9

SMI 4.55 13.2 658 18.3 0.13 47.7 12.1 2.68 0.036 817 2.1 19 17.7 88 74.4
1861195 *1.16 *5.4 *9 I *4.7 *0.01 +8,7 +2.9 *0.13 *0.004 *48 *1.9 *3 *0.9 *I4 *9.3

GA A-205 2.66 3.1 327 4.03 0.06 27,5 4.4 1.08 0.011 221 1.9 7 11.3 29 35.3
*0.15 *0.8 *9 *0.49 *0.01 *2.7 *0.2 *0.10 *0.001 *3O *2.1 *1 *0.4 *1 *4.8

GA A-90 4.10 4.7 398 2.81 0.05 38.5 6.2 1.75 0.014 313 0.7 12 14.3 59 49.4
*o. 14 *0.3 *7 *0.67 *0.01 *2.7 &O.6 *0.05 *0.001 *I5 *0. I *1 *0.4 *3 *2.7

‘ Distancefromplatformin meters.
R = Reference (no dishcargeof producedwater).
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Elevated levels of mercury, arsenic, cadmium and especially zinc were observed at
the near-platform locations (20, 50, and 60 m stations) for SMI 130B, HI A-595CF, and VR 214A.
Zinc also is an ubiquitous contaminant and one of the first to be detected in many settings. The
instances of contamination from these metals that were observed in this study are most likely
related to platform activities, but not necessarily to produced water. This lack of association with
produced water is especially pertinent in the instances of arsenic, cadmium, and mercury which
have low enrichment factors (c50) for produced water relative to ambient seawater.

7.4 SUMMARY

The highest enrichment factors for metal concentrations in produced water versus
ambient seawater samples were found for barium, iron, and manganese with average values
z 10,000. Levels of lead and zinc in the produced water samples were >1 00-fold enriched
relative to ambient seawater samples; and enrichment factors of 5 to 30 were found for arsenic,
cadmium, mercury and nickel. In contrast, produced water samples were depleted with copper,
molybdenum, and vanadium compared with ambient seawater samples. Dispersion models
predict a 1,000-fold dilution of produced water within 20 to 30 m of the discharge point at release
rates of <4,000 m3/day (Brandsma and Smith, 1996). Under this model scenario, only
concentrations of dissolved barium, iron, and manganese would be above levels for ambient
seawater at a distance of >30 m from the discharge. Closer to the discharge site, mixing
processes may be more complicated; and concentrations of other metals, such as lead and zinc,
may be elevated above values for ambient seawater. Thus, the produced waters sampled in this
study most likely have a relatively limited opportunity for enhancing normal bioaccumulation of
metals in resident organisms.

No statistically significant differences (a= 0.05) in concentrations of barium, iron,
lead, vanadium, or zinc were observed in jewelbox (Charna rnacerophy~la) between reference
and discharging sites; and only one unexplained exception in jewelbox levels was observed for
cadmium, copper, nickel, and mercury. However, absolute values for barium and lead in
jewelbox were 2 to 5 times higher near one platform, with much higher daily loadings of lead, but
not barium, than at other sites. Differences in levels of arsenic observed for jewelbox from
different sites seem to be more dependent on local concentrations of dissolved arsenic in
ambient seawater than on discharges of produced water. No significant differences were
observed for any metals in samples of eastern oyster (Crassostrea virgif?ka) from a reference
versus the discharging site. Furthermore, metal levels from this study were in good agreement
with results obtained by Presley et al. (19“90) for eastern oysters from coastal Louisiana and
throughout the Gulf of Mexico.

No statistical differences (a = 0.05) were observed among the sites for concentrations
of barium, cadmium, chromium, copper, iron, manganese, molybdenum, nickel, lead, vanadium,
or zinc for red snapper (Lu~anus carnpechanus) and gray triggerfish (f3aktes capriscus). Higher
levels of arsenic and mercury were found in fish from the reference site on Sonnier Bank (VR
298/305) than from discharging sites. The observed trends for arsenic and mercury may be
related to different food sources or water mass movement.

Sediments from the platform sites often had elevated levels of lead, mercury, arsenic,
cadmium and especially barium and zinc relative to aluminum. The level of metal contamination
is greatest at stations nearest the platform (20, 50, and 60 m) relative to the 2,000-m station.
This enhancement is unlikely to be solely related to produced waten however, additional work
would be required to fingerprint metal inputs from produced water.
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CHAPTER 8- ASSESSMENT AND FINGERPRINTING OF VOLATILE AND
SEMIVOLATILE HYDROCARBONS IN DISCHARGES AND
ENVIRONMENTAL SAMPLES ASSOCIATED WITH OFFSHORE
OIL AND GAS PRODUCTION FACILITIES

TedSauer
WoodsHoleGroup
Cataumet,Massachusetts

8.1 INTRODUCTION

8.1.1 Background

Hydrocarbons, which are one of the major groups of chemicals associated with oil
and gas production operations, were determined in produced water, produced sand, discharge
plume/receiving water, ambient seawater, sediment, and biota as part of an environmental
assessment of production related discharges from offshore oil and gas facilities in the U.S. Gulf
of Mexico. This assessment included characterization of total hydrocarbons (THCS), SHCS,
VAHS, and PAHs in representative environmental samples near producing oil and gas
operations. SHCS are a group of semivolatile hydrocarbons that consist of n-alkanes with carbon
numbers from CIOto usually CdOand selected isoprenoids (branched chain alkanes) such as
pristane and phytane. The specific VAH and PAH target hydrocarbons determined in these
samples are listed in Table 8.1. These hydrocarbon results are used in the environmental risk
assessments (including bioaccumuiation) in Chapter 9.

In this chapter, hydrocarbon composition and concentrations are evaluated in
environmental samples near produced water discharging platforms and from reference sites in
the central and western part of the Gulf of Mexico. This evaluation includes assessment of
hydrocarbon spatial trends, interrelationships of hydrocarbon composition among the different
types of samples, and potential sources of the hydrocarbons in the environment: Analyte
distributions and summary data tables were produced to assist in the interpretation of the data.

8.1.2 Saturated Hydrocarbons and Polycyclic Aromatic Hydrocarbons Background
Information

SHCS makeup approximately “5Y0to 20% of the hydrocarbons in crude oils and are
major hydrocarbon constituents in unpolluted aquatic environments. Although they are not of
general biological or toxicological concern, these hydrocarbons are useful in assessing the
sources of hydrocarbons in the environment. SHCS are used as tracers of spilled oil and used to
monitor the extent of weathering in the environment. They are also used in distinguishing
biogenic and petrogenic hydrocarbons in the environment (Biumer et aL, 1971, 1973; Atlas et aL,
1981; NRC, 1985).

The distribution of n-alkanes serves as an initial fingerprint of sources of
hydrocarbons. The presence of petroleum hydrocarbons is usually indicated by a wide range of
n-alkanes up to CAOwith no predominance of odd or even carbon numbers. .The branched
alkanes, pristane and phytane provide information of the effect of biodegradation on the loss of
hydrocarbons in an oil impacted environment. Hydrocarbons that have a biogenic origin have a
predominance of odd carbon number compounds over the even carbon number compounds in

8-1



Table 8.1. Target volatile aromatic,polycyclicaromatic,and heterocycliccompounds.

VAHS’
*Benzene (BZ)
“Toluene (T)
“Ethylbenzene(E)
*m,p-Xylenes (m,p-X) and *o-Xylene (o-X)
C,-benzenes (C3BZ)
C,-benzenes (C4BZ)

PolvcvclicAromaticand HeterocvclicComuounds(PAHs)a
‘Naphthalene (CON)
Ct-Naphthalenes (Cl N), plus individual PAH--I -methylnaphthaleneand 2-methylnaphthalene
Cz-Naphthalenes(C2N), plusindividualPAH-2,6dimethylnaphthalene
C~-Naphthalenes(C3N), plus individualPAH-1 ,3,5-trimethylnaphthalene
C4-Naphthalenes(C4N)
*Acenaphthene (ACE)
*Acenaphthylene(ACEY)
Biphenyl(BIP)

*Fluorene (COF)
C1-Fluorenes(Cl F)
C2-Fluorenes(C2F)
C,-Fluorenes (C3F)

‘Anthracene (COA)
*Phenanthrene (COP)
C1-Phenanthrenes/anthracenes(Cl P/A), plus individualPAH-1 -methylphenanthrene
Cz-Phenanthrenes/anthracenes(C2P/A)
C,-Phenanthrenes/anthracenes (C3PIA)
C4-Phenanthrenes/anthracenes(C4P/A)
Dibenzothiophene(COD)
C1-Dibenzothiophenes(Cl D)
Cz-Dibenzothiophenes(C2D)
C,-Dibenzothiophenes (C3D)
*Chrysene (COC)
C1-Chrysenes(Cl C)
C2-Chrysenes(C2C)
C.-Chrysenes (C3C)

“Fluoranthene(FLU)
*Pyrene (PYR)
C1-Fluoranthenes/pyrene (Cl F/P)
Cz-Fluoranthenes/pyrene(C2F/P)
C~-Fluoranthenes/pyrene(C3F/P)
*Benzo(a)anthracene (BAA)
‘Benzo(b)fluoranthene (BBF)
“Benzo(k)fluoranthene(BKF)
*Benzo(a)pyrene (BAP)
Benzo(e)pyrene (BEP)
Perylene (PER)

“Indeno(l ,2,3-cd)pyrene (INDP)
‘Dibenzo(a,h)anthracene (DAHA)
‘Benzo(g,h,i)perylene (BGHI)



then-alkane distribution. Natural Q.e., tiogenic) hydrocations ofmafine origin have SHC
compounds in the Ct~ to C22n-alkane range, whereas hydrocarbons of terrestrial origin are
represented by higher molecular weight SHCS in the CZTto C= n-alkane range. There are some
marine blue-green algae that have high-molecular-weight n-alkanes in the terrestrial n-alkane
range. Terrestrial plant signatures may be evident in offshore environments due to land runoff or
wind carrying plant debris or pollen.

In the analysis for n-alkanes and isoprenoids by gas chromatography/flame ionization
detection (GC/FID), THC concentration is also determined. In this study THC concentration is
equal to the sum of the concentrations of the resolved compounds in the chromatogram from n-
alkanes Clo to Ca plus the concentration of the unresolved complex mixture (UCM) between n-
alkanes CIO and C@. The UCM is the “hump” in the gas chromatogram (GC trace), and its
presence is usually associated with anthropogenic inputs that include fossil fuels. Because of
the complex mixture of compounds in fossil fuels, the GC technology does not resolve all,
compounds; and as a result, relatively large UCMS are almost always present in samples
containing fossil fuels.

Probably the most essential set of hydrocarbons in environmental assessments are
the 2-through 6-ringed polycyclic aromatic and sulfur-heterocyclic hydrocarbons (PAHs), and
include the alkyl homologies (Cl, C2, C~, Cd alkyl carbon substituents on the parent compound)
of the prominent 2- through 4-ringed PAHs-naphthalene, fluorene, phenanthrene,
dibenzothiophene, chrysene (i.e., families of PAHs). Besides being critical to assessing
biological effects and toxicological relationships of dose and response (Neff, 1979; Neff, 1987;
Neff and Anderson, 1981), PAHs are extremely valuable in identifying and differentiating sources
of hydrocarbons in an impacted environment (YoungMood and Blumer, 1975; Laflamme and
Hites, 1978; Wakeham et aL, 1980; Requejo and Boehm 1985; Sauer and Boehm, 1991; Sauer
and Uhler, 1994; Page et aL, 1995b). -

PAHs in the environment are prominently of pyrogenic or petrogenic origin. There
are some PAHs that have a diagenic origin, such as perylene and retene (methyl, propyl
phenanthrene) which are formed by chemical transformation of certain biological precursors
during early diagenesis (Venkatesan, 1988). Pyrogenic PAH distributions consist of relatively
high amounts of the 4- through 6- ring PAHs, such as fluoranthene, pyrene, benz(b)fluoranthene,
benz(a)anthracene, and benzo(a)pyrene. PAHs of pyrogenic ongin (fossil fuel pyrolytic or
combustion products, natural combustion products) are characterized by the dominance of the
parent PAHs with decreasing abundance with increasing alkyl groups (CO> C, > C2 > C3 > CA).
Pyrogenic hydrocarbons can be transported to the marine environment through the atmosphere
and on particulate material associated with coastal runoff and river discharge (Neff, 1979).

The PAHs of petrogenic origin (e.g., crude oil, refined oils, natural seeps) have a
characteristic ‘bell shape” in the homologous series distribution where the Cz or C~ alkyl PAH
abundance predominates within a PAH family. For fossil fuels, especially petroleum, the relative
abundances of each family of PAHs are highly influenced by the source of the hydrocarbons, For
instance, crude oil from Saudi Arabia has two to three times more dibenzothiophenes than
phenanthrenes, whereas crude oil from the North Slope of Alaska has almost equal amounts of
dibenzothiophenes and phenanthrenes. Also, petrogenic hydrocarbons usually contain relatively
low amounts of 5- and 6-ringed PAHs, such as benz(a)anthracene and benzo(a)pyrene, unlike
pyrogenic hydrocarbons where the presence of these compounds is relatively high. The relative
distributions in alkyl homologies provide the important distinguishing features to hydrocarbon
source identification.
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Over time, there are certain physical, chemical, and biological processes that.
contribute to the alteration of the composition of hydrocarbons in the environment. The term for
these a(tering processes is ‘weathering’ and include evaporation, dissolution, photooxidation, and
biodegradation (NRC, 1985: Neff, 1990). The resistance to alteration is based on a combination
of hydrocarbon boiling point, volubility, and structure. Most of the alteration proclivities for
hydrocarbons are based on the chemical structure.

In the case of petroleum releases, initial loss or change to hydrocarbon composition
is generally associated with evaporation where the lower boiling point compounds are
preferentially lost. The n-alkanes are generally the most susceptible to weathering of ail the
hydrocarbons. The isoprenoids are more resistant to biodegradation than the n-alkanes. With
weathering of fossil fuels, the UCM in the GC trace changes and the concentration of the UCM
initially increases. The GC fingerprint of a weathered oil sample shows a loss in resolved
compounds and an increase in the size of the UCM. PAHs are more resistant to weathering than
non-cyclic hydrocarbons. Within an alkyl group (e.g., naphthalenes), the parent and lower alkyl
groups will weather first (rate: Cl > Cz > ...). The Cz and C~-alkyl homologies of phenanthrenes,
dibenzothiophenes, and chrysenes have been found to hold their signature except in the more
highly weathered situations. In these situations, some of the chemical biomarkers
(polycycloalkanes: steranes and triterpanes) are very useful in identifying hydrocarbon sources.
Although weathering of the 5- and 6-ringed PAHs has not been studied extensively, their high
molecular weight affords a structure that would be recalcitrant to biodegradation.

8.2 LABORATORY METHODS

Analyses for VAHS, SHCS (CIO-C~zn-alkanes, pristane and phytane), and PAHs listed

in Table 8.1 were conducted at ADL. Produced water was analyzed for VAHS, SHCS, and PAHs;
ambient seawater for VAHS and PAHs; sediment and produced sand for SHCS and PAHs; and
biota tissue for PAHs. The methods have already been established as SOPS at ADL, and are
either modifications of EPA SW 846 methods or methods implemented from the literature (NRC,
1985; 10C/UNEP/lAEA, 1991; Sauer and Boehm, 1995). The methods for SHC and PAH
determinations have been validated and subjected to intercalibration exercises with other
laboratories.

8.2.1 Volatile Aromatic Hydrocarbons

The method used to determine the VAHS listed in Table 8.1 is based upon a purge
and trap isolation procedure and analysis by gas chromatography/mass spectrometry (GC/MS) in
the full scan mode (a modified SW-846 Method 8240) as described by Sauer and Boehm (1995).
The volatile hydrocarbons are introduced into the GC by a purge-and-trap method. An inert gas
is bubbled through the water sample at elevated temperature, and the volatile hydrocarbon
components are efficiently transferred from the aqueous phase to the vapor phase. The vapor is
swept through a sorbent column where the volatile components are trapped. After purging is
completed, the sorbent column is heated and backflushed with inert gas to desorb the
components onto a gas chromatographic column. The components are separated with a non-
polar fused silica mega-bore capillary chromatographic column in a GC and detected with a MS,
which provides both qualitative and quantitative information.
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Prior to use for individual component analysis, a five-point calibration was established
to demonstrate the linear range of the analysis. Check standards were analyzed with every
analytical batch to validate the integrity of the initial calibration. Quantitation of the compounds
was performed by the method of internal standards using the response factors established in the
initial calibration. Surrogate internal standards (benzene-de, ethylbenzene-dlO, and naphthalene-
d~) and recovery internal standards (chlorobenzene-d~) were spiked into the samples just before
analysis.

The Purge and Trap conditions for the analysis were as follows:

Purge: 40 mUmin He, 11 min at 40°C Trap: Tekmar Vocarb Trap 20°C
Desorb Conditions: 20 mUmin He, 2 min Desorb Temp: 260°C, bake 8 min at 270”C
Line Temperature: 200”C Valve Temp: 200°c

GC/MS conditions for this analysis were as follows:

Initial Column Temperature: 35°C Initial Hold Time: 15 min
Program Rate: 2°C/min
Final Column Temperature 250”C Final Hold Temperature 5 min
Injector Temperature: 220”C Detector Temperature: 280”C

8.2.2 Saturated Hydrocarbons and “PolycyclicAromatic Hydrocarbons

SHC and PAH analyses involved sample extraction, extract cleanup, extract
fractionation, and instrumental analysis. The-extraction procedures for each of the matrices,
water, sediment, and tissue, required different procedures. The extract cleanup, fractionation,
and instrumental analysis were identical for all matrices. The procedures for the SHC and PAH
analyses are summarized in flow diagrams. As part of the SHC analysis, THC concentrations
were determined.

8.2.2.1 Sample Extraction

Produced Water and Ambient Seawater. Water samples were extracted three times
with a solvent mixture of 1:1 acetone methyiene chloride utilizing an ambient temperature
shaking method. Details of the extraction procedure are provided in Figure 8.1.

Sedknent and Produced Sands. Sediment samples were extracted three times with
a solvent mixture of 1:1 acetone: methylene chloride utilizing an ambient temperature shaking
method. Details of the sediment extraction procedure are provided in Figure 8.2.

Tissue. Each of the tissue samples were extracted by an established extraction
procedure (Sauer and Boehm, 1995). The extraction method for tissue samples is provided in
Figure 8.3. As indicated in the figure, preparation of the sample for extraction involved slightly
different procedures for each type of tissue sample.
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Water and lnferst itial Water

Measure total volume of H20
I

I

I Transfersampleto a separator funnel

1
+

Add Quantificationinternal
&mo~atel Standards I

Add 10 mL CH2CIZ for every
100 mL of sample I

~

Extract by shaking the separato!y funnel

Vent frequently to release pressure

J
Allow the layers to separate,

and drain the solvent layer off
into an erlenmeyer flask

I

JYEs

I Filter the total extract through Na#04
into a Kudema-Danish apparatus I

+
Concentrate extract to 540 rnL I

using a Kudema-Danish apparatus
on a 60-60% H,O bath I

+
I Further concentrate extract under N. aas I

I to 1 mL. Displace the CHZCIZ with he;%e,
Concentrate to a final volume of 1-2 mL I

Determine extract weight

1

I Ready for HPLC fractionation I

Figure 8.1. S1-lC/PAHextractionprocedurefor producedwater and ambient seawater samples.
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Sed imenf Ektrecf oni

Section sediment cores, eepamting the O-2cm and subsurface
sections into pm-cleaned glees jars

1

I Homogenize the ssdment using a stainless steel spatula I
4i 7

I Weigh 50 g homogenized sediment into a 250-ML Teflon jar

1

I Add 60 g NS2S04and Quantifkstion Internal
(Surrogate) Standards I

I Add 100mL 1:1 acetone: CH2CIPcap sample, and loosen
contents by vigorously shaking the jar by hand I

*

I Shake on a shaker tabla for 12 hours (overnight) I

I Centrifuge at 1,600 RPM for 5 min. Oecant solvent extract
into a 500-mLerlenmeyer flask containing 60 g Na#04 I

I Add 100 mL 1:1 aceto= CH2Cl&cap sample, and loosen
contents by vigorously shaking the jar by hand

1 Shake on a shaker table for 4 hours

4
Centrifuge mixture at 1,500 RPM for 5 min. Oecant solvent extract

into a 500-mL erlenmeyer flask

+

Third extraction? a NO

I

+=
I Allow the extract (combined in the erlenmeyer flask) I
I to dry on the Na,So. for 1 hour I

*

I Concentrate extract (combined in the erlenmeyer fiaek) I

I Further concentrate extract under Nzgee to 1 mL.
Disolace the acetone CH.CI. with hexene. I

I Concentrate to a fins! v&&e of 1-2 mL i

I Determine extract weight I

Ready for cleanup column
I

‘igure 8.2. SHC/PAH extractionprocedurefor sediment and produced sand samples.
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Tissue EXtrecfr‘on

F~h Liver or Gut Contents:
Thaw dissected liver or

contents of gut and place
into a pm-cleaned glass jar

1 1
+

I Homogenize the tissue using the Tissuemizer

&
Weigh 10-15g homogenized tissue into a 250-ML Teflon Jar

I

4

Add 50g Na#04 and Quantification Internal
(Surrogate) Standards

Add 75 mL CHZC12,cap sample, and loosen
contents by vigorously shaking the jar by hand <

4

Macerate using Tieeuemizer at 100% for 1 min. and 50% for 2 min.
I

4

Centrifuge mixture at1,500RPM for 5 min. Decant solvent extract
into a 500-ML erlenmeyer flask containing 60g Na$50. 1

*

Thirdextraction? — NO I

Add 50 mL CH1C12,to the bottle, cap, and shake
vigorously by hand for 30 seconds 1

+
Combine thii extract in the flask contitning the fimt three extracts,

and allow the total extract to dry on the Ns+304for I hour

+
I Concentrate extract to 5-10 ml using a Kudeme-Danish I
1 apparatus on a 60-6WC H20bath II

+
I Fwther concentrate extract under N, gas to 1 mL. I

I D~piace the CH1C12with heiane.
Concentmte to a final volume of 1-2 mL

4

I Oetermine extract lipid weight
I

4

I Ready for cleanup column

Figure 8.3. SHC/PAH extractionprocedurefor tissue samples.
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8.2.2.2 Extract Cleanup

Before fractionation, sample extracts were passed through an alumina column to help
remove potentially interfering lipid-type compounds. This cleanup column procedure is
summarized in Figure 8.4.

8.2.2.3 Extract Fractionation

The extracts were fractionated by a high-performance liquid chromatography (HPLC)
method into a saturate fraction (fl ) containing the SHC compounds and an aromatic fraction (f2)
containing the PAH compounds. The HPLC method, as summarized in Figure 8.5, produces fl
and f2 fractions similar to those generated by silica gel/alumina column chromatography
methods, but with more consistent separation (i.e., reduces variability) of target analytes than the
column chromatography procedure.

At the completion of the HPLC fractionation, the fl and f2 fractions were weighed.
To determine THCS (total resolved and total unresolved complex mixtures) as defined by the GC-
FID analysis of the extract, the fl and f2 fractions were combined before instrumental analyses.
After combination of fractions and addition of recovery internal standards, the extracts were
submitted for instrumental analysis for SHC and PAH target analytes.

8.2.2.4 Instrumental Analysis

The final processed extracts were analyzed for the target SHCS and THCS by GC/FID
and the target PAHs by GC/MS. The GC/MS analysis of PAHs was performed in the selected ion
monitoring (SIM) mode. This mode of operation for GC/MS improves (i.e., lowers) the
instrumental detection limits for PAHs and allows for detection of PAHs at the parts per trillion
concentrations (rig/L) for water samples and parts per billion concentrations @g/kg) for sediment
and tissue samples. The lower method detection limits for individual PAH analytes.of
approximately 10 rig/L in water samples and 10 nglg in sediment and tissue samples are
especially necessary for the tissue analyses. The procedures for analysis of SHCS and PAHs
are provided in Figures 8.6 and 8.7, respectively.

8.2.3 Quality Assurance and Quality Control

8.2.3.1 Procedures

Data quality for hydrocarbon analyses was ensured through ADL’s corporate QA
Program that is extensively documented through a Corporate QA Plan and SOPS. As a matter of
policy and practice, ADL requires that independent QA staff ensure that DQOS are met, QA
issues are coordinated among project personnel, and an independent audit of each data package
is conducted prior to submission.

Upon arrival at the laboratory, all field and QC samples including water, sediment,
and tissue samples, were examined for possible contamination from breakage, spillage, and for
acceptable shipping conditions, assessed for adequate sample volume, and then checked
against the accompanying sample custody sheets. Each sample received was entered into the
ADL sample logging system and assigned a laboratory sample I.D. and the sample container
placed in storage according to SOP. The required chain-of-custody procedures, including
sending a copy of the signed custody sheets to CSA, were accomplished and individual samples
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Extract CleanuQ

In a 22-mm 1.0. x 300-mm chromatographic
column, insert a glass wool plug followed

by 10 g alumina, and elute the column
with 50 mL hexane

Load the extract onto the column, and elute
with 100 mL hexane. Collect eluate in a

250-mL round bottom flask
1 I

I Further concentrate under Nz to 1 mL
I

+
Ready for fractionation on HPLC I

Figure 8.4. Extract cleanup column procedure.
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liPLC Fractionation

Prepara and set-up HPLC instrumentation
I

f
Calibrate flow rate and determine collection

windowe with standards

I
+

I HPLC Conditions
25x 100-mm 125A” Porssil column

Run time of 40 min.
0-10 min. 100% Hexene

10-24 min. 70V0 Hexene, 30% DCM
24-35 min. 100% DCM

3540 min. 100’% Hexane

I Inject sample

1

*
Concentrate fractions under Nz to 1 mL

I

1

I Weight fractions

J

Combine fractions and concentrate
under Nz to 1 mL

1

I Add final internal standards, and submit
extract for analwse I

Figure 8.5. High-performanceliquidchromatography(HPLC) fractionationprocedure.
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I Preparation
I

I I
I

*
Prepare calibration

standards (high, mid, low
levels) containing target
SliCs. Prepare internal

standard solutions

*
capillary Column:

3&In DB-5. H carrier,
He makeup.

Oven prvgam:
6(Y’Cfor 1 min., &’C/min.

@ 30WC for 13 min.
then 15W/min. to 315%,

hold 5 min.
Detector:
GC/FID

*
Analyze mid-level
standard 3 times;

calculate mean RT for
each compound.

RT window is &
of mean RT

Initial calibration

Establish 6-point
calibration curve that

brackets expected
SHC concentration

in samples

Response factor
determination

Calculate response factor (RF)
for each compound for each point

relative to the Quantification
Internal Standards (QIS). Determins

mean RF for each anaiyte
I

+

Perform
corrective

action

NO

,

I “DaiIy” calibration
I

Analyze mid-level standard
every 12 samples

I

Calculate concentration
of analytes relative to QIS

Figure 8.6. instrumentalproceduresfor SHC analysis by GC/FID.

8-12



Preparation
Response factor

determination

Prepare calibration” Cakmiate response factor (RF)
standards (high, mid, low for each compound for each point
levels) containing target reiativa to the Quantification
SHCS. Prepare internal intemai Standards (QIS). Determine

I
standard solutions mean RF for each analyte

GC/MS Operating NO

Conditions

Capiflaty Column:
30-rn DB-5. He carrier.

Oven ptvgrsm:
[

Sampie anaiysis
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were evaluated for storage, handling, and analytical instructions. Ail applicable holding time
requirements were met according to SOP. Explicit sample preparation and analysis instructions
and authorization were obtained from CSA prior to proceeding with the analyses.

Prior to each analysis all instruments were initially calibrated according to
manufacturer’s specifications and SOPS. Similarly, SOPS for continuing calibration and other QC
requirements were observed. With each batch of samples of similar matrix (20 samples to a
batch), QC samples were processed that included procedural blanks, blank spikes, matrix spikes,
sample duplicates, and standard reference materials (NIST SRM-I 941 for sediment analysis).
Field blank samples were also processed. The DQOS for the PAH target analytes and SHCS are
summarized in Table 8.2, and MDLs for all target analyte groups are provided in Table 8.3. Any
values that were below the analyte and matrix specific MDL are reported as non-detected (ND).

At ADL, well established specific QA/QC procedures and formal mechanisms for
periodic QA review were implemented. QA/QC procedures were followed in all phases of data
generation and analysis for the proposed project. The ADL Project Quality Assurance OfFicer is
independent of the technical organizational and reporting structure. Audit reports and reviews
were submitted to the Project Manager and any problems were resolved before the data or
reports were released. Data packages were submitted to CSA with a complete QC reporl and
case narratives relating any analytical problems. All project files, including electronic files such
as GC/MS output files and laboratory records are archived at ADL for at least five years before
being destroyed.

8.2.3.2 Results

Except for trace contamination of some PAHs in a procedural blank of one sample
batch of tissues, all analyses met the DQOS presented in Table 8.2.

In approximately 15 tissue samples, the qualifier “B”was applied to PAH target
analytes, naphthalene, I-methylnaphthalene, 2-methylnaphthalene, Cf-naphthalenes, biphenyl
and phenanthrene. The “B”qualifier signifies that these particular PAHs were found at
significantly high levels in the procedural blank of the analytical batch of which the qualified tissue
samples were part. Any analyte labeled with a “W qualifier should be discounted in the
interpretation of the data. Generally, the ‘analyte procedural blank concentration was in the range
of the sample concentration; and, therefore, the analyte was not used in the interpretation.

8.3 RESULTS AND DISCUSSION

8.3.1 Produced Waterr Discharge Plume/Receiving Water, and Ambient Seawater

Eight samples of produced water, three samples initially and one sample five times at
approximately 12-h intervals, were collected at the four Component 1 sites (SMI 236A, VR 214A,
SMI 130B, and HI A-595CF). Each of these samples was analyzed for VAHS, SHCS, and PAHs.
At the time of the produced water collection, water samples were collected in the plume of the
produced water discharge as part of the discharge plume sampling and analyzed for VAHS only.
Ambient seawater samples were collected at three different locations approximately 2,000 m
from the discharge platform and analyzed for VAHS and PAHs. Three replicate ambient
seawater samples were also collected at the four Component 2 reference sites (SMI 186/1 95,
WC 448, GA 205, and GA 90) and analyzed for VAHS and PAHs.

8-14



Table 8.2. Data quality objectives and criteria - PAHs and SHCS,

Element or Sample Type Minimum Frequency
Data Quality Objective/

Acceptance Criteria

Initial Calibration (all parent Prior to every sequence 5 point calibration curve over
PAHs and selected alkyl two orders of magnitude.
homologies; CIO-C~z n- ‘A RSDa s25°h
alkanes, pristane, phytane)

Continuing Calibration Every 12 field samples or ‘A RSD s25Y0 for 90% of
16 hours, whichever is analytes.
more frequent, and at end YO RSD s35$Z0for 10’XOof
of anal~lcal sequence with analytes.
appropriate mid-level
standard

Matrix SRMb (#1941) Two per batch/every Values must be within *20%
20 field samples of true value on average for all

analytes >1 Ox MDLC, not to
exceed *25Y0 of true value for
more than 30% of individual
analytes.

‘AR target analytesMatrix Spikes Two per batch/every
20 field samples 4070-1 25%

Oil Standard One per batch/every Values must be within *IO%
20 field samples of the mean of all previous

values.

Procedural Blank One per batch/every No more than 2 analytes to
20 field samples exceed 5x target MDL unless

analyte not detected in
associated sample(s) or
anaiyte concentration >1 Ox
blank value.

Duplicate SRM or Sample One per batch/every RPDd <30%
Analysis 20 field samples

Internal Standard/Surrogates Every sample ~oR 40076-125%

Target MDLs Sediment, tissue - PAHs 1-5 rig/g (dry weight)
(PAHs and SHCS) Sediment - SHCS 0.05-0.1 pg/g (dry weight)

Water (2 liter) - PAHs 5-10 rig/L
Oil - PAHs 0.5-2.5 ng/mg

a RSD = Relative standard deviation.
bSRM = Standard reference material.
c MDL = Method detection limit.
d RPD = Relative percent difference.
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Table 8.3. Method detection limits of target compound groups.

I
Sediment Tissue

Analytes (dry weight) (dry weight) Water

PAH 0.7-6 pgtkg 1-7 ~glkg 5-20 rig/L

THC 1-2 pglg 10-20 ~g/L

SHC 0.05-0.1 ~g/g 0.5-1.0 ~g/L

VAH 0.2-0.5 ~g/L
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8.3.1.1 Produced Water

The VAH, SHC, and PAH distributions in produced water should reflect the respective
soiubilities of the individual hydrocarbon compounds and the composition of the produced crude
oil in contact with the produced water. For PAHs, naphthalene or C1-naphthalenes (depending
on the hydrocarbon composition of the produced oil) will have the highest concentration in the
produced water with decreasing alkyl concentrations as the alkyl carbon number increases.
Concentrations of the 3-ring PAHs (fluorenes, phenanthrenes, and dibenzothiophenes) will be
considerably lower in concentration compared to the naphthalenes, and the relative
concentration differences between the alkyl groups in each of the families will be considerably
smaller because the relative volubility differences of alkyl group compounds are smaller. Of
course, the composition of the produced crude oil with its characteristic ‘bell shaped’ distribution
of the alkyl groups will also complicate the composition of the produced water. The
concentrations of the 4- through 6-ring PAHs will be negligible or non-detectable because of the
low-level presence of these compounds in produced oil and the low solubilities in water.

The concentrations of the individual concentrations of the VAHs–benzene, toluene,
ethylbenzene, the xylenes, C~-benzenes, and Cd-benzenes-are summarized for the replicate
produced water analyses in Table 8.4. THC and total PAH concentrations of the produced water
samples are provided in Table 8.5.

Concentrations of individual VAHS generally varied around *25% from the mean.
SMI 236A produced water had the highest individual and total VAH concentrations at 5,200 ~g/L
mean total VAHS; and HI A-595CF produced water had the lowest at 1,800 ~g/L mean total
VAHS. Mean concentrations for BTEX compounds (benzene, toluene, ethylbenzene, and
xylenes), the most commonly measured VAHS, ranged from 1,700 to 4,900 ~g/L. BTEX
concentrations in produced water discharged into the central Gulf of Mexico ranged from 68 to
38,000 pg/L (Neff, 1996). Among the four sites, mean concentrations of each analyte were not
different by more than two times, and the concentrations were below their respective solubilities.
The compositional (means) distributions of the four produced waters are shown in Figure 8.8.

Unlike the VAH results where concentrations were fairly consistent among platform
produced waters, THC and total PAH concentrations were four times higher in the SMI 130B
produced water than those of the other platform produced waters (Table 8.4). SHC distributions
for the four produced waters showed decreasing concentration with increasing carbon number
from CIOto C~z (Figures 8.9 through 8.12). The SHC distribution reflects the solubilities and
produced oil composition of the analytes. Due to the volatility of CIOthrough Clg, the trend of
lower concentrations in two of the produced water samples maybe due to the limitations
compound loss) of the analysis for semivolatile hydrocarbons for these compounds, not
indicative of a general trend.

(volatile

8-17



Table 8.4. VAH concentrations (mean, range; ~g/L) in produced water samples.

SMI 236A VR 214A SMI 130B HI A-595CF
VAH (n=8) (n=8) (n=8) (n=8)

Benzene 2,500 850 1,200 820
(BZ) (7,000-2,800) (790-950) (900-1 ,700) (610-1 ,100)

Toluene 1,500 800 1,100 490
(T) (1 ,300-1 ,700) (730-910) (820-1 ,300) (370-660)

Ethylbenzene (E) 100 100
(92-1 10) (94-1 10) (6~-~9) (3~~6)

m,~Xylenes 460 210 360 180
(m,p-X) (430-480) (200-230) (280-41 O) (130-240)

o-Xylene 230 150 180 110
(o-x) (220-240) (140-170) (150-200) (82-130)

C~-Benzenes 260 280 140 100
(C, BZ) (190-290) (270-300) (120-170) (80-130)

CA-Benzenes 110 - ND ND
(C, BZ) (50:!1 o) (100-120)

ND= Not detected.

Table 8.5. THC and total PAH concentrations (mean, range) in produced water samples.

I THC I Total PAH
Site &g/L) (pg/L)

SMI 236A 3,900 270
(n=8) (1 ,900-4,900) (220-350)

VR 214A 3,300 130
(n=8) (1 ,500-4,700) (122-1 34)

SMI 130B I 16,000 I 600
(n=8) (12,000-19,000) (460-690)

HI A-595CF 1,300
(n=8) (1,100-1 ,700) (5:-:1)
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Comparison of the PAH distribution of SMI 130B and the distributions of the other
three platforms (Figures 8.13 through 8.1 6) indicated that the SMI 130B produced water
contained oil droplets of produced crude oil. Different than the other three platform PAH
distributions, the SMI 130B PAH distribution showed relatively large amounts of the 3- and 4-ring
PAHs and the characteristic ‘bellshaped’ distribution of the alkyl homologies. Each of the other
three PAH distributions showed a relatively large amount of naphthalenes (greater than 95% of
the total PAHs) with decreasing alkyl concentrations as alkyl carbon number increased, and very
small amounts of the 3-ring PAHs (non detectable amounts of 4- through 6-ring PAHs) with
generally constant alkyl concentrations. The PAH compositions of these three produced waters
reflect the volubility properties for PAHs, as discussed previously. The PAH composition of SMI
130B, however, reflects the composition of the produced crude oil. Interestingly, the higher
concentrations of THCS and PAHs in SMI 130B produced water compared to the other three
produced waters were not similarly mimicked in the concentrations of VAHS. SMI 236A
contained the highest amounts of VAHS (Figure 8.8).

Used in determining potential sources of hydrocarbons in environmental samples, the
PAH diagnostic ratios of Cz-phenanthrenes and Cz-dibenzothiophenes (C2P/C2D) and
C~-phenanthrenes and C~-dibenzothiophenes (C3P/C3D) were calculated for the produced
waters at each site.

Site C2P/C2D C3P/C3D

SMI 236A 3.2 2.5

VR 214A 2.0 1.25

SMI 130B 1.25 0.9

HI A-595CF 0.8 0.7

8.3.1.2 Discharge Plume/Receiving Water and Ambient Seawater

Plume water samples collected near the discharge pipe were only analyzed for VAHS
(and rhodamine WT dye). Samples at 5 m from the discharge pipe showed only trace amounts
of VAHS in the water column, less than 10 Mg/L benzenes and less than 1 pg/L of the other
VAHS. The VAH concentrations at the 100 m distance were non-detectable for almost all VAHS;
occasionally there were detectable amounts (0.1 to 1.0 pg/L) of toluene. These VAH
concentrations are typical for open ocean water in the Gulf of Mexico (Sauer, 1981).

Ambient seawater samples collected approximately 2,000 m from the Component 1
discharging platforms and at the Component 2 reference sites generally contained
non-detectable amounts of VAHS and PAHs (MDLs for VAHS were approximately 0.2 pg/L and
for PAHs range from 1 to 5 rig/L). Mean total PAH concentrations at 2,000 m for each of the four
platiorms were 74,60, 170, and 58 rig/L for SMI 236A, VR 214A, SMI 130B, and HI A-595CF,
respectively. Although slightly higher than that observed in pristine environments (15 to 25 rig/L
in Prince William Sound; Neff and Burns, 1996), a multitude of sources of PAHs besides
produced water, such as tanker traffic, coastal and river runoff (Mississippi River), natural seeps,
and aerial deposition of anthropogenic pollutants, contribute to the PAH loading in the Gulf of
Mexico.
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In some samples, a low-level (approximately 10 rig/L) pyrogenic PAH signature was
evident. In these samples (e.g., WC 448 and GA A-205; Figure 8.17), the parent
PAHs–fluorene, phenanthrene, fluoranthene, pyrene-and the 5- and 6-ring PAHs
(e.g., benzo(a)pyrene) were the major PAHs present. These PAHs are probably associated with
particulate matter (not tarballs) in these unfiltered samples and would not have originated from a
petrogenic source. This type of PAH distribution would be typical of anthropogenic or natural
combustion sources.

In a couple of replicate samples at 2,000 m or reference sites not evident in other
replicate samples from the same location, PAHs of a petrogenic origin were detected. A
replicate sample at reference site SMI 186/1 95 contained a full suite of petroleum PAHs (Figure
8.18) at concentrations no greater than 100 nglL and VAHS from benzene to C~-benzenes at
concentrations less than 1 ~g/L. The presence of these compounds may be due to
contamination of the sample in the field, or most likely, due to either natural seeps that are
abundant in the area (MacDonald et aL, 1996) or a very recent release of oil from a passing
vessel. The presence of both VAHS and PAHs at the same location (collected in different vials
from the sampler) suggested that the water was probably not contaminated during sampling.
There was also a petrogenic PAH distribution in a GA A-90 replicate sample with PAH
concentrations less than 25 rig/L (Figure 8.19), but this sample did not contain detectable VAHS.
The hydrocarbons in this sample probably originated from a natural seep, weathered released oil
or a minute tarball.

8.3.2 Produced Sand

SHC and PAH distributions of the replicate analysis of produced sand samples
collected at SMI 236A and SMI 130B are presented in Figures 8.20 through 8.23. The
petrogenic SHC and PAH signatures represent the hydrocarbon composition of crude oil (slightly
weathered from water washing) produced at these platform facilities. THC and total PAH
concentrations were the highest at SMI 130B, averaging 30,000 mg/kg dry weight and 922,000
pg/kg dry weight, respectively at SMI 130B and 7,000 mg/kg dry weight and 103,000 ~g/kg dry
weight, respectively at SMI 236A. The produced sand oils from the two platforms are of different
sources, evident by the dHferences in the relative amounts of the phenanthrenes and
dibenzothiophenes in the PAH composition. At SMI 130B, the ratio of Cz-phenanthrenes and
Cz-dibenzothiophenes (C2P/C2D) is 1.25 and the ratio of C~-phenanthrenes and
Ca-dibenzothiophenes (C3P/C3D) is 0,91, similar to the produced water ratios. On the other
hand at SMI 236A, the C2P/C2D ratio is 3.4 and the C3P/C3D ratio is 2.8, also similar to
produced water ratios. As will be discussed later, there is some evidence, especially at SMI 130,
that one of the sources of the hydrocarbons in the near platform sediments is from crude oil
probably associated with the discharged produced sands.

8.3.3 Sediments

Sutface sediment samples were collected at the four Component 1 platform sites,
SMI 236A, VR 214A, SMI 130B, and HI A-595CF, and at four Component 2 reference sites in the
lease blocks, SMI 186/195, WC 448, GA A-205, and GA A-90, and analyzed for SHCS and PAHs.
At SMI 236A andVR214A, samples were collected on the down current transect at 20 m and
2,000 m from the platform. At SMI 130B and HI A-595CF, the 20-m stations were moved 30 m.
Only at SMI 236A were samples collected at the discharge (DISCH). At SMI 130B, two sets of
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2,000 m samples (“12000 and “V2000”) were collected because the “12000 samples were
located within 1000 m of another platform. Three replicate samples were collected at one
location in each reference lease block site and at each of the platform site stations. Sediment
hydrocarbon results for all sites are summarized in Table 8.6.

8.3.3.1 South Marsh Island 236A

At the discharge station (DISCH) near the SMI 236A platform, THC concentration
was not very high ranging from 62 to 110 mg/kg for the three replicates. The UCM made up 50?40
to 65% of the THC concentration. The SHC distribution (Figure 8.24) indicated hydrocarbons of
petrogenic origin with a maximum abundance at n-alkanes CIGand Cl,. The predominance of
the isoprenoids pristane and phytane in this SHC distribution suggested that these hydrocarbons
had been influenced by microbial degradation; n-alkanes had been preferentially biodegraded
compared to the isoprenoids. The input of SHCS from biogenic sources (marine and terrestrial
plant material) was only slightly evident.

The signature of a predominantly petrogenic source by the SHC data was not as
evident in the PAH distribution (Figure 8.25). Pyrogenic type PAHs, in which the abundances of
parent and lower alkyl groups (Cl) dominate the distribution within each family of PAHs, were
apparent especially for the phenanthrenes, fluoranthenes/pyrenes, and chrysenes. The relatively
high concentrations of 5- and 6-ringed PAHs (benz(a)anthracene, benzo(a)pyrene, and
benzo(b)fluoranthene) are classical fingerprints of PAHs from a pyrogenic source. Total PAH
concentrations ranged from 330 to 1,800 ~g/kg for the three replicates. These concentrations
were higher than typical for nearshore sediment of 10 to 200 ~g/kg total PAHs in Texas and
Louisiana (Brooks eta/., 1990; Neff et al,, 1992; Kennicutt, 1995).

At this discharge station, both pyrogenic and petrogenic hydrocarbons were evident.
There were parts of the PAH distrib~!on, however, that indicated the presence of petrogenic
hydrocarbons. The high abundance of the alkyl naphthalenes and the relative distribution of the
alkyl fluorenes and to a lesser extent the phenanthrenes were signatures of weathered
petroleum. These petrogenic 2- and 3-ring alkyl PAHs from the oil and gas operations or
nearshore sources were superimposed on 4- through 6-ring pyrogenic PAHs originating from
coastal runoff, the Mksissippi l%ver, andjor atmospheric deposition. The SHC distribution with a
maximum near the Ct~ and Cl, alkanes and lacking an odd/even carbon preference for the n-
alkanes confirmed the presence of petrogenic hydrocarbons in these samples. The potential
source of the petroleum contribution to the DISCH sediment was probably the discharged
produced sands. The diagnostic ratios C2P/C2D and C3P/C3D of the sediments were 3.3 and
2.8, respectively, which were nearly identical to the ratios of the produced sands, 3.4 and 3.0,
respectively.

At the 20-m station, THC concentrations were higher than at the discharge station
and ranged from 80 to 240 mg/kg. Only 10% of the THC content was, however, associated with
the n-alkanes and isoprenoids, the remaining was UCM. The SHC distribution (Figure 8.26)
indicated a combination of weathered petroleum (pristane and phytane dominance) and
terrestrial biogenic (or blue-green algae) n-alkanes (C2~and C~l). The significant presence of
the 2- and 3-ring alkyl PAHs and relatively low concentrations of the 4-and 5-ringed parent
compounds suggested a dominant contribution of petrogenic hydrocarbons (Figure 8.26). The
large perylene concentration was due to the diagenesis of natural biological precursors in the
sediment (Venkatesan, 1988). Because of the large UCM and these alkyl PAHs, the
hydrocarbons in these 20-m samples were mostly of petroleum origin of moderate concentration
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and reference sites.
Table 8.6. Concentration ranges of THC and total PAHs in sediment from discharge platform

THC Total PAH
Site (mg/kg) (vgJkg)

Discharge Platforms

SMI 236A

DISCH 62-110 330-1,800

20 m 80-240 480-1,200

2,000 m 50-87 200-350

VR 214A

20 m 130-160 450-2,300

2,000 m 33-39 140-300

SMI 130B

50 m 130-200 720-1,000

2,000 m 10-21 140-150

HI A-595CF

60 m 60-72 280-320

2,000 m 1.1-1.3 70-80

Reference Sites

SMI 186/195 0.8-1.0 40-70

WC 448 5.4-9.5 180-220

GA A-205 0.5-0.6 10-17

GA A-90 0.5-0.7 15-40
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with total PAH concentration, ranging from 480 to 1,200 ,ug/kg. Using the diagnostic ratios
C2P/C2D and C3P/C3D, the source of the petrogenic hydrocarbons in the 20-m sediments
looked to be a combination of the produced sands and produced water discharges. The
C2P/C2D and C3P/C3D ratios for the sediment were 2.4 and 2.4, respectively. The produced
sands ratios were 3.4 and 2.8 and the produced water ratios were 3.2 and 2.5, respectively. The
lower C2P/C2D in the sediments maybe due to preferential weathering (loss) of the C2-
phenanthrenes relative to the Cz-dibenzothiophenes at this site which has been observed in
some marine environments (Sauer et aL, 1993).

At the 2,000-m station, the SHC and PAH distributions changed dramatically
compared to the other samples closer to SMI 236A. THC concentrations were lower, from 50 to
87 mg/kg. The SHCS were dominated by marine (C21) and terrestrial (C= and C~l) biogenic
alkanes with an odd/even n-alkane preference in the SHC distribution (Figure 8.27). The UCM
contributed 90’% of the THC concentration. The PAH distribution (Figure 8.27) shows low-level
presence of almost all the PAHs (approximately 10 ngig individual PAH compounds; total PAH
concentrations ranged from 200 to 350 @kg), probably typical of chronic hydrocarbon inputs
from a variety of anthropogenic and natural sources in nearshore environments off of Louisiana
or from the Mississippi River. The presence of a UCM and the PAH distribution are not,
however, typical signatures of unpolluted, pristine environments, which are illustrated by open
ocean sites GA A-205 and SMI 186/195 discussed later.

8.3.3.2 Vermilion 214A

The THC concentrations at the 20-m station (there were no samples collected at the
discharge location) ranged from 130 to 160 mgikg, comparable to the 20-m station at SMI 236A
except that at VR 214A, the resolvable compounds made up 20% of the total hydrocarbon values
instead of 10YO. The SHC distribution (Figure 8.28) showed a fingerprint of a weathered
petroleum with a gradual trend to a maximum at Cl* n-aikane and no odd/even preference.
Pristane and phytane were the most prevalent compounds indicating that the petroleum was
experiencing some biodegradation.

Concentrations of total PAHs at the 20-m station ranged from 450 to 2,300 vg/kg,
similar to those at SMI 236A. Both petrogenic and pyrogenic signatures were evident in the
samples (Figure 8.28). The pyrogenic contribution was at least 70% of the total PAHs. Unlike
SMI 236A and most other discharge platforms, the individual 5- and 6-ring PAHs equaled or.
exceeded the 2- through 4-ring alkyl PAHs indicating that the pyrogenic PAH source was a
significant contributor to the overall PAH concentration. Fluoranthene, pyrene, and chrysene
concentrations were equivalent to the 5- and 6-ring PAH concentration, and their alkyl groups
decreased in concentrations with increasing alkyl carbon number, also an indicator of a pyrogenic
PAH source. The relatively high napthalenes suggested a petrogenic input, which was confirmed
by the SHC distribution; however, the petrogenic contribution was considerably less than that at
SMI 236A. Although it has been on location longer, the reduced impact of petroleum
hydrocarbons at VR 214A was probably due to the deeper water depth and lower discharge
volume compared to SMI 236A.
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Atthe2,000-m station, the THCconcentrations ranged from33to39mg/kg. The
individual concentrations of SHCS were low, near the detection limits of the method; and the SHC
distribution (Figure 8.29) showed a biogenic source with no preference in terrestrial or marine
inputs. The pyrogenic PAHs were the overwhelming contributors to the total PAH concentration
by evidence of the 4- through 6-ring distribution (Figure 8.29). Total PAH concentrations
(ranging from 140 to 300 ~g/kg) were lower than those from SMI 236A, 2,000-m station;
however, in some samples, fiuoranthene, pyrene, benzo(b)flouranthene, and benzo(a)pyrene
concentrations at VR 214A were higher at values greater than 20 rig/g. As with the SMI 236A,
this 2,000 m sediment is receiving hydrocarbons from a variety of anthropogenic and natural
sources off the coast of Louisiana and/or most likely, from the Mississippi River. These
signatures are not typical of unpolluted, pristine environments.

8.3.3.3 South Marsh Island 130B

Even at the water depth of 65 m, petrogenic hydrocarbons were the major
contributors to the hydrocarbon composition at the 50-m station at SMI 130B. THC
concentrations ranged from 130 to 200 mgikg with only 10’%0of the THC content containing
resolvable SHCS. The SHC distribution was similar to that of VR 214A showing a petroleum
contribution in the n-alkane distribution and UCM content (Figure 8.30). The PAH distribution
showed a preponderance of petroleum PAHs in the PAH assemblage (Figure 8.31). The
petrogenic aikyl distributions (“bell-shaped”) were not only evident in the naphthalenes and
phenanthrenes but also in the chrysenes. The presence of a petrogenic signature in the higher
molecular weight, 4-ring chrysenes indicated a crude oil/heavy refined oil source, not usually
evident if the source of the PAHs was treated produced water.

Because of the water depth (65 m), the source of the petrogenic hydrocarbons in
these sediments was probably the produced sands, although another source may be potentially
contributing to the hydrocarbons because the diagnostic ratios of the sediment are not as similar
to the produced sands or produced water of SMI 130B as in other sites. The diagnostic ratios
C2P/C2D and C3P/C3D in the produced sands and produced waters at SMI 130B, which were
nearly identical at 1.25 and 0.9 respectively, were slightly different than the sediment ratios
ranging from 1.6 to 1.9 for the C2P!C2D and from 1.0 to 1.4 for C3P/C3D. One sediment
replicate had ratios of 1.6 and 1.0 for C2P/C2D and C3P/C3D, values more similar to the
produced sand values. Higher concentrations of the phenanthrenes seem to be the cause of the
higher diagnostic ratios.

The contribution of pyrogenic PAHs was very low in the SMI 130B sediment, only
10% of the total PAH content (total PAH concentration: 720-1,000 ,uglkg). The pyrogenic
distribution in the alkyl groups was not evident even in the fluoranthenes/pyrenes and except for
perylene, the 5- and 6-ring PAHs were relatively low. This lack of pyrogenic PAHs at SMI 130B
was contrary to that from either VR 214A or SMI 236A where pyrogenic PAHs were most
prevalent. The coastal anthropogenic and/or the Mississippi River sources of hydrocarbons were
not as influential in these sediments as the 20-m station.

THC, SHC, and PAH concentrations were low at both 2,000-m stations (1 and V).
THC concentrations ranged from 10 to 21 mg/kg of which only 20% of the THC was SHC
compounds. SHC distributions were similar at both stations (Figures 8.32 through 8.34) with
individual SHC concentrations at usually less than 0.02 mg/kg and no predominance of either
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Figure 8.29. SHC and PAH distributionsin Sediment ReplicateA at VR 214A, 2,000 m.
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terrestrial or marine biogenic inputs. Total PAH concentrations ranged from 140 to 150 Ug/kg.
Except for perylene which was approximately 30 ~g/kg, individual and alkyl group PAH
concentrations were low, generally less than 6 pg/kg, and consistent among the 3- through 6-ring
PAHs. Although both pyrogenic or petrogenic PAH signatures were present, neither signature
predominated (Figures 8.33 and 8.34).. The SHC and PAH distributions at the 2,000-m stations
may be representative of the types of low-level (“background”) hydrocarbons in outer shelf
sediments partially influenced by the discharge of the Mississippi River in the central Gulf of
Mexico.

8.3.3.4 High Island A-595CF

At the 60-m station at HI A-595CF, THC concentrations ranged from 60 to 72 mg/kg,
10% of which were resolved compounds. The odd/even preference of the n-alkanes was greater
than 1 indicating a biogenic dominance (Figure 8.35). Except for pristane and phytane which
were between 0.05 and 0.1 mg/kg, individual SHC concentrations were no higher than 0.05
mg/kg. The PAHs in this sediment at 60 m showed a negligible influence from petroleum
sources. The 4- through 6-ring PAHs almost completely dominated the PAH distribution.
Individual concentrations of these pyrogenic PAHs were generally between 10 and 20 ~g/kg (total
PAH concentrations ranged from 280 to 320 mglkg). Although the station was close to the
platform, the residual hydrocarbon concentrations at HI A-595CF were considerably lower and
had negligible amounts of petrogenic hydrocarbons compared to the other platform sites. The
shunting of the produced water to a depth of 38 m was offset by the deep water(122 m).

Sediment THC concentrations at the 2,000-m station were the lowest of all the
discharge platform sites that ranged from 1.1 to 1.3 mg/kg. Greater than 90% of the THC
content was resolved SHCS. The SHC distribution showed consistent low-level concentrations of
less than 0.02 mg/kg from Clg to C~z (Figure 8.36). Total PAH concentrations ranged from 70 to
80 pglkg with individual concentrations usually less than 3 @kg, near the detection limits of the
method. The PAH distribution showed a consistent composition for the 3-to 6-ring PAHs, similar
to the other deep water site (SMI 130B), but at concentrations considerably lower. This
sediment seemed to represent “background” hydrocarbons for bottom sediments in the Gulf of
Mexico (not influenced by the Mississippi River).

8.3.3.5 Component 2 Reference Sites

The hydrocarbon concentrations and SHC and PAH distributions of the deep water
(110 m) reference site SMI 186/195 were very similar to the 2,000-m station of the deep water
(122 m) discharge platform, HI A-595CF, even though the SMI 186/195 site is 80 miles due east
of Hi A-595CF and closer to the influence of the Mississippi River. THC and total PAH
concentrations were similar at approximately 1 mglkg and 40-70 Wglkg, respectively, with no
UCM. SHC and PAH distributions showed the same low-level, consistent composition for C,d to
C~2n-alkanes and 3- to 6-ring PAHs in both locations (compare Figure 8.37 and Figures 8.32
and 8.33). These similarities suggest that these distributions are representative of “background”
hydrocarbons in ciay/silt sediments of the central Gulf of Mexico.
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In the western Gulf at GA A-205 in 66 m of water and GA A-90 in 39 m of water, the
hydrocarbon concentrations were even lower than those at SMI 186/1 95. THC concentrations
were less than 1 mglkg, and total PAH concentrations ranged from 10 to 40 vg/kg. The SHC
and PAH concentrations were at trace levels generally below the detection limits of the methods
(<0.01 mg/kg SHCS and C2 Mg/kg PAHs). SHC and PAH distributions (represented in Figure
8.38) showed the consistent compositional representations as SMI 186/1 95 except the GA A-205
and A-90 distributions were at lower concentrations. The large sediment grain size-more sand
content-may be the reason for the lower hydrocarbon concentrations at GA A-205 and GA A-90.

The hydrocarbon composition in sediment at WC 448 was, however, different from
the other three reference sites. Its characteristics resembled more the composition of the SMI
130B, 2,000 m station, which has a water depth twice as deep as WC 448 (compare Figures
8.32 and 8.33 with Figures 8.39 and 8.40). At WC 448, THC concentrations were 5 to 10 mglkg
with a UCM that made up 80% of the THC content. The SHC distribution (Figure 8.39) showed
a small odd/even preference with elevated concentrations of C1~,C2T,C2g,and C~l at 0.025 to
0.05 mg/kg, similar to the SHC distribution in the sediment at SMI 130B, 2,000 m. Except for
perylene which was approximately 30 ~g/kg and represented nearly half of the total PAHs,
individual and alkyl group PAHs were consistent among the 3- through 6-ring PAHs (Figure 8.40)
and at concentrations less than 6 ~glkg (total PAH concentrations ranged from 180 to 220

~g/kg). Similar to SMI 130B, both pyrogenic and petrogenic PAH signatures were present.
Although SMI 130B is in deeper water and 50 miles east of WC 448, the sources and
accumulation of SHCS and PAHs at both sites were similar.

The similarity in hydrocarbon composition of a remotely located reference site and at
SMI 130B suggested that the hydrocarbon composition in sediment 2,000 m from SMI 130B is
representative of unimpacted oil and gas operation sediment and is typical sediment for many
parts of the shelf in 30 to 60 m of water. The discharge of the Mississippi River and possibly
other coastal inputs contribute to this consistent hydrocarbon composition in a region-wide basis.
As the water depth becomes deeper, the sediment hydrocarbon concentrations decrease but
with only a small change in composition. The combination PAH petrogenic and pyrogenic
signatures in the deeper water sediments of SMI 186/1 95 and HI A-595CF are still present, but at
lower concentrations.

8.3.3.6 Hydrocarbon Source Differentiation

The hydrocarbon composition in the sediments from the discharge and reference
sites reflected the neatileld and regional petrogenic, biogenic, and pyrogenic hydrocarbon inputs.
To determine the sources of hydrocarbon in sediments at these sites, a multivariate statistical
analysis was performed on PAH data of the sediment, produced water, and produced sand
samples. All PAHs except naphthalenes and fiuorenes which are most receptive to early
weathering, and perylene which has a diagenic source, were used in a principle component
analysis. Each sample was normalized to its concentration PAH to remove the bias of
concentration from the analysis. The results of the analysis are presented in Figure 8.41. To
reduce the clutter of too many samples on the graphics, mean PAH values for replicate samples
were used for the reference sites [R] and the fatiield (2,000 m [Fl) discharge site locations.
Mean values were also used for the produced water [PW’Jand produced sands (PS) samples.
Unlike the nearfieid (DISCH [D] and 20 m [N]) discharge site samples, the replicate variability of
these samples was small enough to sufficiently be represented by mean values. Presentation of
individual replicate samples (A, B, and C) at the neatileid locations was necessary because of
the relatively large differences among sample replicates.
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In the PCA plot, five groups were identified that represented different hydrocarbon
characteristics of the samples.

A:

B:

c:

D:

E:

Petrogenic signature - oil and gas operational discharges (produced water [P~
and produced sands [PS]);
Dominance of a petrogenic signature - discharge [D] and nearfield [N] sediment
samples only;
Dominance of a pyrogenic signature - mixture of nearfield [N], farfield [Fj,
discharge [D], and reference [R] sediment samples;
Mixture of petrogenic and pyrogenic signatures - discharge [D] and neartleld [N]
sediment samples only; and
No signature, but low-level combination of petrogenic and pyrogenic
PAHs - farfield [For Vl, and reference [R] sediment samples only.

Samples in Group A have the petrogenic signature characteristic of petroleum in
produced water and produced sands (example: any of the produced sands PAH distributions).
These samples have the “bell shaped” alkyl PAH distribution for the 3- and 4-ring PAHs
(phenanthrenes, dibenzothiophenes, and chrysenes), and negligible amounts of the 5- and 6-ring
PAHs. In the PCA plot, the Group A sample PAHs look to be very similar to each other
compared to the PAHs of the sediment samples; however, they are compositionally different
among themselves as evident by their different PAH diagnostic ratios (Table 8.7). The produced
oils have their own signature that differentiates one oil from another.

The Group B nearfield discharge samples contain an overwhelming amount of the
petrogenic alkyl homologies the 3- and 4-ring PAHs compared to the pyrogenic 4- through 6-ring
PAHs. The closeness of the group to Group A indicates that Group A sources area probable
source of PAHs to these nearfield sediments. Also, the diagnostic ratios of the nearfield
sediments in this group are in the same range as the discharges (Table 8.7), indicating a
platform discharge contribution to the sediments. Differences between the groups could be for a
variety of reasons. PAH compositions could vary dependent upon weathering (relative loss) of
some key petrogenic PAHs or input of PAHs from other sources. The contribution of pyrogenic
PAHs will also influence the overall sediment composition. The SHC distribution of these Group
B samples usually suggested a major petrogenic signature, no or small odd/even n-alkane
preference, enhanced amounts of pristane and phytane relative the biodegraded n-alkanes, and
a large UCM. The biogenic signature was usually not present.

In Group C, the samples are dominated by pyrogenic PAHs (example: Figure 8.28).
Pyrogenic PAHs are characterized by relatively high amounts of the 4- through 6-ring PAHs, such
as fluoranthene, pyrene, .benz(a)anthracene, and benzo(a)pyrene, and dominance of the parent
PAHs with decreasing abundance with increasing alkyl groups (CO> Cl > Cz > C~ > CJ.
Concentrations of these type PAHs are usually low (individual concentrations are c50 rig/g).
Samples away from oil and gas operations would be expected to have more of a pyrogenic
signature because the ubiquitous of pyrogenic sources (e.g., fossil fuel combustion, natural
fires). h this study, dominating pyrogenic signatures were present in nearfield samples (e.g.,
VR214A 20 m) as well as farfield and reference samples indicating the variability of sediment
near producing platform. Local current conditions, induced at least partially by the platform
structure, change the substrate by resuspending sediment or transporting away inputs from the
platform operations. Two of the nearfield VR 214A samples have low amounts of petrogenic
PAHs, whereas the third VR 214A sample has a dominating petrogenic signature. Often the
pyrogenic PAHs are the only detectable PAHs when the hydrocarbon input is very low, illustrated
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Table 8.7. Diagnostic ratios for produced water, produced sands, nearfield sediments, and
jewelbox.

Sample Type I SMI 236A I VR 214A I SMI 130B HI A-595CF

Produced Water

C2P/C2D 3.2 2.0 1.25 0.8

C3P/C3D 2.5 1.25 0.9 0.7

Produced Sands

C2P/C2D 3.4 1.25

C3P/C3D 2.8 0.9

Sediment

C2P/C2D 3.0-3.3 (Disch) 2.7-3.5 1.8-1.9 1.6-2.6
2.3-2.9 (20 m)

C3P/C3D 2.3-2.7 (Disch) 2.2-3.1 1.0-1.4 1.3-1.6
2.0-2.5 (20 m)

Jewelbox

C2P/C2D -- 1.5 2.5 2.0

C3P/C3D 1.0 1.9 1.3
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by both reference sites in the middle of the Gulf (GA 90 and GA 205) where PAH concentrations
are near the detection limits of the method (c5 ngig). Pyrogenic PAHs in the marine sediments
are generally accompanied by biogenic SHCS, terrestrial and/or marine alkanes depending on
proximity to terrestrial sources.

The samples in Group D contained a mixture of petrogenic and pyrogenic PAHs.
Both PAH-type distributions would be evident in the sample distribution, in relatively equal
amounts. The 2- and 3-ring alkyl PAHs with the bell-shaped distribution are present in
conjunction with 4-through 6-ring PAHs (e.g., Figure 8.25, Replicate B). The relative location of
the samples in the group on the plot correspond to the relative amounts of the pyrogenic and
petrogenic PAHs. Besides the PAHs, these samples have an UCM and n-alkane distribution that
indicate a petrogenic source, but with some biogenic influence.

The pyrogenic and petrogenic PAH influences in the sediment samples are illustrated
by the “Load” plot (see insert in Figure 8.41). Samples consisting of mostly pyrogenic PAHs are
above 0.0. on the PC 2 axis and samples consisting of mostly petrogenic PAHs are below 0.0. In
the Load plot, the pyrogenic PAHs (4-, 5-, and 6-ring PAHs) are above 0.0 and the petrogenic
PAHs (alkyl groups) are below 0.0. Samples containing a mixture of the two types of PAHs lie
along the 0.0 origin. Sediment at SMI 236A (DISCH) illustrates the cross-setiion of the PAH
types (Figure 8.25) that correspond to different areas above and below the origin of the PCA plot
(Groups B, C, and D).

All the samples in Group E are farfield (2,000 m) discharge site or reference site
sediments. Remember these samples represent the mean of three replicates. Except for
VR 214A 2,000-m samples, all farfield samples and samples from the two reference sites closest
to the Mississippi River are represented in this Group E. The PAH distribution of this group is
characterized by a consistent (constant) low-level concentration of most of the PAHs, both
pyrogenic and petrogenic PAHs. There. is no distinguishing formto the distribution (e.g., Figure
8.36). In this study, individual PAH concentrations were usually no higher than 10 rig/g except
for perylene which is a diagenic PAH. Total PAH concentrations ranged from 70 to 250 pg/kg.
Brooks et al. (1990) determined total PAHs in nearshore sediments at a mean concentration of
96 ~ 112 ~g/kg and ofihore sediments (Texas shelf) at a mean concentration of 29 ~ 28 ~g/kg,
comparable to the results in this study. SHC concentrations were very low (cO.03 Pg/g) with little
to no UCM and THC concentrations no higher than 10 pgig. SHC distribution would be
represented by biogenic source hydrocarbons, marine (C1~to CZ n-alkanes, odd preference)
and/or terrestrial (C27to C= n-alkanes, odd preference).

8.3.4 Biota - Fish, Molluscs, and Crustaceans

As summarized in Table 8.8, fish and invertebrates were analyzed for PAHs only
from the Component 1 discharge platform sites, SMI 236A, VR 214A, SMI 130B, and
HI A-595CF; no tissue samples were analyzed for PAHs from Component 2 reference sites. For ,
most fish and mollusc species, five replicate samples were analyzed. Each replicate sample of
molluscs (edible tissue) was a composite of several individuals that were needed to achieve the
desired biomass for analysis. A replicate sample for fish was composed of several individuals,
analyzed as whole fish, muscle (fillet), or carcass.
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Table 8.8. Mean and range of concentrations of total PAHs in tissues and non-edible tissues of
fish and invertebrates collected near Component 1 produced water discharging
platform sites.

Total PAHs Range
Species Tissue @g/kg dy weight) @g/kg dry weight)

SMI 236A

Atlantic croaker whole 480 22-1,900

Hardhead catfish whole 110 51-130

Silver seatrout whole 40 23-53

Atlantic cutlassfish whole 62 49-72

Shrimp edible flesh 9 3-11

Blue crab erlb[e flesh 450 31-970

Eastern oyster soft tissue 26 26”

VR 214A

Redsnapper muscle/carcass 12/110 7-20134-110

Graytriggetish muscle/carcass 25133 2-78114-70

Longspineporgy whole 6 ND-9

Dusky flounder whole 0.2 ND-1

Rock shrimp edible flesh 51 1-240

Roughneck shrimp edible flesh 3 ND-1 1

Blue crab whole 52 14-180

Jewelbox soft tissue 12,000 12,000”

SMI 130B

Red snapper musdekarcass 15176 7-26/35-1 20

Gray triggerfish musclekarcass 11/92 2-21/10-270

Seabass muscle 9 2-37

Pinfish muscle 10 3-12

Longspine porgy whole 9 4-13

Rock shrimp edible flesh 0.7 ND-1

Swimming crab whole 54 24-87

Jewelbox soft tissue 4,700 1,700”

HI A-595CF

Verrnillion snapper musdekarcass 25/98 2-58/60-21 O

Longspine porgy whole 2 1-8

Flatfish (Bothidae) whole 14 5-23

Wenchman muscle 51 4-190

Longtail bass muscle 15 3-23

Jewelbox soft tissue 310 310’

*Only one composite sample analyzed.
ND - Not detected.
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Each of the sites had different species assemblages present, depending upon the
water depth of the platform. In the shallower water environments, more molluscs and crustacean
were collected at the shallow water platform sites, SMI 236A and VR214A, than at the deeper
sites, SMI 130B and HI A-595CF. Fish dominated the species collection at the deeper water
sites. A list of the species analyzed for PAHs at each platform site is presented in Table 8.8.

Because of the analyte sensitivity of the analytical method, PAH concentrations in
tissues were determined in the low parts per billion (as low as 1 Kg/kg dry weight). Traces of CO,
C1-naphthalenes, biphenyl, and phenanthrene (<2 pglkg) consistently found in the samples are
probably due to sample analysis contamination often found in the procedural blanks. The
presence of these analytes at these levels should be considered qualified data.

For those species in which concentrations were near the detection limits of the
method (1 to 5 pg/kg dry weight), the results of replicate samples were highly variable. For fish
especially, some replicate samples of a species contained nondetectable amounts of particular
PAHs while other replicates contained small amounts of PAHs. This presence/absence of PAHs
in samples presents some difficulties in discussing bioacculumation and exposure potential of
PAHs to organisms, especially when mean values are used in the assessments. As a result,
environmental interpretations require explanation of the variability in the replicate samples. In
this chapter, the composition of PAHs in replicate samples are discussed and related to potential
sources of PAHs in tissue. PAH distributions of representative replicate tissue samples are
presented to illustrate the variability in PAH composition. The significance of bioaccumulation of
PAHs and impact of PAHs on the biota are discussed in Chapter 9.

8.3.4.1 South Marsh Island 236A “

The nearshore SMI 236A platform had faunal groupings represented by “Coastal”
assemblages (Gallaway and Lewbel, 1982). The biofouling community and epifauna associated
with the soft sediment substrate near the platform included commercially important species of
blue crab, white shrimp, and eastern oyster (1 replicate) which were analyzed. The demersal fish
on which PAH analyses were conducted included the Atlantic croaker, hardhead catfish, Atlantic
cutlassfish, and silver seatrout. The mean and range concentrations of total PAHs for these
species are listed in Table 8.8.

PAH concentrations in fish and invertebrate species were highest at SMI 236A than
the other discharging platform sites (Table 8.8). Mean total PAH concentrations in the fish
ranged from 480 pgkg for Atlantic croaker to 40 Kg/kg for the silver seatrout. The high mean
concentration for croaker was due, however, to one abnormally high replicate that had a total
PAH concentration of 1,900 ~g/kg. Without this replicate, the croaker mean total PAH
concentration would be approximately 120 ~g/kg, similar to the catfish. The blue crab mean total
PAH concentration was also relatively high at 450 ~g/kg, but this value reflected a more
consistent contribtilon of PAHs from most of the replicates.

For most of the fish at the site, the representative PAH composition in replicate tissue
samples were similar to the PAH distribution of the hardhead catfish (Figure 8.42). Trace levels
of the CO-through Cz-phenanthrenes and dibenzothiophenes (<5 Vglkg) were detected in most
replicates and were accompanied with larger amounts of all the alkyl naphthalenes (10-50 ~g/kg).
The presence of these PAHs suggested a petrogenic origin to the PAHs in the tissue.
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Fluoranthene and pyrene was also present at the low levels of the 3-ring PAHs indicating that
some of the PAH bioaccumulation has a pyrogenic source. This pattern (with comparable
concentrations) of relatively higher concentrations of naphthalenes and trace levels of the
phenanthrenes and dibenzothiophenes was duplicated in the edible tissue of the blue crab

(Figure 8.43), but not in the shrimp (Figure 8.44). Shrimp PAHs were almost all non-detectable.

Although the relative concentrations of naphthalenes were not as high, similar
petrogenic signatures were observed in sediment near the platform (Figure 8.26). Organisms
such as the catfish and blue crab which forage on the sea bottom would be most susceptible to
the hydrocarbons in the sediment, and have the tendency to accumulate PAHs that reflect the
composition of the benthic environment. The produced water was probably a major contributor
to the tissue PAHs of these organisms at the site. The relatively higher accumulation of
naphthalenes compared to the other PAHs in these tissues and consideration of the lower ~ of
naphthalenes compared to the 3-ring PAHs suggests that the produced water itself is a
contributor to the PAHs in the fish and blue crabs. Naphthalenes comprised more than 95’XOof
the PAHs in the produced water discharged at SMI 236A (Figure 8.14).

8.3.4.2 Vermilion 214A

The faunal communities associated with VR 214A represented the “Offshore”
assemblages (Gallaway and Lewbel, 1982). The sea bottom was generally sandy. The
crustacean species analyzed for PAHs included the rock shrimp, the penaeid shrimp, and the
blue crab. No commercially important bivalves were present at this site, although one jewelbox
sample was analyzed. A more pelagic variety of fish was collected at this site compared to
those fish species at the SMI 236A site. They were red snapper, gray triggerfish, Iongspine
porgy, and lefteye flounder. The mean and range concentrations of total PAHs for these
organisms are listed in Table 8.8.

Mean total PAH concentrations in most fish tissues were 3 to 8 times lower than the
fish and crustaceans at SMI 236A. Except for one replicate in the gray triggerFish, the fillets of
red snapper, Iongspine porgy, lefteye flounder, and gray triggerfish were almost devoid of PAHs
(Figure 8.45). The carcass of the red snapper, however, showed low levels (<1 O Wg/kg
individual PAHs) of the 2- and 3-ring PAHs in all replicates (Figure 8.46), a distinct petroleum
signature of a mid-distillate type (e.g., No. 2 fuel oil) because of the absence of chrysenes in the
distribution. Since the fillet of the red snapper lacked these PAHs, the skin of the fish was
probably slightly contaminated during field collection or processing. Except for one replicate rock
shrimp which had 245 Mg/kg total PAHs, the two shrimp species were also essentially devoid of
PAHs. The blue crab had only traces of the lower molecular weight alkyl phenanthrenes and
dibenzothiophenes in most replicates (mean total PAHs -20 ~g/kg) with one high total PAH
replicate at 180 vg/kg (Figure 8.47).
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Only one sample of the jewelbox was analyzed and found to contain seemingly
uncharacteristically high amount of PAHs, nearly 12,000 ~g/kg total PAHs. The PAH signature
(Figure 8.48) was characteristic of a weathered crude or heavy end distillate, not diesel, because
of the presence of the chrysenes. Although the jewelbox contained petrogenic PAHs, the
jewelbox PAH signature was not similar to the produced water distribution which had high
naphthalenes concentrations (>95Y0 of total PAHs) relative to the 3-ring alkyl PAHs. As shown
later, the jewelbox consistently contained the highest PAH concentrations of any species at any
platform.

The PAHs in the fish and crustacea from VR 214A were considerably dtierent than
the PAHs in organisms from SMI 236A. The target organisms at VR 214A were essentially clean
of PAHs. Only an occasional replicate contained trace levels of petrogenic PAHs. The low-level
petroleum PAHs found in the carcass samples were probably on the skin of the fish and
originated from contamination during sample collection or processing.

8.3.4.3 South Marsh Island 130B

The clear water, sandy substrate environment at SMI 130B contained faunal
assemblages representative of the “Offshore” assemblages (Gailaway and Lewbel, 1982).
Commercially important fish-red snapper, gray triggerfish, seabass, longspine porgy, and
pinfish-and epifaunal invertebrates-rock shrimp and swimming crab were analyzed for PAHs.
Only one sample of jewelbox was also analyzed. Results of the PAH analyses are summarized
in Table 8.8.

PAH concentrations of the fillets (muscle) of nearly all the fish and invertebrates were
very low, ranging “fromND to 37 ~g/kg total PAHs. Four out of five replicates of each of the fish
species and rock shrimp contained no more than 10 ~g/kg total PAHs. A representative PAH
distribution is presented in Figure 8.49. The occasional replicate with elevated PAH
concentrations still contained less than 40 gg/kg total PAHs.

Carcass samples, however, contained higher concentrations of PAHs than fillets with
compositions that usually resembled those of petroleum. The carcass samples of the red
snapper and gray triggetish illustrated two different types of PAH compositions (Figures 8.50
and 8.51). The red snapper PAH distribution had higher naphthalenes relative to the other 3-ring
PAHs and negligible amounts of the 4- through 6-ring PAHs. This distribution was similar to the
distribution found in produced water. The gray triggetish, on the otherhand, had equal amounts
of the 2- and 3-ring PAHs, and comparable amounts of the 4- through 6-ring PAHs indicating not
only a petroleum origin to the PAHs but also a pyrogenic origin to the PAHs. The significance of
these two different PAH distributions in the carcasses of these two species is not known, but
may be due to a combination of the handling of the samples and the achities (e.g., eating
behavior) of the species.

Besides the jewelbox in which only one composite sample was analyzed, the
swimming crab was the only species containing a consistent petroleum signature in its edible
tissue (Figure 8.52). The mean total PAH concentration was low at 54 pg/kg, and the range for
the replicates was consistent from 24 to 87 ~g/kg. The petrogenic signature in the tissue was
representative of the produced water and bottom sediment. The occasional presence of
pyrogenic PAHs in the tissue replicate indicated that the source of the PAHs is from the bottom
sediment.

8-73



03
A
A

2000
n

i?
1500

u

Sample:

VR214-CHAMA-A

CJI 1250
.%

m
21000
c
o.-
1 750

z
a)
g 500

s 250

0

PAH

Figure 8,48. PAH distribution in JewelboxTissue ReplicatesA, C, and E at VR 214A.



+
a
;

7 g
0

T.IL

-1-

+.
z

8-75



m
Al
al

20

15

10

5

0

i I Ill s SMI130-REDSNAPPER-CARCASS-A
o SMI130-REDSNAPPER-CARCASS-C

, SM1130-REDSNAPPER-CARCASS-E

I I 1 I 1 1 I d I I I I I I 1 I I I

60N ‘ C3N ‘ ACE “ CIF
I

COA C2P/A COD C3D Cl F/P BAA C2C BBF BAP DAH

cIN C4N BIP C2F COP C3P/A CID FL C2F/P COC C3C BKF PER BGP
C2N ACEY COF C3F CIP/A C4P/A C2D PYR C3F/P CIC C4C BEP IND

PAH

Figure 8.50. PAH distribution in Red Snapper Carcass Tissue Replicates A, C, and E at SMI 130B,



00
4
-1

50

0

Cl N C4N BIP C2F COP C3P/A CID FL C2F/P COC C3C BKF PER BGP

C2N ACEY COF C3F CIP/A C4P/A C2D PYR C3F/P CIC C4C BEP [ND

PAH
.. —

Figure 8.51. PAHdistfibutiOn in Gray Trigg@~sh Carcass Tissue Replicates At C,and Eat SMll3OB.



10

8

6

0

CIN C4N BIP C2F COP C3P/A Cl D FL C2F/P COC C3C BKF PER BGP
C2N ACEY COF C3F CIP/A C4P/A C2D PYR C3F/P CIC C4C BEP {ND

PAH

Figure 8.52. PAHdistribution in Swirnrnin9Crab Tissue ReplicatesA, C,and Eat SMll3OB.



The noncommercial jewelbox (single sample) contained about 1,700 ~g/kg total
PAHs, two to three orders of magnitude higher than any of the other organisms. The PAH
signature included the full suite of petrogenic PAHs and almost equal amounts of pyrogenic
PAHs (Figure 8.53). This same high concentration of PAHs was observed at VR 214A.

The PAH composition and concentrations in these organisms at SMI 130B were very
similar to those at VR 214A. The fillets are essentially clean of PAHs, and the crabs (edible
tissue) accumulate very low levels of petrogenic type PAHs. The distinct PAH distribution of the
carcass of the gray triggerfish was not observed previously. The jewelbox single replicate again
contained the highest concentration of PAHs in the platform environment.

8.3.4.4 High Island A-595CF

The HI A-595CF platform is located in the “Bluewater” depth zone (Gailaway and
Lewbel, 1982), nine miles west of the West Flower Garden Bank. The biofouling assemblage
associated with this “Bluewater” zone at this platform is characterized by high coverage and low
biomass. The invertebrate species found at this platform are not commercially important. There
are, however, commercial important species of fish. Five fish species, vermilion snapper,
longspine porgy, flatfish (Bothidae), wenchman, and Iongtail bass, and one invertebrate species,
jewelbox, were analyzed for PAHs at this platform. Total PAH concentrations for the target
species are summarized in Table 8.8.

Similar to the other deep water platform, SMI 130B, 4 out of the 5 replicate fillet
samples of the fish species contained very few detectable PAHs, and those PAHs that were
detected in the tissues were at very low concentrations (cl O ~gLkg). Except for one replicate of
the wenchman, total PAH concentrations of fillets and whole tissue ranged from 2 to 23 ,ug/kg for
all fish species. The Iongtail bass (Figure 8.54) represents the higher PAH concentration in the
fish species. As observed at VRN 214A and SMI 130B, the Iongspine porgies were especially
devoid of PAHs (Figure 8.55).

The carcass of the vermilion snapper had elevated concentrations of PAHs in the
range of 60 to 200 ~g/kg total PAHs (Figure 8.56), similar to the red snapper fish carcass at SMI
130B. In these carcass samples, the naphthalenes comprised 90% of the total PAHs. The 3-
ring PAHs were not present as consistently in these samples as in other carcass samples. The
presence of the full suite of naphthalenes, however, at elevated concentrations in most of the
replicates indicated either a possible impact on the fish from the produced water discharge or
contamination of the skin during collection handling.

The jewelbox (single composite) again had the highest concentration of PAHs than all
the other species. The total PAH concentration was 310 pg/kg. The PAH distrib~ion (Figure
8.57) showed a distinct weathered petroleum signature with equal amounts of the naphthalenes
and 3-ring PAHs. This jewelbox sample did not contain the pyrogenic PAHs observed at the SMI
130B platform, but the PAH signature looked similar to the jewelbox sample at VR 214A which
also did not contain pyrogenic PAHs. At all platform sites in which jewelbox species were
collected, the concentrations of PAHs were highest of all species. In each case, the jewelbox
PAH signature did not have the relatively high naphthalenes concentrations (>95% of total PAHs)
characteristic of each produced water analyzed. The source of the PAHs in jewelbox, however,
could be the produced water and/or produced sand because of the presence of petrogenic
PAHs.
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8.4 Summary

As part of the environmental study of offshore oil and gas operational discharges to
the Gulf of Mexico, representative discharge and environmental samples were collected at
discharging platforms and reference sites and analyzed for hydrocarbon constituents typical of oil
and gas discharges. The objective of this component of the study was to determine the
composition, concentration, and potential sources of hydrocarbons in representative
environmental samples near offshore oil and gas production facilities in the Gulf of Mexico. The
hydrocarbons included THCS, SHCS, VAHS, and PAHs that include the alkyl homologies, which
were analyzed in produced water, produced sands, discharge plume/receiving water, ambient
seawater, sediment, and biota. The sites selected were four discharging platform sites,
SMI 236A, VR 214A, SMI 130B, and HI A-595CF, and four open water sites in the lease blocks,
SMI 186/195, WC 448, GA 205, and GA 90 that represented a cross-section of offshore
environments in the Gulf from 6 to 100 m water depths.

Produced waters were analyzed for VAHS, SHCS, and PAHs. Total VAH
concentrations ranged from 1,800 Kg/l- at HI A-595CF to 5,200 ~g/L at SMI 236A with
compositions typical of other Gulf discharges (Neff, 1996). The SHC distribution of n-alkanes
from CIOto C~z and isoprenoids pristane and phytane reflected the solubilities of the compounds
of decreasing concentration with increasing carbon number. THC (and total PAH) concentrations
were four times higher in the SMI 1306 produced water, 16,000 pgll- THCS (60 @L total PAHs)
than the other produced waters. For the three produced water sites except SMI 130B, over 95%
of the PAHs were naphthalenes with decreasing alkyl concentrations as alkyl carbon number
increased. At the SMI 130B site, the PAH distribution indicated that whole oil (droplets) was
present in the samples, relatively higher amounts of the 3-ring phenanthrenes and
dibenzothiophenes and the 4-ring chrysenes were present.

Produced sands were collected only from SMI 236A and SMI 130B. PAH
distributions showed the characteristic petrogenic (petroleum) signatures of the corresponding
produced crude oil which are represented in the PAH diagnostic ratios, C2-phenanthrenes and
C2dibenzothiophenes (C2P/C2D) and Ca-phenanthrenes and C,-dibenzothiophenes (C3P/C3D)
shown in Table 8.7. The nearly identical diagnostic ratios of the produced water and produce
sands suggest that the produced water has crude oil droplets. These sands were considered
contributing sources of petrogenic hydrocarbons in the nearfield sediments at the discharge
sites.

The sediments in the study area were represented by one of five characteristic
hydrocarbon distributions (Figure 8.41).

A:

B:

c:

D:

E:

Petrogenic signature - oil and gas operational discharges (produced water [P~
and produced sands [PS]);
Dominance of a petrogenic signature - discharge [D] and nearfield [N] sediment
samples only;
Dominance of a pyrogenic signature - mixture of nearField [N], farfield [F],
discharge [D], and reference [R] sediment samples;
Mixture of petrogenic and pyrogenic signatures- discharge [D] and nearfield [N]
sediment samples only; and
No signature, but low-level combination of petrogenic and pyrogenic
PAHs - farfield [For Vl, and reference [R] sediment samples only.
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The PAti and SHC distributions that defines Group ~ could be considered
“background” hydrocarbons of shelf sediment in the central Gulf of Mexico. The PAH signature
of thk group is a diluted version of a PAH distribution of chronic industrial polluted sediments
(Costa et aL, 1996). Because of the spatial extent of this type PAH distribution as defined by the
group, the origin of these PAHs is probably the Mississippi River discharge which has
considerable regional influence in the Gulf. For the nearfield areas around production platforms,
any petrogenic source to the sediments would be superimposed on this background distribution.
Differences in the hydrocarbon signatures of production operation discharges near the
Mississippi River (Group A) and the signatures of sediments around production facilities (Group
B and D) will be influenced, depending upon the amount of petrogenic input, by the contribution
from the pyrogenic (Group C) or “background” (Group E) signatures.

Evidence of petrogenic PAHs in edible tissue samples, defined by the combined.
presence of the alkyl homologies of the phenanthrenes and dibenzothiophenes, was limited
principally to the molluscs and the crabs. Shrimp and most of the fish did not contain petrogenic
PAHs (c2 rig/g dry weight).

Petrogenic PAHs were most apparent in biota at the shallow (6 m) platform,
SMI 236A. Alkyl naphthalenes (10-50 ~g/kg) and trace levels of alkyl phenanthrenes and
dibenzothiophenes (c5 ~glkg) were found in catfish and blue crab. The PAHs in the fish and

crustacea from VR 214A, SMI 130B, and HI A-595CF were considerably different than the PAHs
in organisms from SMI 236A. The target organisms were essentially devoid of PAHs. Crabs and
an occasional fish replicate contained trace levels of petrogenic PAHs. Petrogenic PAHs were
often present on fish carcasses, but not in fish fillets. The presence of PAHs in fish carcass
(includes skin) at total PAH concentrations ranging from 40 to 200 nglg dry weight, mostly
naphthalenes, may be the result of contamination in the field.

The jewelbox, which has limited ability to metabolize PAHs compared to fish,
contained two to three orders of magnitude higher concentrations of PAHs than the other species
of all sites. For this study only one composite sample was analyzed from each site except SMI
236A. AtVR214A, the PAH signature was characteristic of a weathered crude oil, not diesel,
because of the presence of chrysenes. Total PAH concentration was 12,000 vg/kg. At SMI
130B, the full suite of petrogenic PAHs was accompanied by equal amounts of pyrogenic PAHs
at 1,700 ~g/kg total PAHs. The PAHs in the jewelbox at HI A-595CF were similar to VR 214A,
not SMI 130B, but at a considerably lower concentrations (31 O~g/kg total PAHs).

Although the jewelbox did not have the same PAH distribution of the produced water
of predominately naphthalenes (=-95% of total PAHs), the strong petrogenic signatures of the
phenanthrenes and dibenzothiophenes suggest a strong and consistent petroleum input in the
areas of the platforms. Diagnostic PAH ratios of the jewelbox (Table 8.7) were not generally
similar to those of the corresponding discharge and sediment samples, except for HI A-595CF.
Jewelbox PAH ratios at the HI site were similar to those of the sediment. The extent to which
jewelbox PAHs should correlate to potential sources is dependent on the biological processes of
bioaccumulation and deprecation influencing the PAH distribution in the organism. The effect of
these processes in this organism presently is not well known.
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CHAPTER 9- AN ENVIRONMENTAL RISK ASSESSMENT FOR METALS
AND AROMATIC HYDROCARBONS IN PRODUCED WATER
DISCHARGES TO OFFSHORE WATERS OF THE
NORTHWESTERN GULF OF MEXICO

JerryM. lVeff
Battelle OceanSciences
Duxbuty, Massachusetts

9.1 INTRODUCTION

Produced water represents the largest volume waste stream in the entire exploration
and production process on most offshore platforms (Stephenson, 1991). Produced water usually
is fossil water that has been trapped with oil and gas in geologic formations for millions of years
(Collins, 1975). It is pumped to the surface with the oil and gas and must be separated from the
fossil fuels before they can be processed further.

The amount of treated produced water discharged from a single platform usually is
less than 1.5 million Uday (= 400,000 bbl/day), whereas discharges from large treatment facilities
that process produced water from several platforms may be as high as 25 million Uday (Menzie,
1982). The total volume of treated produced water discharged to U.S. waters of the Gulf of
Mexico in 1991 was approximately 549 million Uday (Rabalais et al, 1991), approximately 65%
of which was generated in and discharged to coastal (state) waters of Louisiana and Texas
(Boesch and Rabalais, 1989). These discharges were from more than 3,000 offshore platforms
and several on-shore treatment facilities (LeBlanc, 1994). Discharges of produced water
generated offshore from shore-based treatment facilities is being phased out in the Gulf of
Mexico.

In most oil and gas fields, relatively little water is produced in the initial phases of
production, but the total fraction of production accounted for by produced water increases as
production continues until, in an old, nearly depleted field, production maybe as high as
95% water and 5% fossil fuels (Read, 1978). Some oil or gas wells may produce little or no
water at all. However, over the economic life of most producing fields, the volume of produced
water may exceed the volume of fossil fuel produced by a factor often (Stephenson, 1991).
Injection of fresh water or seawater into the fossil fuel-bearing formation (water flooding) to
enhance production may increase the yield of produced water. Most of the oil and gas fields in
the Gulf of Mexico are mature or declining; produced water production is increasing as fossil fuel
production decreases.

Produced water contains a large number of inorganic and organic chemicals that
have been dissolved or dispersed from the geologic formations in which the produced water
resided for millions of years. Petroleum hydrocarbons usually represent 10% to 65’XOof the total
organic matter in produced water. Much of the remainder of the organic chemicals in produced
water is low molecular weight organic acids, such as acetic, propionic, and butyric acids, which
are thought to have been derived from hydrous pyrolysis of hydrocarbons in the hydrocarbon-
bearing formation (Borgund and Barth, 1994). Low molecular weight organic acids are readily
biodegraded and are not considered toxic. Phenols also maybe present at relatively high
concentrations in some produced waters. Concentrations of total phenols in produced water
from platforms discharging to northwestern Gulf of Mexico are in the range of 675 to 4,510 pg/L
(Neff, 1996a).
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Monocyclic aromatic hydrocarbons, including benzene, toluene, ethylbenzene, and
xylenes (BTEX), and more highly alkylated benzenes, are the most abundant hydrocarbons in
produced water. Concentrations of BTEX in produced water from platforms discharging to the
Gulf of Mexico are in the range of 68 to 38,000 @L (Neff, 1996a). Monocyclic aromatic
hydrocarbons are moderately toxic to marine organisms, but quite volatile. They evaporate very
rapidly from solution in seawater. Therefore, they are unlikely to contribute substantially to any
environmental effects of produced water in the marine environment, except possibly in the
immediate vicinity of the produced water discharge.

Polycyclic aromatic hydrocarbons (PAHs; also called polynuclear aromatic
hydrocarbons) are the organic chemicals of greatest environmental concern in produced water,
because of their toxicity and persistence in the marine environment (Neff, 1987). Concentrations
of total PAHs in treated produced water discharged to the northwestern Gulf of Mexico are in the
range of 80 to 1,860 ~g/L (Neff, 1996a). The most abundant PAHs in produced water are the
more water-soluble 2- and 3-ring PAHs (naphthalene, fluorene, phenanthrene, and
dibenzothiophene) and their alkylated homologies (Neff et a/., 1987). High molecular weight
PAHs, such as the carcinogen, benzo(a)pyrene, almost never are present at greater than
ultratrace (<1 ~g/L) concentrations.

Several metals and metalloids are present in produced water at concentrations higher
than their concentrations in clean ocean waters. Metal concentrations in produced water from
different platforms are highly variable, depending on the age and geology of the formation from
which the oil and gas were produced (Collins, 1975). Deck drainage and other waste-water
streams may be passed through the oil/water separator on the platform and could contribute to
elevated concentrations of some metals in the treated produced water. The metals most
frequently present in produced water at.concentrations substantially higher (1 ,000-fold or more)
than their concentrations in clean natural seawater include barium, cadmium, chromium, copper,
iron, lead, nickel, and zinc (Neff et al., 1987). Several of these metals, when present in seawater
in dissolved, ionic forms, are toxic to marine organisms and could contribute to the toxicity of
produced water.

The objective of this chapter is to evaluate the environmental risk of metals and
aromatic hydrocarbons discharged to open ocean waters in treated oil well produced water.
Concentrations of aromatic hydrocarbons and metals in ambient seawater, sediments, and whole
tissues of marine animals are compared to published marine criteria or effects concentrations for
these media. The evaluation of the radionuclide data collected during this study will be evaluated
separately

9.2

9.2.1

9.2.1.1

by Brookhaven National Laboratory.

RESULTS AND DISCUSSION

Characteristics of the Produced Water Discharges

Discharge and Reference Site Characteristics

Produced water, produced sand, and environmental samples (ambient seawater,
discharge plume/receiving water sediments, and marine animals) were collected during the
summer of 1993 from four oil production platforms (Component 1 sites) that discharge treated
produced water to the continental shelf off Louisiana and Texas. The platforms are SMI 130B,
SMI 236A, VR 214A, and HI A-595CF. Ambient seawater and sediment samples were collected
at four sites (Component 2 reference sites) without platforms or produced water discharges. The
four Component 2 reference sites are located in oil and gas lease blocks WC 448, SMI 195, GA
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A-90, and GA A-204. Produced water samples and marine animals were collected at four
additional near surface produced water discharge sites (El 313A, Hi A-323A, HI A-382F, and Ml
703A) and marine animals at three reference sites (Hi A-389, SMI 229C, and VR 298/305). One
of the produced water discharge sites (SMI 236A) is located in shallow coastal waters strongly
influenced by discharges from the Atchafalaya/Mississippi RMer system. Two of the reference
sites, GA A-90 and GA A-204, are located farther west than all other sites, on the outer shelf
south of Galveston Bay, TX (Figure 2.3).

Concentrations of metals and aromatic hydrocarbons in the water column and
sediments of the outer continental shelf of the northwestern Gulf of Mexico are profoundly
affected by freshwater runoff from the Mississippi River system and, to a lesser extent by runoff
from smaller rivers, such as the Trinity River and the Nechez River. This makes it extremely
difficult to distinguish between chemical signals coming from offshore produced water discharges
and those coming from freshwater discharges from nearby river systems (Carney, 1987).
Because discharge and reference sites used in this study are located over a wide area of the
northwestern Gulf, it is probable that concentrations of metals and aromatic hydrocarbons in the
ambient seawater and sediments vary widely due to the variable and heterogeneous influence of
produced water discharges and freshwater runoff from rivers.

Water depth at the four Component 1 production platforms ranges from 6 to 122 m
(Table 9.1). Water depths at the four Component 2 reference sites range from 36 to 110 m.
There is no Component 2 reference site comparable in water depth to the shallowest produced
water discharge site (SMI 236A). The extent to which chemicals in produced water are
deposited in sediments near discharges is strongly influenced by water depth at the discharge
site. Water depth may also affect the rates of vertical and horizontal dilution and dispersion of
the produced water plume.

At the time water and biota samples were collected (summer 1993), the average
salinity of ambient seawater at the produced water sites and reference sites ranged from 7.6 to
33.7 “A. There is no reference site ambient seawater salinity comparable to that at produced
water discharge site SMI 236A (7.6 %0). This platform is in shallow water about 10 km south of
Atchafalaya Bay, an area strongly influenced by the freshwater oufflow of the
Mississippi/Atchafalaya River system, particularly during high river flow periods (Dinnel and
Wkeman, 1986). Therefore, at this site, concentrations of metals and aromatic hydrocarbons in
ambient seawater, sediments, and tissues of marine animals may be influenced more by fluxes
from the Mississippi River system than from produced water discharges from the platform.
Produced water discharge site VR 214A also is influenced by the Atchafalaya/Mississippi River
outflow, as indicated by an ambient salinity slightly lower than that at the other two produced
water discharge sites and at the four reference sites. Ambient seawater at the other two
produced water discharge sites is less influenced by freshwater intrusion from the
Mississippi/Atchafalaya River system, as evidenced by mean ambient seawater salinities of 32.6
and 33.3%o, comparable to seawater salinities at the reference sites and throughout the inner
and middle shelf off Louisiana (Temple et al., 1977).
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reference sites in the northwestern Gulf of Mexico.

9-4

Platiorm/ Water Depth Produced Water Produced Water Ambient Seawater
Site (m) Discharge (L/day) Salinity (%o) Salinity (%o)

Component 1 Discharge Sites

SMI 236A 6 2,353,000 90.5 7.6

VR 214A 39 1,351,000 97.1 26.5

SMI 1306 65 3,600,000 129.0 32.6

HI A-595CF 122 838,000 174.9 33.3

Component 2 Reference Sites

WC 448 36 no discharge — 30.4

GA A90 39 no discharge -- 32.8

GA A205 66 no discharge — 33.7

SMI 186/195 110 no discharge — 32.3

Table 9.1. Some characteristics of the produced water Components 1 and 2 discharge and



Because Components 1 and 2 could not be closely matched with respect to water
depth, ambient seawater salinity, and proximity to major natural freshwater discharges,
particularly those from the Mississippi/Atchafalaya River system, it is difficult to make
comparisons of concentrations of chemicals in ambient seawater from reference and produced
water discharge sites. Proximity to a produced water discharge is only one of several factors that
might influence the concentrations of chemicals in the ambient seawater near the produced
water discharge sites. Therefore, statistical comparisons of concentrations of metals and
organic contaminants in ambient seawater from reference and produced water discharge sites
were not attempted .in the environmental risk assessment.

9.2.1.2 Volumes and Salinities of Produced Waters

The four Component 1 platforms produce large-volume discharges, ranging from
838,000 to 3,600,000 Uday (5,270 to 22,500 bbl/day) (Table 9.1). The combined discharges
from these four platforms (8,142,000 L/day) represent about 1.5% of the total volume of
produced water discharged to U.S. Federal outer continental shelf waters of the western Gulf of
Mexico (Rabalais et aL, 1991).

The produced waters discharged from these platforms are all hypersaline brines with

salinities of 90.5 ‘?40to 174.9 %0, 2.75 to 5.3 times the salinity of natural seawater (Table 9.1).
These salinities are fairly typical for produced water from platforms discharging to coastal and
outer continental shelf waters of Louisiana and Texas. Although some Gulf coast produced
waters have salinities as low as 10 %0or as high as 250 ‘k, most have salinities in the range of
50 ‘%0to 150 %0(Hanor et al., 1986; Louisiana DEQ, 1990). Because the produced waters
examined in this study have salinities substantially higher than the ambient salinities of the
seawater at the discharge sites, they are denser than the ambient seawater and the produced
water plumes sink initially if the produced water had a temperature near that of the ambient
seawater at the time of discharge (Brandsma and Smith, 1996).

9.2.2 Metals and Metalloids in Produced Water and Ambient Seawater

Produced water samples from the four platform discharges and ambient seawater
samples collected in this study were analyzed for arsenic, barium, cadmium, copper, chromium
(but not ambient seawater), iron, lead, manganese, mercury, molybdenum, nickel, vanadium, and
zinc. Several of these metals are found frequently at elevated concentrations in produced water
(Neff, 1987, 1996a). Most produced waters are evaporates of ancient seawater and so contain
the same metals and metalloids as found in seawater. The metals in produced water probably
are in equilibrium with elements in the feldspars, plagioclase, blotite, and sandstones in the fossil
fuel-bearing formation (Bloch and Key, 1981; McPherson, 1989). However, if seawater is used
for water flooding and seeps into the production stream, some metals may precipitate with the
sulfate and carbonate that are abundant in seawater but rare in most produced waters
(Stephenson et aL, 1994).

9.2.2.1 Arsenic

Arsenic is present in the produced water samples from the four platforms at average
concentrations of 0.74 to 25 #g/L (parts per billion) (Table 9.2). The range of arsenic
concentrations in individual samples is 0.53 to 31 ~g/L. Arsenic concentrations in produced
waters from the Gulf of Mexico have been repotied in the range of less than 0.11 to 320 fig/L
(Neff, 1996a). Highest concentrations are in produced water samples from coastal Louisiana
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Table 9.2. Mean concentrations of arsenic, barium, cadmium, and mercuiv in moduced water
and ambient seawater 2,000 m from offshore platforms in the ~orthwestern Gulf of
Mexico. Concentrations are in ~g/L.

Platform Sample Arsenic Barium Cadmium I Mercury

Discharge Sites
I I I I

SMI 236A Produced Water 0.78 160,000 <0.10 0.08
- Ambient Seawater 1.0 88 0.03 <0.01

SMI 130B Produced Water 0.74 87,000 <().3 <().02
Ambient Seawater 1.1 15 0.01 0.02

VR 214A Produced Water 5.9 220,000 0.31 0.04
Ambient Seawater 0.64 23 0.01 <().01

HI A-595CF Produced Water 25 320,000 0.62 0.04
Ambient Seawater 1.6 15 0.01 0.04

Reference Sites

WC 448 Ambient Seawater 0.97 20 0.02 0.02

SMI 186/195 Ambient Seawater 0.81 17 0.02 0.01

GA A-205 Ambient Seawater 1.2 13 0.01 <().01

GA A-90 Ambient Seawater 1.0. 14 0.01 0.01
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analyzed by Means et al. (1989). The highest values may have been anomalous because the
investigators had problems with matrix interference. Produced water from North Sea platforms
contains 0.004 to 100 Vg/L arseni~ concentrations usually are higher in produced water from

gas platforms than in produced water from oil platforms (Stephenson et al., 1994). Thus, arsenic
concentrations observed in produced water from the four discharges evaluated in this study are
typical of arsenic concentrations in produced water elsewhere.

By comparison, the concentration of total arsenic in open ocean seawater is in the

range of 1 to 3 ~g/L, with an average of about 1.7 ~g/L (Andreae and Andreae, 1989; Li, 1991 ).

Coastal waters influenced by freshwater runoff from land may have higher or, more often, lower
concentrations depending on the concentration of arsenic in the runoff. Metals were analyzed in
surface ambient seawater from 2,000 m from the four produced water sites and from the four
reference sites. Ambient seawater from the surface 2,000 m from the four produced water
discharge sites contains mean concentrations of 0.64 to 1.6 ~g/L total arsenic (overall mean, 1.1
~g/L) (Table 9.2). Seawater from reference stations contains mean concentrations of 0.81 to 1.2
~g/L arsenic (overall mean, 1.0 ~g/L) (Table 9.2). These concentrations are all in the range of

natural concentrations in coastal seawater influenced by runoff of fresh water low in arsenic.
Differences in arsenic concentrations at the different sampling stations are caused mainly by
dilution of oceanic seawater with freshwater runoff from land. There is no evidence that sutiace
waters near produced water discharges contain higher than normal arsenic concentrations
derived from the produced water discharges.

The produced water samples are enriched with arsenic compared to the average for
local ambient seawater by factors of 0.68 to 16 (Table 9.3). Only one produced water, that from
HI A-595CF, has an arsenic concentration that is substantially higher than that in clean natural
seawater. A 10-fold dilution of this produced water would reduce the concentration of arsenic to
ambient seawater concentrations. Although arsenic concentrations are highest in produced
water and ambient seawater from platform HI A-595CF, the mean ambient seawater
concentration is in the lower range of natural oceanic concentrations and probably reflects the
more oceanic environment of this sampling location than the other sampling locations in this
study. There is no apparent influence of the produced water discharges on concentrations of
arsenic in ambient seawater 2,000 m from the produced water discharges.

9.2.2.2 Barium

Barium is extremely abundant in produced waters from many sources. Average
barium concentrations in the four produced water samples are in the range of 87,000 fig/L to
320,000 fig/L (Table 9.2). Produced waters from throughout the Gulf of Mexico contain 1.0 to as

high as 650,000 pg/L barium (Neff and Sauer, 1995). Barium concentrations as high as
2,000,000 pg/L have been reported (Barth eta/., 1989; McPherson, 1989). Water flooding with

seawater may increase the concentration of sulfate (present in seawater at a concentration of
about 900,000 ~g/L) in the formation water, causing barium to precipitate as barite (BaSOd),
lowering its concentration in the produced water (Stephenson et al., 1994). Fouling of production
equipment with barite scale is a serious problem in many oil and gas fields.
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Table 9.3. Enrichment factors (concentration in produced water/concentration in ambient
seawater 2,000 m from discharges) for several metals and metalloids in product
water from four production platforms in the northwestern Gulf of Mexico.

Metal SMI 236A SMI 130B VR 214A HI A-595CF

Arsenic 0.75 0.68 9.2 16

Barium 1,800 5,800 9,500 22,000

Cadmium <3.9 <’18 <22 <52

Mercury <4.7 <().74 <3.8 0.97

Copper <0.85 <0.86 <().41 <().9()

Nickel <1.3 <’l q <2.6 <4.7

Lead <6.2 1.9 <q .9 600

Zinc 4.8 4.9 15 510

Iron 7,700 52,000 170,000 710,000

Manganese 4,900 1,200 15,000 20,000

Molybdenum 0.44 0.08 0.21 0.14

Vanadium <().85 <().98 <1.0 <0.98
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Concentrations of barium in surface waters of the western Gulf of Mexico are in the
range of 11 to 12 fig/L (Chan and Hanor, 1982) and are higher in coastal waters influenced by
freshwater runoff from land. Thus, barium concentrations in produced water nearly always are
orders of magnitude higher than concentrations in seawater. The mean concentrations of barium
in seawater from the four reference sites are in the range of 13 to 20 #g/L (overall mean, 16

~g/L) (Table 9.2). Mean concentrations of barium in ambient seawater 2,000 m from the four
produced water discharges is in the range of 15 to 88 ~g/L (overall mean, 35 ~g/L). The highest
value is for water from the brackish water location (SMI 236A) and undoubtedly reflects
resorption of barium from suspended particles in the estuarine mixing zone of the
Mississippi/Atchafalaya River system (Chan and Hanor, 1982). Other concentrations in ambient
seawater at the produced water discharge sites are comparable to those in water samples from
the reference sites. Variations of barium concentrations in ambient seawater near produced
water discharges appear to be dependent more on the salinity of the ambient seawater (inflow of
barium-rich water from the Mississippi River system) than the presence of high concentrations of
barium in produced water.

Barium in the four produced waters in this study is enriched relative to its
concentration in Gulf of Mexico seawater by factors of 1,800 to 22,000 (Table 9.3). Because of
the high concentration of sulfate in seawater and the low volubility product of barium sulfate (1 .05
x 10-10M), barium is expected to precipitate almost immediately as barite upon discharge of
barium-laden produced water to the ocean (Neff and Sauer, 1995). This rapid precipitation may
explain the absence of barium enrichment in ambient seawater near discharges of barium-rich
produced water.

9.2.2.3 Cadmium

Cadmium concentrations in the four produced water samples are in the range of 0.10
to 0.62pg/L (Table 9.2). Produced waters from elsewhere in the Gulf of Mexico contain 0.06 to
98 pg/L cadmium (Neff, 1996a). Concentrations of cadmium in produced water from the North

Sea range from less than 0.0005 #g/L to 490 pg/L (Stephenson et al., 1994). Produced water
from gas wells usually has a higher cadmium concentration than produced water from oil wells.

The mean concentration of cadmium in surface waters of the northwestern Gulf of
Mexico is in the range of 1 to 20 rig/L (0.001 to 0.02 ~g/L) (Chapter 7 and Trefry et al., 1995).
Cadmium mncentrations maybe as high as 0.2 #g/L in clean coastal waters (Neff, 1996a), and
in the nutrient maximum layer (about 900 to 1,000 m below the su~ce) of the open ocean,
natural cadmium concentrations may be as high as 0.15 yg/L (Yeats eta/., 1995). Surface water
samples from the four reference locations contain 0.01 to 0.02 ~g/L cadmium (overall mean,
0.02 ~g/L) (Table 9.2). Average cadmium concentrations in ambient seawater 2,000 m from the
four produced water discharges are in the range of 0.01 to 0.03 ~g/L (overall mean, 0.02 pg/L).
Thus, cadmium concentrations in seawater from reference and produced water discharge sites
are comparable and are in the range typically found in clean coastal waters.

Concentrations of cadmium in the four produced water samples in this study are
enriched relative to the average concentration in ambient seawater by factors of <3.9 to <52
(Table 9.3). The enrichments are all maximum values because at least one sample of produced
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water from all four discharges contained a cadmium concentration below the MDL. Mean
concentrations of cadmium in produced water from the two South Marsh island platforms actually
are within the range frequently found in clean coastal waters influenced by freshwater runoff from
land. Because of the small enrichment of cadmium in produced water compared to its
concentration in ambient seawater, this metal is diluted rapidly to natural background
concentrations and elevated concentrations of dissolved cadmium would not be expected near
offshore produced water discharge sites.

9.2.2.4 Mercury

Mercury rarely is present in produced water at high concentrations. The four
produced water samples in this study contain 0.01 to 0.08 ~g/L total mercury (Table 9.2). These
concentrations are typical of those reported for mercury in produced water from throughout the
western Gulf of Mexico; the range of reported concentrations of mercury in Gulf produced water
is 0.06 to 0.19 ~g/L (Neff, 1996a). Mercury concentrations as high as 33 ~g/L have been
reported in produced water from other sources (Neff, 1996a).

Because it is volatile and highly mobile in the atmosphere, mercury is difficult to
measure accurately at the ultra-trace concentrations at which it occurs in seawater. Many of the
older reported concentrations of mercury in ocean waters are anomalously high because of
laboratory contamination. Reported concentrations of total dissolved mercury in ocean waters,
measured with appropriate precautions since 1990, usually are in the range of 0.07 to about 6
rig/L (0.00007 to 0.006 fig/L). Concentrations of total mercury in uncontaminated coastal and

estuarine waters may be as high as 0.02 #g/L (Neff, 1996a). In turbid coastal and estuarine
waters containing high concentrations of suspended particulate matter, a large fraction of the
total mercury may be adsorbed to suspended particles. Suspended particulate matter in U.S.
rivers and estuaries may contain 150 to 11,8000 ~g/kg total adsorbed mercury (Lindberg et a/.,
1975).

Surface water from the four reference locations contains <0.01 to 0.02 #g/L total
mercury (overall mean, 0.01 #g/L) (Table 9.2). Mercury in surface water 2,000 m from the four
produced water discharges contain averages of cO.01 to 0.04 ~g/L (overall mean, 0.02 ~g/L).
Thus, the four produced waters evaluated in this study are enriched in mercury by factors of
CO.74 to c4.7 (Table 9.3).

The highest mean mercury concentration in ambient seawater (mean 0.04 #g/L,
range 0.03 to 0.04 ~g/L) is near produced water discharge HI A-595CF; the produced water from

this platform contains a mean of 0.04 #g/L (range 0.02 ~g/L to 0.06 ~g/L) total mercury. The
concentration of mercury in surface seawater near this produced water discharge located about
76 km south of the Texas coast is higher than expected for clean ocean water. The apparently,
elevated mercury concentration in seawater in this area cannot be attributed to inputs of mercury
from the produced water (mean produced water/ambient seawater enrichment factor 0.97). The
slightly elevated concentration of total mercury may be caused in part by high suspended
particulate concentrations in coastal waters off Texas and Louisiana, caused by a massive influx
of suspended particulate matter from the Mississippi, Nachez, and Trinity River systems.
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9.2.2.5 Copper

All but two produced water samples from the four production platforms in this study
contain less than 0.2 ~g/L copper (Table 9.4). The two samples are among 12 analyses
conducted on eight samples collected from SMI 236A; they contain 6.9 and 7.1 ~g/L. All other
produced water samples from this platform contain less than 0.20 ~g/L copper. The two
samples probably are anomalous. Copper concentrations usually are low in produced water from
the Gulf of Mexico; however, concentrations as high as 210 #g/L have been reported from a
coastal treatment facility treating produced water from a large number of offshore facilities
(Boesch et aL, 1989). Very high concentrations of copper, up to 55,000 #g/L, have been
reported in produced waters from other sources (Neff, 1996a). Most produced waters contain
less than 500 ~g/L dissolved copper.

Mean copper concentrations in suiface water samples from the four reference
locations are in the range of 0.20 to 0.40 #g/L (overall mean, 0.30 #g/L). Mean copper
concentrations in surface waters 2,000 m from the four produced water discharges range from
0.22 to 1.4 #g/L (overall mean, 0.58 #g/L) (Table 9.4). These concentrations are in reasonable
agreement with reported concentrations of copper in clean oceanic water of 0.03 to 0.35 ~g/L
(Neff, 1996a). Estuarine and coastal waters usually have higher concentrations of copper,
reflecting the importance of freshwater runoff as a source of copper in the ocean. The highest
copper concentration in an ambient seawater sample is from platform SMI 236A, a short distance
south of the Mississippi/Atchafalaya River system. Mississippi River water at Head of Passes,
LA, contains about 8 ~g/L copper (DeLeon et al., 1986). Coastal waters and bays in Louisiana
and Texas contain 0.13 to 1.70 ~g/L copper (Morse et al., 1993; Chapter 7 and Trefry et al.,

1995a,b). Thus, copper concentrations are not higher than expected in the vicinity of the four
produced water discharges.

Because most produced water samples contained less than the MDL (0.20 ~g/L) of
copper, maximum possible enrichment factors all were less than 1.0 (Table 9.3). Thus, these
produced water discharges to offshore water are not expected to affect the concentration of total
copper in surface waters of the northwestern Gulf of Mexico.

9.2.2.6 Nickel

Nickel is present in the four produced waters at concentrations of less than 1.2 to 3.1
pg/L (Table 9.4). These concentrations are lower than some nickel concentrations reported for
produced waters discharged elsewhere in the Gulf of Mexico. For example, Rabalais et aL

(1991) reported nickel concentrations of 3,700 to 8,800 @g/L in produced water from 15
discharges to coastal waters of Louisiana. These concentrations seem to be high by a factor of
at least 103; an earlier report by Boesch eta/. (1989) of metal concentrations in produced waters
from some of the same treatment facilities indicated nickel concentrations of 36 to 41 pg/L.
Produced water from two coastal platforms analyzed by Neff et al. (1992) contains 0.40 and 1.27
fig/L nickel. Produced water from oil and gas platforms discharging to the North Sea contain 10
to 170 pg/L nickel (Stephenson et al., 1994).

Mean concentrations of nickel in surface seawater from the four reference sites are
0.24 to 0.35 pg/L (overall mean, 0.29 ~g/L) (Table 9.4). Nickel concentrations in surface
seawater 2,000 m from the four produced water discharges are in the range of 0.25 to 1.2 ~g/L
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Table 9.4. Mean concentrations of copper, nickel, lead, and zinc in produced water and
ambient seawater 2,000 m from of%hore platforms in the northwestern Gulf of
Mexico. Concentrations are in ~g/L.

Platform Sample Copper Nickel Lead Zinc

Component 1 Discharge Sites

SMI 236A Produced Water <0.20’ <2 0.24 22
Ambient Seawater 1.4 1.2 0.04 4.6

SMI 1306 Produced Water <0.20 3.1 0.66 28
Ambient Seawater 0.23 0.27 0.34 5.7

VR 214A Produced Water <().20 <1 0.13 86
Ambient Seawater 0.48 0.46 0.07 5.6

HI A-595CF Produced Water <().20 <1 20 3,000
Ambient Seawater 0.22 0.25 0.03 5.8

Component 2 Reference Sites
I i I [

WC 448 Ambient Seawater 0.40 0.35 0.61 9.1

SMI 186/195 Ambient Seawater 0.30 0.30 0.23 5.0

GA A-205 Ambient Seawater 0.20 0.24 0.09 3.2

GA A-90 Ambient Seawater 0.28 0.26 0.12 2.8

* Two analyses resulted in more than 6 ~g/L copper ten analyses resulted in <0.20 Mg/L
copper.
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(overall mean, 0.55 pg/L). These concentrations, with the exception of that for ambient seawater
from the low-salinity location (SMI 236A), are comparable to nickel concentrations (0.1 Oto 1.0
pg/L) in offshore waters around Great Britain, including the North Sea (Hydes and Kremling,
1993; Laslett, 1995). The highest mean concentration is in brackish water from an area strongly
influenced by freshwater runoff from the Mississippi/Atchafalaya River system. Thus, nickel
concentrations are not elevated above expected levels in ambient seawater near produced water
discharges.

Produced water from the four discharges investigated here is enriched by factors of
<1.3 to c11 compared to concentrations in ambient seawater near the platforms (Table 9.3).
Thus, nickel in produced water discharges to the ocean is diluted rapidly to background
concentrations.

9.2.2.7 Lead

Concentrations of lead in produced water are highly variable. Mean concentrations in
produced waters from the four platforms in this study range from 0.13 Kg/L to 20 @L (Table
9.4). Highest concentrations are in produced water from HI A-595CF where lead concentrations
in produced water collected at different times ranged from 10 to 28 #g/L. All but one replicate
sample of produced water from the other three platforms contain less than 1 ~g/L lead.
Produced water from discharges to Louisiana coastal waters analyzed by Rabalais et 2d. (1991)
contain ND to 29 Kg/L lead. Lead concentrations as high as 18,000 pg/L have been reported in
produced water from elsewhere in the world (Neff, 1996a). Lead is a difficult metal to analyze
accurately in concentrated salt solutions, such as many produced waters; therefore, many of the
reported high concentrations may be anomalous.

Mean lead concentrations in surface seawater from the four reference sites are in the
range of 0.09 to 0.61 ~g/L (overall mean, 0.26 ~g/L) (Table 9.4). Similar concentrations (0.03 to
0.34 #g/L; overall mean, 0.12 pg/L) are present in surface seawater samples 2,000 m from the
four produced water discharges. The concentration of lead in clean open ocean waters,
measured by ultra-clean laboratory methods to avoid contamination, are in the range of 0.001 to
0.1 ~g/L (Neff, 1996a). In coastal waters and estuaries, concentrations of dissolved lead may
increase to more than 1.0 pg/L. Concentrations of particulate lead may be as high as or higher

than those of dissolved lead. Waters of Galveston Bay, TX, contain 0.022 to 0.133 vg/L
dissolved lead and 0.026 to 0.53 ~g/L particulate lead (Morse et a/., 1993). Thus, lead
concentrations in water from the reference and produced water discharge stations, particularly
from WC 448 and SMI 130B, are in the upper part of the range of expected concentrations in the
ocean. There is no relationship between produced water discharges and concentrations of lead
in surface waters of the western Gulf of Mexico.

Enrichment of lead in produced water compared to ambient seawater is in the range
of 1.9 to 600 fold (Table 9.3). The concentration of lead in ambient seawater is lowest at a
location near the platform discharging produced water with the highest lead concentration (HI
A-595CF). Thus, produced water discharges do not seem to be causing an increase in lead
concentrations in ambient seawater in the northwestern Gulf of Mexico.
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9.2.2.8 Zinc

Concentrations of zinc in produced water are highly variable from one sample to
another, even from the same platform. This may reflect leaching or flaking of zinc tom
galvanized structures on the platform or occasional presence of microcrystalline zinc sulfide
(sphalerite) in the produced water. The four platforms in this study discharge produced water
containing means of 22 to 3,000 ~glL zinc. Individual samples contain 0.3 to 3,600 ~g/L zinc.
High and variable concentrations of zinc have been reported in produced waters from elsewhere
in the Gulf of Mexico. Rabalais et aL (1991 ) report zinc concentrations ranging from 220 to 5,500
~g/L in 15 produced waters from coastal Louisiana. Zinc concentrations in produced waters

discharged from oil and gas platforms to the North Sea range from 5 ~g/L to 150,000 pg/L
(Stephenson et aL, 1994), and usually are higher in produced water from gas than from oil
platforms.

Mean concentrations of zinc in surFace seawater from the four reference locations are
in the range of 2.8 to 9.1 Mg/L (overall mean, 5.1 pg/L) (Table 9.4). Mean zinc concentrations in

surface seawater 2,000 m from the four produced water discharges are 4.6 to 5.8 #g/L (overall
mean, 5.4 pg/L). Concentrations in the ambient seawater near the produced water discharges
are not related to zinc concentrations in the produced waters.

These concentrations are high for ocean waters. Zinc is a difficult metal to analyze at
the concentrations normally found in seawater. Zinc and iron often seem to co-occur in seawater
samples as a result of contamination from metal surfaces in the field and laboratory (Bruland et
al., 1994). Recently-reported concentrations of zinc in surface waters of the Atlantic and Pacific
Oceans are in the range of 0.006 to 0.12 ~g/L (Pohl et aL, 1993; Bruland et al., 1994).

Concentrations in estuaries and coastal waters frequently are much higher than those in the
open ocean with concentrations as high as 4 to occasionally 25 pg/L having been reported
(Morse et aL, 1993; Law et d, 1994). The waters of Galveston Bay contain 0.3 to 4.5 pg/L zinc.
Influxes of zinc from rivers and surface runoff horn land are important sources of zinc in coastal
waters. Water from near the mouth of the Mississippi River contains about 7 fig/L zinc (DeLeon
et aL, 1986). Chapter 7 and Trefry et al. (1996) reported a mean zinc concentration of 5 ~g/L in
seawater in the vicinity of oil platforms in the northwestern Gulf of Mexico. Concentrations of
dissolved zinc in seawater below about 0.8 ~g/L may cause deficiency for this essential trace
element in marine organisms (vanTilborg and van Assche, 1995); concentrations above about
100 pg/L may be toxic to some marine organisms. Therefore, concentrations of zinc in surface
waters near offshore produced water discharges do not appear to be elevated above expected
background levels for coastal waters influenced by river runoff.

Zinc is enriched in the four produced waters in this study compared to its
concentration in surface waters near the four produced water discharges by factors of 4.8 to 510
(Table 9.3). The highest enrichment factor is for produced water from HI A-595CF where the
produced water contains 2,600 to 3,600 ~g/L zinc. Despite the high zinc concentrations in
produced water from this platform, concentrations of zinc in ambient seawater near the platform
(5.2 to 6.9 ~g/L) are only slightly higher than concentrations in sutiace water near the other three
produced water discharges (3.0 to 9.8 ~g/L, overall mean 5.3 fig/L), and roughly comparable to
zinc concentrations in surface water from most of the reference stations (2.1 to 9.5 pg/L, overall
mean 5.1 fig/L). Zinc in produced water discharged to the northwestern Gulf of Mexico has, at
most, a minimal effect on the concentration of zinc in surface waters near produced water
discharges.
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9.2.2.9 Iron

Iron has not been analyzed frequently in produced water. In those samples that have
been analyzed, iron concentrations are high, compared to concentrations of dissolved iron in
ambient seawater. The average concentrations of iron in the four produced waters discussed
here are 12,000 to 35,000 ~g/L (Table 9.5). Concentrations of iron in produced waters
discharged to the North Sea are in the range of less than 10 ~g/L to 32,000 fig/L (Stephenson et
aL, 1994). The concentration of iron in produced water is directly correlated with the
concentration of total dissolved solids (salinity) in the produced water (Chapter 7 and Trefry et
aL, 1995). Under the reducing conditions that prevail in produced water in the geologic
formation, iron is quite soluble in waters with a high ionic strength. However, upon discharge of
produced water to the ocean, the produced water plume rapidly becomes oxygenated and iron
precipitates as various highly insoluble iron oxy-hydroxides (Kuma et a/., 1996).

The mean concentrations of iron in surface seawater from the four reference sites are
0.10 to 0.82 #g/L (overall mean, 0.29 ~g/L) (Table 9.5). Mean iron concentrations in seawater
2,000 m from the four produced water discharges is in the range of 0.05 to 1.5 ~g/L (overall

mean, 0.55 fig/L). The highest concentration is in brackish water influenced by river runoff high
in suspended iron. Concentrations of iron and zinc in the ambient seawater samples are highly
correlated, suggesting possible contamination of the samples in the field or laboratory. Iron
concentrations in surface waters of the English Channel and the eastern North Atlantic Ocean off
Great Britain decrease from 4.29 ~g/L in the channel to about 0.06 &g/L in the open ocean
(Muller et al., 1994). The concentration of dissolved iron in the open central North Pacific Ocean
increases from a mean of about 0.008 ~g/L at the surface to 0.02 #g/L at depths greater than
500 m (Bruland et al., 1994). Concentrations of dissolve and particulate iron are about the same
in open ocean water samples. Despite the presence of particulate iron in the ocean,
concentrations of dissolved iron often are sufficiently low to limit growth of phytoplankton (Cullen,
1995). This indicates that the particulate iron (mostly microparticulate iron oxides and
hydroxides) is not readily exchangeable with the dissolved fraction in oxygenated seawater and is
not bioavailable. Much of the iron in coastal waters is derived from freshwater runoff from land
(Sunda, 1994).

Enrichment of iron in produced water from the four discharges sampled here
compared to concentrations in ambient seawater from 2,000 m from the four produced water
discharges is in the range of 7,700 to 710,000 fold. Despite this substantial enrichment, iron
concentrations in surface waters near produced water discharges are not elevated. This
undoubtedly reflects the rapid precipitation of iron in the receiving water of the produced water
discharges.

9.2.2.10 Manganese

Manganese, like iron, is more soluble in anoxic water than in oxygenated seawater,
where it precipitates as various oxy-hydroxides (Schimmield and Pedersen, 1990). The four
produced waters in this study contain 1,200 to 7,000 ~g/L manganese. North Sea produced
water contains 100 to 22,000 pg/L manganese (Stephenson et aL, 1994). Upon discharge of
produced water to the ocean, the reduced Mn (+11)is oxidized slowly to insoluble Mn (+1!/), which
precipitates as manganese oxides and hydroxides. Because of these oxidationheduction
reactions, oxidized layers of marine sediments are naturally rich in iron and manganese.
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Table 9.5. Mean concentrations of iron, manganese, molybdenum, and vanadium in produced
water and ambient seawater 2,000 m from offshore platforms in the northwestern
Gulf of Mexico. Concentrations are in ~g/L.

Platform Sample Iron Manganese Molybdenum Vanadium

Component 1 Discharge Sites

SMI 236A Produced Water 12,000 1,200 1.4 <1.2
Ambient Seawater 1.5 0.25 3.2 1.4

SMI 130B Produced Water 29,000 1,400 0.79 <1.2
Ambient Seawater 0.56 1.1 10 1.2

VR 214A Produced Water 12,000 4,500 A.7 <1.2
Ambient Seawater 0.07 0.31 8.3 1.2

HI A-595CF Produced Water 35,000 7,100 1.4 <1.2
Ambient Seawater 0.05 0.36 10 1.2

Component 2 Reference Sites

WC 448 Ambient Seawater 0.82 0.65 9.5 1.2
1 t I

SMl 186/195 Ambient Seawater 0.13 0.61 10 1.1

GA A-205 Ambient Seawater 0.11 0.28 10 1.3

GA A-90 Ambient Seawater 0.10 0.25 9.7 1.2
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Mean concentrations of manganese in seawater from the four reference locations are
0.25 to 0.65 pg/L (overall mean, 0.45) (Table 9.5). Mean manganese concentrations in surface
waters 2,000 m from the four produced water discharges are in the range of 0.25 to 1.1 ~g/L
(overall mean, 0.51 ~g/L). These concentrations are within the range expected in coastal and
continental shelf waters influenced by riverine inputs and periodic episodes of anoxic bottom
water. Manganese concentrations in surface waters decrease from about 1.6 #g/L in the English
Channel to 0.03 ~g/L in the open eastern North Atlantic Ocean (Muller et al,, 1994). Advection
of hypoxic bottom water to the surface will tend to increase the concentration in surFace waters of
metals, such as iron and manganese, that are more soluble in the reduced than in the oxidized
state (Morris et zd., 1982; Stone and Morgan, 1987).

Enrichment of manganese in produced water from the four sampled discharges
compared to concentrations in ambient seawater from 2,000 m from the four produced water
discharge sites ranges from 1,200 to 20,000 (Table 9.3). Despite the large enrichment factors,
concentrations of manganese in ambient seawaters near the produced water discharges are not
elevated above concentrations expected in coastal and offshore waters of the northwestern Gulf
of Mexico. Manganese in produced water undoubtedly precipitates upon discharge of the
produced water to oxidized surface waters. The rate of precipitation depends on the dissolved
oxygen concentration, salinity, and suspended particulate matter (particularly clay) concentration
in the diluting plume of produced water in the receiving waters (Morris et aL, 1982). Precipitation
is slower at high than at low salinities. Receiving waters near offshore produced water
discharges probably contain a mixture of dissolved and particulate manganese. Particulate
manganese is not bioavailable or toxic to marine organisms.

9.2.2.11 Molybdenum

Molybdenum is quite abundant in seawater. The mean concentration in oceanic
waters is 10 ~g/L (Li, 1991). In the North Atlantic Ocean and adjacent seas, including the Gulf of
Mexico, the concentration of dissolved molybdenum in surface waters ranges from 8.6 to 13 ~g/L
(Burton and Statham, 1982); the average concentration in sutiace waters of the eastern North
Pacific Ocean is 10.3 ~g/L (Collier, 1985). Typically, molybdenum concentrations increase from

0.5 fig/L or less in the freshwater portion of river estuaries to about 10 &g/L in the open ocean
(van den Berg, 1993). Lower concentrations frequently are found in coastal waters influenced by
riverine inputs of fresh water low in molybdenum. Its concentration in surface water from the four
reference stations is 9.5 to 10 ~g/L (overall mean, 9.9 ~g/L) (Table 9.5). The mean
molybdenum concentration in surface waters 2,000 m from the four produced water discharges
are in the range of 3.2 to 10 Vg/L (overall mean, 8.0 ~g/L). Lowest concentrations are at
platform sites SMI 236A and VR 214A, where salinities are lowest.

Mean molybdenum concentrations in the produced water samples from the four
platforms range from 0.79 to 1.7 pg/L (Table 9.5). Molybdenum concentrations in produced
water discharges to the North Sea were reported to be in the range of less than 50 to 140 fig/L
(Tibbetts et aL, 1992). These concentrations maybe anomalously high due to poor MDLs.

Molybdenum is depleted in the four produced waters investigated here compared to
its average concentration in surFace water from the reference locations. Enrichment factors
range from 0.08 to 0.44 (Table 9.3). Thus, produced water discharges to offshore waters of the
Gulf are unlikely to affect the concentration of molybdenum in the receiving waters.
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9.2.2.12 Vanadium

Mean concentrations of vanadium in produced water from the four platforms is below
the MDL for saline brines (1.2 ~g/L) (Table 9.5). Means et al. (1990) reported concentrations of
1.2 to 60 #g/L in produced water from four platforms discharging to coastal wetlands of
Louisiana. These concentrations are low compared to concentrations reported by Means et al.
(1989) and Rabalais et al. (1991) in produced waters discharged to-coastal Louisiana (310 to
22,000 ~g/L). Vanadium is difficult to analyze in saline brines; the latter analyses could have
su17eredfrom matrix interference. Vanadium has been analyzed but rarely detected in produced
water from the North Sea (Tibbetts et al., 1992; Jacobs et al., 1992; Stephenson et aL, 1994).

Highest measured concentrations are 20 to 100 ~g/L and may be anomalously high because of
poor detection limits.

Vanadium is moderately abundant in oceanic waters. Jeandel et aL (1987) reported
an average vanadium concentration in ocean water of 2.15 fig/L. However, surface waters of

the North Atlantic Ocean contain 1.62 to 1.72 ~g/L vanadium (Middleburg eta/., 1988); in the
North Pacific Ocean, average vanadium concentration increases from 1.67 pg/L at the surface to
1.85 #g/L in deep water (Collier, 1984). Vanadium concentrations in surface water at the four
reference sites in this study are in the range of 1.1 to 1.3 Rg/L (overall mean, 1.2 #g/L) (Table
9.5). Mean vanadium concentrations in surface water 2,000 m from the four produced water
discharges are in the range of 1.2 to 1.4 ~g/L (overall mean, 1.3 pg/L). These concentrations
are in the range of expected values for clean coastal and offshore marine waters.

True enrichment factors for vanadium in produced water could not be estimated
because vanadium was not detected at a concentration above the MDL in any of the samples.
However, the maximum enrichment factor for vanadium in produced water from the four
platforms, assuming that vanadium was present at the MDL, are cO.85 to <1.0 (Table 9.3).

9.2.2.13 Summary of Metal Enrichment in Produced Water and Receiving Waters

The metals/metalloids with the greatest enrichment in produced water from the four
platforms compared to their concentrations in local surface seawater are barium, iron, and
manganese (Table 9.3). These three metals are expected to precipitate rapidly during mixing of
the produced water plume with ambient seawater. Barium will precipitate as barium sulfate in
the presence of the high natural concentration of sulfate in seawater (Neff and Sauer, 1995).
Iron and manganese, which probably are present in produced water as reduced species, will be
oxidized to insoluble oxy-hydroxides when the produced water mixes with oxygen-rich surface
waters at the offshore discharge sites (Schindler and Stumm, 1987; Kuma eta/., 1996).
Because the grain size of these precipitated metals is very small, the particulate metals tend to
settle slowly out of the water column and accumulate to slightly elevated concentrations in
surficial sediments over a large area around the produced water discharge, keeping their
concentrations in the water column low.

Rapid precipitation of barium, iron, and manganese has the effect of reducing the
concentrations of other dissolved metals and metalloids in seawater. Iron and manganese oxy-
hydroxides, because of their small particle size and high charge densities, adsorb or
coprecipitate dissolved metals (Schoer, 1985). The adsorbed or coprecipitated metals settle out
of the water column with the patilculate iron and manganese oxy-hydroxides. Some metals and
metalloids may also be coprecipitated with barium sulfate. Thus, despite the fact that produced
water is enriched compared to seawater in concentrations of several metals (Table 9.3),
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concentrations of the metals in seawater near the offshore produced water discharges rarely are
substantially higher than their natural concentrations (Table 9.6).

Five of the 12 metals or metalloids examined in this study are present at elevated
concentrations (approximately two-fold) in ambient seawater 2,000 m from the four produced
water discharges compared to their concentrations in seawater from the four reference sites
(Table 9.6). For four of the five metals, the difference can be attributed to differences in salinity
between the produced water sites and the reference sites. The average seawater salinity at the
platform sites is 25 %0,compared to a mean salinity of 32’% at the reference sites
(platform/reference ratio, 0.77) (Table 9.6). Highest concentrations of barium, copper, iron, and
nickel are at the low salinity produced water discharge sites. These metals tend to be present at
higher concentrations in fresh water than in seawater. Therefore, their natural concentrations
usually are higher in brackish than in full strength seawater. The overall average concentration
of mercury is higher in seawater near produced water discharge sites than in water from the
reference sites. In this case, the difference is due to a high mean concentration of mercury in
seawater near the most oceanic produced water discharge, HI A-595CF. The mean
concentration of mercury in the produced water from this platform is comparable to the
concentration of mercury in the ambient seawater. Thus, the excess mercury probably is not
coming from the produced water. The source of the slightly elevated mercury concentration in
the ambient seawater near platform Hi A-595CF is not known.

Therefore, high-volume discharges from four offshore platforms of produced water
containing elevated concentrations of several metals and metalloids is not resulting in an
increase in the concentrations of these metals in surface seawater 2,000 m from the platforms.
It is possible that there are elevated concentrations of some of these metals, particularly barium,
iron, and manganese, and also possibly lead and zinc, in seawater within a few hundred meters
of the platform discharges. However, most, if not all, the metals from the produced water
probably would be present in the ambient seawater in adsorbed or coprecipitated particulate
forms that have a limited bioavailability to marine organisms.

9.2.2.14 Ecorisk of Metals in Ambient Seawater Near Offshore Produced Water
Discharges

If it is assumed that all the metals measured in ambient surface seawaters 2,000 m
from the produced water discharge sites are present in a dissolved, bioavailable form, it is
possible to estimate the relative toxicity of the metals to marine organisms. The risk of each
metal causing toxic responses in sensitive marine organisms in the receiving water environment
of the produced water discharges can be estimated as toxic units, the ratio of the concentration
of the metal in ambient seawater to its chronic water quality criterion value. A value for toxic
units equal to or greater than 1 indicates that, if the chemical is present in the water in a
bioavailable, toxic form, it could be causing harm to sensitive species and life stages of marine
organisms. Concentrations below 1 toxic unit probably are safe for periodic or chronic exposure
to all marine organisms.
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Table 9.6. Ratio between mean concentrations of metals in all water samdes from 2.000 m
from four Component 1 offshore produced water discharges and mean ‘
concentrations of metals in all water samples from the four Component 2 reference
sites. Concentrations are in pg/L.

Metal Platform Water Reference Water Platform/Reference

Arsenic 1.1 1.0 1.1

Barium 35 16 2.2

Cadmium 0.02 0.02 1.0

Copper 0.58 0.30 2.0

Iron 0.55 0.29 1.9

Mercury 0.02 0.01 1.8

Manganese 0.51 0.45 1.2

Molybdenum 8.0 9.9 0.81

Nickel 0.55 0.29 1.9

Lead 0.12 0.26 0.46

Vanadium 1.3 1.2 1.1

Zinc 5.4 5.1 1.1

Salinity 25 32 0.77
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Concentrations of the metals and metalloids analyzed in this study in surface
seawater 2,000 m from the four produced water discharge sites are for the most part in the range
of expected natural concentrations for marine waters influenced by riverine influxes of fresh
water. Toxic units for the different metals range from less than 0.001 to 1.7 (Table 9.7). The
only metals present at concentrations approaching 1 toxic unit are mercury and copper. All other
metals are present at toxic units generally less than 0.1.

Mercury is present at a slightly elevated concentration in surface water near produced
water discharge platform HI A-595 CF. Three replicate water samples from this location contain
0.03 to 0.04 #g/L total mercury, equivalent to 1.1 to 1.7 toxic units. The relatively high toxic units
for mercury in these offshore waters is due primarily to the low chronic value of 0.025 fig/L for
total mercury in seawater. This marine chronic value was based on an estimated
bioconcentration factor of 40,000 for methyl mercury in the American oyster Crassostrea virginica
(Kopfler, 1974). The oysters were exposed to 1 pg/L methyl mercury and, after 60 days, had
accumulated 40 mglkg wet weight total mercury in tissues. This bioconcentration test is not a
suitable basis for derivation of a chronic value for total mercury in seawater. Inorganic mercury is
bioaccumulated much less efficiently than methyl mercury in marine food chains (Mason et aL,
1995). In addition, methyl mercury usually represents less than 10% of total mercury in ocean
waters and freshwater lakes (Mason and Fitzgerald, 1993; Kelly eta/., 1995): Transformation of
inorganic mercury to methyl mercury can occur in hypoxic seawater and sediments, but does not
occur in oxygenated surface waters (Rolfus and Fitzgerald, 1995; Gagnon et aL, 1996). The
traces of mercury in produced water probably are reduced, inorganic species. These forms of
mercury would not be transformed to methyl mercury in oxygenated surface waters and would be
transformed only very slowly in hypoxic water or sediment layers.

The Canadian water quality guideline for protection of aquatic life is 0.1 fig/L total
mercury (Gaudet et al., 1995). The U.S. EPA chronic value for mercury (11)in seawater, based
on toxicity tests with marine organisms, is 1.106 Hg/L (EPA, 1985a). If this value is used for
estimating toxic units of mercury in the receiving water environment of the produced water
discharge sites, the resulting toxicity units are in the range of less than 0.009 to 0.038. These
values indicate that concentrations of dissolved inorganic mercury in the receiving water
environment of the four produced water discharges are well below potentially toxic
concentrations.

Marine water quality criteria for copper are based on several acute tests with embryos
of bivalve molluscs and fish (EPA, 1985b). Only a few acute/chronic ratios are available, mostly
for insensitive species. The resulting chronic value (2.4 &g/L) probably is overly conservative for
total dissolved copper in seawater. Typical concentrations of total dissolved copper in coastal
waters of the northwestern Gulf of Mexico influenced by freshwater runoff are in the range of 0.1
to 1.7 ~g/L (Morse et aL, 1993; Chapter 7 and Trefry et aL, 1995a,b), close to the chronic value
for copper. Only a small fraction, usually less than 1‘%0 of copper in seawater is present in the
toxic, reactive ionic state (Sunda and Huntsman, 1991; Shine and Wallace, 1995). Thus, the
marine chronic criteria for copper are overly conservative. Concentrations of copper encountered
in,surface waters near the four produced water discharges probably are natural and are well
below concentrations that would be toxic to marine organisms.
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mn~ntrations and toxic units ([ambient seawater]flchronic value]) of metals ii
ambient seawater near four Component 1 produced water discharges to offshore
waters of the northwestern Gulf of Mexico. Chronic criteria for metals are from
Federal Register, Vol. 60, No. 86, Thursday, May 4, 1995, 22229. Concentrations
are pgll-.

Compound
Chronic Concentration Range,
Criterion Ambient Sea Water

Range, Toxic Units

Arsenic 36 0.59 -1.6 0.05-0.02

Cadmium 9.3 0.01-0.02 0.001-0.002

Copper 2.4 0.21 -1.5 0.09-0.52

Mercury 0.025a <().()1 - ().04 <0.4- I .7

Molybdenum NV 2.7-11 —

Nickel 8.1 0.25 -1.4 0.03-0.18

Lead 8.1 0.029-0.52 0.003-0.064

Vanadium NV 1.1 -1.5 —

Zinc 81 3.0- 9.8 0.037-0.12

Table 9.7. Comparison of USEPA marine acute and chronic water aualitv criteria

NV= no published marine water quality criterion value is available.
a Chronic value based on bioaccumulation of methyl mercury by marine mollusks.

of
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These results indicate that metals and metalloids are present in ambient seawater
near the four produced water discharges at concentrations well below potentially toxic
concentrations. However, these samples were collected 2,000 m from the produced water
discharges and reflect a substantial dilution of the produced water with ambient seawater.
Produced water is diluted very rapidly following discharge to ocean waters (Brandsma and Smith,
1996). A 100-fold dilution usually is obtained within a few meters of the discharge and probably
is the lowest dilution a marine organism might encounter for more than a few minutes near a
produced water discharge. The only metals and metalloids present in one or more of the four
produced waters at a concentration 100 times or more greater than their concentrations in clean
natural seawater are barium, lead, zinc, iron, and manganese. Lead and zinc were present in
only one produced water (H1 A-595CF) at an elevated concentration. Dilution of lead (mean
20 ~g/L) and zinc (mean 3,000 @L) in this produced water by 100-fold would yield ambient
concentrations of 0.2 and 30 Kg/L, respectively, representing 0.02 and 0.37 toxic units,
respectively. Thus, these metals would not be toxic to marine organisms in a 100 to 1 dilution of
produced water from HI A-595CF.

As discussed above, barium, iron, and manganese are likely to precipitate rapidly
upon dilution of produced water in seawater rich in sulfate and oxygen. Thus, dissolved
concentrations will be much lower than predicted based on diltiion alone. There are no marine
water quality criteria for barium and iron. The freshwater chronic value for iron (1,000 ~g/L)
would yield 0.012 to 0.35 toxic units for the 100-fold dilutions of produced water from the four
discharges. The chronic value for manganese, based on bioaccumulation in marine shellfish, is
100 pg/L (Table 9.7). Based on this value, the 100-fold dilution of the four produced waters
contain 1.2 to 7.1 toxic units of manganese. The chronic criterion probably is invalid. Marine
sediments are rich in oxidized (solid) manganese. The bivalve molluscs used in the
bioaccumulation experiments probably contained particulate manganese in their guts from
ingesting of suspended sediment material. It is highly doubtful that manganese from produced
water is toxic to marine organisms.

9.2.3 Aromatic Hydrocarbons in Produced Water and Ambient Seawater

The organic compounds of greatest concern in treated produced water destined for
disposal in the ocean, because of their concentrations and toxicity, are aromatic hydrocarbons
(Neff, 1987). Monocyclic aromatic hydrocarbons, including benzene and several alkylated
benzenes, often are the most abundant hydrocarbons in produced water. Concentrations tend to
decrease with increasing alkylation. PAHs also are present in most treated produced waters, but
at concentrations much lower than the monocyclic aromatic hydrocarbons. The most abundant
PAHs in produced water are the more soluble 2- and 3-ring aromatics and their alkylated
homologs. Higher molecular weight 4- and higher-ring PAHs rarely are present at greater than
trace (low parts per billion) concentrations. Upon discharge of produced water to the ocean,
these aromatic hydrocarbons are diluted rapidly in the receiving waters. Dilution is enhanced by
evaporation of the less alkylated monocyclic aromatic hydrocarbons and naphthalene,
photooxidation and biodegradation of the higher molecular weight PAHs, and sorption to
suspended particles and deposition of the PAHs (Neff, 1990). The concentrations, dilution, and
toxicity of aromatic hydrocarbons from produced water are discussed below.
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9.2.3.1 Monocyclic Aromatic Hydrocarbons

Produced water from the four discharges sampled in this study contain means of
1,800 to 5,200 ~g/L total monocyclic aromatic hydrocarbons (total benzenes) (Table 9.8). Mean
concentrations of the sum of benzene, toluene, ethylbenzene, and xylenes (BTEX) are in the
range of 1,600 to 4,900 Rg/1. C3-and CA-benzenes rarely are measured in produced waters.
Concentrations of BTEX in produced waters discharged to the northwestern Gulf of Mexico are in
the range of 68 to 38,000 #g/L (Neff, 1996a). BTEX concentrations as high as 578,000 #g/L
have been reported for produced waters from elsewhere in the world. Therefore, the produced
waters evaluated here contain BTEX concentrations in the middle of the range found in produced
waters from throughout the northwestern Gulf of Mexico. Concentrations of total monocyclic
aromatic hydrocarbons, which usually represent a majority of the total hydrocarbons in produced
water, measured in the four produced water samples are below the regulatory limit of 42 mg/L
daily maximum and 29 mg/L monthly average total oil and grease.

All four produced waters have a similar monocyclic aromatic hydrocarbon composition
(Table 9.9). Benzene is most abundant, followed by toluene. These two aromatic hydrocarbons
represent more than 50!40of the total monocyclic aromatic hydrocarbons in the produced water
samples. CA-benzenes always are the least abundant monocyclic aromatic hydrocarbons in the
produced waters.

Concentrations of individual and total monocyclic aromatic hydrocarbons were also
measured in surface water samples collected 5, 100, and 2,000 m from the four produced water
discharges. In all but one case, total benzenes concentrations in the ambient seawater decrease
with distance from the discharges (Table 9.8). At VR 214A, the mean total benzenes
concentration is higher at 100 than at 5 m from the discharge. It is difficult to prevent
contamination of water samples with BTEX from exogenous sources (e.g., exhaust gas from the
boat motor). Therefore, the 100 m samples could have been contaminated with a trace of BTEX.

In three of four cases, the concentration of BTEX in the produced water plume is
diluted by more than 100-fold within 5 m of the discharge (Table 9.8). At SMI 130B, the dilution
of total benzenes in surface water 5 m from the discharge is 41-fold. Dilutions at 2,000 m are in
excess of 3,000-fold in all four cases. The rapid decrease in concentrations of total benzenes in
the receiving water environment is due to a combination of physical dilution and evaporation.

In most cases, dilution is most rapid for benzene and decreases with increasing
molecular weight of monocyclic aromatic hydrocarbons (Tables 9.10 through 9.13). This
probably is due to the decreasing volatility with increasing molecular weight for aromatic
hydrocarbons. Near three of the four platform discharges, dilutions of the individual monocyclic
aromatic hydrocarbons are in excess of 100-fold at 5 m. At SMI 130B, dilutions of monocyclic
aromatic hydrocarbons 5 m from the discharge are in the range of 20 to 50-fold.

At all three distances from the four produced water discharges, benzene and toluene
are the most abundant monocyclic aromatic hydrocarbons in surface waters. The three xylene
isomers usually are the next most abundant monocyclic aromatic hydrocarbons in the ambient
seawaters near the discharges. Concentrations of C~-benzenes and C@enzenes are below the
MDLs at most distances from the produced water discharges. These aikylbenzenes, as well as
the other monocyclic aromatic hydrocarbons, are present at higher concentrations in surface
water 100 m from VR 214A than at 5 m. Ambient seawater 5 m from the discharge at SMI 130B
contains 3.6 ~g/L Cd-benzeneq Cx-benzenes were not detected in any of the produced water
samples from this platform.
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Table 9.8. Dilution of total benzenes in the receivina water from offshore produced water
facilities. Meanconcentrations areinpg~L.

Platform Sample/Distance
Benzenes(Mean
Concentration)

IXlution

HIA-595CF Produced Water 1,800 0

5m 6.7 260

100 m 0.59 3,000

2,000 m 0.36 4,900

SMI 130B Produced Water 3,000 0

5m 74 44

100m 0.90 3,400

2,000 m o m

SMI 236A Produced Water 5,200 0

5m 36 140

100 m 6.9 750

2,000 m 0.68 7,600

VR 214A ProducedWate~ 3,600 0

5m 2.3 1,600

100 m 24 150

2,000 m 0.34’ 11,000

* Oneofthree replimte water samples wntained ananomalously high concentration of total
benzenes (9.9 ~g/L) and was not included in the mean.
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Table 9.9. Mean concentrations of individual and total monocyclic aromatic hydrocarbons in
produced water from four Component 1 site discharges to the northwestern Gulf of
Mexico. Concentrations are in ~g/L.

Compound HI A-595CF SMI 130B SMI 236A VR 214A

Benzene 820 1,200 2,500 1,400
[

Toluene 490 1,100 1,500 1,100
I I I I

Ethylbenzene 52 76 100 110

rn-,p-Xylenes 180 360 460 350

oXylene 110 180 230 230

Ca-Benzenes 100 140 260 290

Cd-Benzenes 27 ND 70 110

Total Target 1,800 3,000 5,200 3,600

Table 9.10. Mean concentrations of monocyclic aromatic hydrocarbons in ambient sutiace
seawater 5, 100, and 2,000 m from the produced water discharge at HI A-595CF
and dilution of each compound at 5 m compared to concentrations in produced
water. Concentrations are ~g/L.

Compound 5m 100m 2,000 m Dilution at 5 m

Benzene 2.7 0.28 0.10 300

Toluene 1.8 0.27 0.32 270

IIEthylbenzene 0.21 0.04 0.02 240
I I I I

IIm-,p-Xylenes 0.86 0.16 0.11 210

o-Xylenes 0.45 0.07 ND 240

C3-Benzenes 0.96 ND ND 28

C4-Benzenes ND ND ND a
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Table 9.11. Mean concentrations of monocyclic aromatic hydrocarbons in ambient surface
seawater 5, 100, and 2,000 m from the produced water discharge at SMI 130A and
dilution of each compound at 5 m compared to concentrations in produced water.
Concentrations are wg/L.

.

5m 100m 2,000 m Dilution at 5 m

Benzene 24 0.53 ND 50

Toluene 23 0.41 ND 46

Ethylbenzene 1.9 ND ND 39

m-,p-Xylenes’ 9.4 0.20 ND 38

o-Xylenes 4.8 ND ND 37

C~-Benzenes 7.1 ND ND 20

Cd-Benzenes 3.6 ND ND +

+ Concentration in ambient seawater higher than that in produced water.

Table 9.12. Mean concentrations of monocyclic aromatic hydrocarbons in ambient sutiace
seawater 5, 100, and 2,000 m ffom the produced water discharge at SMI 236A and
dilution of each compound at 5 m compared to concentrations in produced water.
Concentrations are .ug/L.

Compound 5m . 100m 2,000 m DWion at 5 m (

Benzene 17 3.3 1.5 150

Toluene 10 2.0 0.66 1!50

Ethylbenzene 0.68 0.13 0.06 150

rn-,p-Xylenes 3.3 0.67 0.32 140
I I I I

o-Xylenes 1.6 0.33 0.15 140

C.-Benzenes 2.6 0.45 0.28 100

Cd-Benzenes 1.0 ND ND 69
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Table 9.13. Mean concentrations of monoaromatic hydrocarbons in ambient surface seawater
5, 100, and 2,000 m from the produced water dischargeatVR214A and dilution of
each compound at 5 m compared to concentrations in produced water.
Concentrations are ~g/L.

5m 100m 2,000 m Dilution at 5 m

Benzene 1.0 13 1.1 1,400

Toluene 0.79 8.6 1.0 1,400

Ethylbenzene 0.05 0.62 0.20 2,300
I I I I

rn-,p-Xyienes 0.30 3.3 0.83 1,200
I I I I

o-Xylenes 0.16 2.0 1.5 1,400
I I I I

C3-Benzenes ND 4.6 0.96 CQ

C4-Benzenes ND 3.4 ND co
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Gschwend et al. (1982) estimated that under moderately calm conditions when BTEX
conwntrations in surface water are higher than those in the overlying atmosphere, the residence
time of BTEX in the aqueous phase is approximately two days. Under more turbulent conditions
with good vertical mixing, characteristic of offshore waters, residence time for BTEX in the water
column may be as low as a few hours (Brooks et al., 1984).

Brooks eta/. (1980) reported that concentrations of total gaseous and volatile
hydrocarbons, including BTEX (75% of the total) decrease from 22,000 #g/L in the produced

water effluent from the Buccaneer Platform off Galveston, TX, to 65 &g/L at the airlwater
interface below the outfall, to less than 2 #g/L in surface waters 50 m down-current from the
discharge. This represents an 11,000-fold dilution of BTEX in the receiving water environment
within 50 m of the discharge. In the Bass Strait off southeastern Australia, BTEX in a
high-volume (69iOO0 bbl/day = 2.9 million gal/day) produced water discharge from an offshore
platform is diluted from 6,410 pg/L in the effluent to 0.43 pg/L (14,900-fold) 20 m from the
discharge (Terrens and Tait, 1996). This very rapid loss of BTEX in the receiving water probably
is caused by the high temperature of the discharged produced water (95°C), which increases
rates of dispersion and evaporation of the aromatic hydrocarbons.

Only traces of benzenes are present in surface seawater at the four reference
locations (Table 9.14). Most concentrations of individual and total benzenes are below the MDL.
Most measurable concentrations are below 1.0 pg/L. One sample contains 2.9 pg/L and may
have been contaminated from an exogenous source. The presence of 0.35 ~g/L benzene in this
seawater sample indicates that the monocyclic aromatic hydrocarbons in the sample were of very
recent origin (the half life of benzene in surface waters is a few hours), lending support to the
theory that the hydrocarbons in the sample are from sampling or laboratory contamination.

Concentrations of BTEX in open waters of the Gulf of Mexico away from produced
water discharges and other point sources usually are less than 0.1 ~g/L, though concentrations
up to about 0.5 ~g/L frequently are encountered in clean coastal waters of the Gulf (Sauer et al.,

1978; Sauer, 1981). The most abundant monocyclic aromatic hydrocarbons detected in surface
water from the reference stations are toluene, followed by xylenes. Background concentrations
of toluene in waters of the open Gulf of Mexico are in the range of 0.003 to 0.03 pg/~ in coastal
waters of the Gulf, background concentrations of toluene are in the range of 0.01 to 0.06 pg/L

(Sauer, 1981). Surface water from the mouth of the Brazes River, TX contains up to 0.11 pg/L
toluene and 0.23 #g/L benzene (McDonald et aL, 1988). The surface water sample from SMI
186/1 95 contains 0.88 pg/L toluene.
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Table 9.14. Range of concentrations of total monocyclic aromatic hydrocarbons in surface
waters from the four reference sites. Concentrations are pg/1.

Reference Site Concentration Range Benzenes Present

WC 448 ND —

GA A-90 ND -0.07 toluene

GA A-205 ND -0.81 toluene, xylenes

SMI 186/195 ND -2.9 benzene, toluene, elthybenzene, xylenes,
C~-benzenes
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9.2.3.2 Ecorisk of Monocyclic Aromatic Hydrocarbons in Ambient Seawater Near
Offshore Produced Water Discharges

Monocyclic aromatic hydrocarbons in produced water are diluted rapidly following
discharge of produced water to the ocean. In the present study, dilutions of individual and total
monocyclic aromatic hydrocarbons usually are in excess of 100-fold within 5 m of the discharge.
Similar or even greater dilutions of BTEX compounds have been documented by others in
receiving waters elsewhere (Brooks et al., 1980; Terrens and Tait, 1996). It is highly unlikely that
marine plants and animals will be exposed for more than a very brief time to less than 100-fold
dilutions, relative to concentrations in the treated produced water, of monocyclic aromatic
hydrocarbons in receiving waters near offshore produced water discharges. Therefore,
concentrations of individual monocyclic aromatic hydrocarbons equivalent to 100-fold dilutions of
produced water from the four offshore discharges were used to estimate potential risks to marine
animals from water-column exposure to these chemicals.

An estimate can be made of the contribution of individual and total monocyclic
aromatic hydrocarbons to the toxicity to marine organisms of a 100 to 1 dilution of produced
water by dividing the estimated ambient concentrations of each aromatic hydrocarbon by its
marine chronic water quality criterion to produce a measure of toxic units contributed to the
mixture by each chemical (Tables 9.15 through 9.18). EPA (1992) has published marine chronic
values for several monocyclic aromatic hydrocarbons; chronic values for the other monocyclic
aromatic hydrocarbons were estimated (Parametric, Inc., 1995).

Total monocyclic aromatic hydrocarbons in 100-fold dilutions of the four produced
waters contribute 0.034 to 0.083 toxic units to the mixtures in the receiving water environment.
Benzene and ethylbenzene contribute the most to the toxic units of the four diluted produced
waters. The low values for total toxic units of monocyclic aromatic hydrocarbons in the diluted
produced waters indicate that these compounds, representing the most abundant aromatic
hydrocarbons in most produced waters, would be completely nontoxic to plants and animals in
the receiving water environment of an offshore produced water discharge.

The only plants and animals that might be exposed to less than a 100-fold dilution of
produced water are biofouling organisms attached to various platform structures located near the
produced water discharge pipe. If these organisms are exposed continuously to an average
dose of a 10-fold dilution of the produced water, the highest potential toxicity would be at SMI
236A where the organisms would be exposed to up to 0.83 toxic units of monocyclic aromatic
hydrocarbons (Table 9.17). Most species’ of marine biofouling organisms would not be harmed
by chronic exposure to these concentrations of total monocyclic aromatic hydrocarbons.
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Table 9.15. Maflnechronic values (marine chronic water quali~critetia), concentrations in lOO-
fold diluted produced water (PW), and toxic units (ambient concentration/chronic
value) for monocyclic aromatic hydrocarbons in produced water from HI A-595CF.
Chronic Values are from EPA (1992) and Parametric, Inc. (1995). Concentrations
are pglL.

Compound Chronic Value
Concentration in

1/1 00 Pw
Toxic Units

Benzene 700 8.2 0.012

Toluene 5,000 4.9 0.0009

Ethyibenzene 43 0.52 0.012

m-,p-Xylenes 730 1.8 0.002

o-Xylenes 600 1.1 0.002

C.-Benzenes 393 1.0 0.003

C.-Benzenes 173 0.27 0.002

Total Monoaromatics — 18 0.034

in 100-fold diluted produced water (PW), and toxic units (ambient
concentration/chronic value) for monocyclic aromatic hydrocarbons in produced
water from SMI 130B. Chronic Values are from EPA (1992) and Parametric, inc.
(1995). Concentrations are wg/L.

7

Compound Chronic Value
Concentration in 1/100

Pw
Toxic Units

Benzene 700 12 0.017

Toluene 5,000 11 0.002

Ethyibenzene 43 0.76 0.018

m-,p-Xylenes 730 3.6 0.005

o-Xylenes 600 1.8 0.003

C~-Benzenes 393 1.4 0.004

C.-Benzenes 173 ND —

Total Monoaromatics — 30 0.049
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Table 9.17. Marine chronic toxicitv values (marine chronic water aualitv criteria), concentrations
in 100-fold diluted pr~duced water (PW), and toxic units (a”mbient ‘‘
concentration/chronic value) for monocyclic aromatic hydrocarbons in produced
water from SMI 236A. Chronic Values are from EPA (1992) and Parametric, Inc.
(1995). Concentrations are ~g/L.

Compound Chronic Value
Concentration in

1/100 Pw
Toxic Units

Benzene 700 25 0.036

Toluene 5,000 15 0.003

Ethylbenzene 43 1.0 0.023

rn-,p-Xylenes 730 4.6 0.006

o-Xylenes 600 ‘ 2.3 0.004

C.-Benzenes 393 2.6 0.007

Cd-Benzenes 173 0.70 0.004

Total Monoaromatics . 52 0.083

Table 9.18. Marine chronic toxicity values (marine chronic water quality criteria), concentrations
in 100-fold diluted produced water (PW), and toxic units (ambient -
concentration/chronic value) for monocyclic aromatic hydrocarbons in produced
water from VR 214A. Chronic Values are from EPA (1992) and Parametric, Inc.
(1995). Concentrations are pg/L.

+

Compound Chronic Value
Concentration in

1/1 00 Pw
Toxic Units

Benzene 700 14 0.02

Toluene 5,000 11 0.002

Ethylbenzene 43 1.1 0.03

m-,p-Xylenes 730 3.5 0.005

o-Xylenes 600 3.5 0.005

C~-Benzenes 393 2.3 0.004

C4-Benzenes 173 2.9 0.007

Total Monoaromatics — 37 0.074
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EPA (1991) has defined nonpolar organic chemicals with log ~ greater than 3.5 as
bioconcentratable. Therefore, the BTEX compounds, which have values for log ~ between
2.~ 3 and 3.2, are not expected to bioconcentrate to a significant degree in tissues of marine
organisms in the immediate vicinity of the produced water discharges. C~- and C~-benzenes
have log ~ of about 4.0 and might bioconcentrate to some extent. The 100-fold dilutions of
produced water contain up to about 2 pg/L of these more highly alkylated benzenes. Bivalves
attached to platform structures near the produced water outfall could bioconcentrate these
compounds to concentrations as high as 20 mg/kg (parts per million). This concentration
probably would not seriously harm the bivalves themselves (McCarty et aL, 1992); however,
consumers, such as fish, of the bivalves may bioaccumulate the hydrocarbons in their tissues.
Nonpolar organic chemicals with log ~ below about 6 do not biomagnify in marine food webs
(Thomann, ~989). Fish and most other marine animals have an active mixed function oxygenase
system that rapidly converts aromatic hydrocarbons to polar metabolizes that are excreted
rapidly, preventing accumulation of these compounds to high concentrations in the tissues
(Stegeman, 1981; Van Veld, 1990). Therefore, it is unlikely that bioconcentration of highly
alkylated benzenes by marine animals near the produced water outfall will have adverse effects
on the local food web.

9.2.3.3 Polycyclic Aromatic Hydrocarbons

The mean concentration of total PAHs in the four produced water discharges ranges
from 58 to 600 pg/L (Table 9.19). These concentrations are in the low to middle part of the
range of PAH concentrations (80 to 1,860 Kg/L) reported previously for produced waters
discharged to the western Gulf of Mexico (Neff, 1996a).

Most of the PAHs in the produced waters are the low molecular weight PAHs
naphthalenes, fluorenes, phenanthrenes, and dibenzothiophenes. They represent 95°A to more
than 99% of the total PAHs in the four produced waters (Table 9.19).

The PAHs in produced water from the four offshore production platforms are
dominated by naphthalene and alkyl naphthalenes, with lower concentrations of other 2- and
3-ring PAHs and their alkyl homoiogues (Table 9.19). Only trace amounts of 4-, 5-, and 6-ring
PAHs are present. The most abundant of these higher molecular weight PAHs are alkyl
fluoranthenes and pyrenes, chrysenes, and perylene. Acenaphthylene, acenaphthene,
benz[a]anthracene, indeno[l ,2,3-cd]pyrene, and dibenz[a,h]anthracene are present in three or
four of the produced water samples at concentrations below the detection limit of the analytical
method (= 0.001 #g/L). Produced water from SMI 130B contains the highest concentrations of
total PAHs and most individual PAHs. Mean concentrations above about 1 #g/L of
alkylchrysenes and perylene (in excess of their aqueous solubilities) in these samples indicates
that produced water from this platform contains some dispersed or particulate oil.

This PAH composition of the other samples is typical of produced water that has been
treated effectively to remove dispersed oil droplets (Neff, 1987). As is typical of oil, alkyl PAHs
usually are more abundant than the parent compounds and phenanthrene is much more
abundant than anthracene (Neff, 1979) (Table 9.19). The most abundant PAH in three of the
four samples is naphthalene. This preference of naphthalene over alkyl naphthalenes is
attributable to the much greater volubility of the parent compound than the alkyl homologs,
lending support to the suggestion that these three produced waters contain PAHs mainly in
solution: little or no dispersed or particulate oil is present.
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Table 9.19. Mean concentrations of individual and total PAHs in moduced water from four
discharges to the northwestern Gulf of Mexico. Con&mtrations are in pg/L.

Compound HI A-595CF SMI 130B SMI 236A ., VR 214A

Naphthalene 20 58 90 57

C,-Naphthalene 14 69 73 34

Cz-Naphthalene 8.0 88 45 16

C~-Naphthalene 5.2 83 20 8.1

CA-NaphthaIene 2.6 52 9.0 3.7

Acenaphthylene 0.00 0.00 0.00 0.00

Acenaphthene 0.06 0.00 0.00 0.00

Biphenyl 0.78 6.8 11 4.2

Fluorene 0.16 2.8 0.96 0.31

C1-Fluorenes 0.32 8.7 1.6 0.38

C2-Fluorenes 0.56 16 2.4 0.56

C.-Fluorenes 0.68 ~ 18 2.3 0.60

Anthracene 0.01 0.45 0.07 0.04

Phenanthrene 0.26 8.8 1.2 0.32

C1-Phenanthrenes* 0.54 25 1.9 0.37

C2-Phenanthrenes* 0.82 31 2.3 0.52

C~-Phenanthrenes* 0.72 22 1.7 0.40

CA-Phenanthrenes 0.41 11 0.80 0.39

Dibenzothiophene 0.22 4.6 0.24 0.10

C1-Dibenzothiophenes 0.52 13 0.57 0.25

C,-Dibenzothiophenes 1.0 25 0.76 0.27

CaDibenzothiophenes 1.1 25 0.70 0.29

Fluoranthene 0.01 0.12 0.05 0.02

Pyrene 0.01 0.29 0.05 0.02

C,-Fluoranthenes/Pyrenes 0.06 2.4 0.30 0.08

C,-Fluoranthenes/Pyrenes 0.08 4.4 0.26 0.05

C~-Fluoranthenes/Pyrenes 0.12 5.3 0.31 0.06

Benz(a)anthracene 0.00 0.20 0.00 0.00

Chrysene 0.00 0.85 0.02 0.00

C,-Chrysenes 0.03 2.4 0.11 0.01
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Table 9.19. (Continued).

Compound HI A-595CF SMI 130B SMI 236A VR 214A

C,-Chrysenes 0.06 3.5 0.20 0.03

C~-Chrysenes 0.09 3.3 0.21 0.05

CA-Chrysenes 0.09 2.6 0.21 0.04

Benzo(b)fluoranthene 0.00 ! 0.03 0.02 0.00 II
I I 1

Benzo(k)fluoranthene 0.00 0.07 0.00
1 I t 1

Benzo(e)pyrene 0.00 0.10 0.00 0.00

Benzo(a)pyrene 0.02 0.09 0.01 0.01

Perylene 0.08 2.0 0.36 0.09

Indeno(l ,2,3-cd) pyrene 0.00 0.00 0.01 0.00

Dibenz(a,h)anthracene 0.00 0.02 0.00 0.00

‘Benzo(ghi)perylene 0.00 0.03 0.01 0.00
1 I I 1 II

Total PAHs 58 600 270 130
I I I I II

Total Low MW PAHs 58 570 270 130 II

● May include alkylanthracenes.
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PAHs are diluted rapidly when produced water is discharged to the ocean. Total PAH
concentrations in surface water collected approximately 2,000 m down-current from the four
produced water discharges are diluted by factors of 1,000 to 3,600 compared to concentrations
in the undiluted produced water (Table 9.20). The low molecular weight fraction of the PAH
assemblage is diluted even more. Concentrations of low molecular weight PAHs in the surface
waters near the four produced water discharges are 62V0 to 80% of the concentrations of total
PAHs; in the produced water, more than 95% of the total PAHs in the undiluted produced waters
are low molecular weight compounds. The greater dilution of low molecular weight than high
‘molecular weight PAHs is because ambient surface water near the produced water discharges
and at the reference sites contains some high molecular weight, pyrogenic PAHs not derived
from the produced water, and low molecular weight PAHs tend to be less persistent in the
environment than high molecular weight PAHs. The lowest dilution is for the lowest volume,
lowest concentration produced water discharge (from HI A-595CF). The reason for this is that
the concentrations of total PAHs in this produced water are closer to the background
concentration of total PAHs in surface waters of the northwestern Gulf of Mexico.

The composition of the PAH assemblage in surface water samples near the four
produced water discharges is reasonably consistent (Table 9.21). The only low molecular weight
PAHs present in surface water at three or four of the sites are Cz-naphthalenes, biphenyl,
fluorene, and Cl-phenanthrenes. Dibenzothionene and alkyldibenzothionenes are present in
water near HI A-595CF and VR 214A. These PAHs are strongly indicative of a petroleum
source, possibly produced water. The water samples also contain small amounts of
fluoranthene, pyrene, benzo(a)pyrene and perylene, all strongly indicative of a pyrogenic source.
Thus, the PAHs in surface waters 2,000 m down-current from four offshore produced water.
discharges probably are derived from a combination of petrogenic sources, such as produced
water discharges and releases of refined oil products from vessels, and pyrogenic sources, such
as deposition of exhaust and combustio-n soot from the atmosphere.

Surface water samples from four reference sites in the northwestern Gulf of Mexico
away from produced water discharges contain 0.05 to 0.38 @g/L total PAHs (Table 9.20). Thus,
concentrations of PAHs in ambient surface waters of the northwestern Gulf of Mexico are not
notably higher near ofFshore produced water discharges than elsewhere in the offshore
environment. Concentrations of low molecular weight PAHs in the surface waters at the
reference sites are 32% to 92% of the concentrations of total PAHs, similar to the relative
abundance of low molecular weight PAHs in surface waters near the produced water discharges.
High-volume produced water discharges do not seem to contribute measurably to the
concentrations of total PAHs in surface waters at least 2,000 m from offshore platforms.

The highest mean concentration of total PAHs in surface water at a reference site
(SMI 186/195) is 0.38 #g/L. One of the three replicate samples from this site contains 1.1 ~g/L
total PAHs, 97% of which are low molecular weight compounds. The other two samples contain
0.06 and 0.02 #g/L (mean 0.04 ~g/L) total PAHs, 32% to 40% of which are low molecular weight
compounds. It is probable that the one high value sample contains a droplet of a fairly fresh
crude or refined petroleum product (higher concentrations of alkyl than parent naphthalenes,
fluorenes, phenanthrenes, and dibenzothiophenes). The other two samples contain mainly high
molecular weight unalkylated PAHs characteristic of a pyrogenic source. One of the three
replicate samples from GA A-90 (reference site) also contains a slightly elevated concentration of
total PAHs (0.161 ~g/L), compared to the other two replicates (0.05 and 0.11 fig/L, average 0.08
~g/L). If these few, possibly anomalous samples are excluded, typical background
concentrations of total PAHs in surface waters of the northwestern Gulf of Mexico are in the
range of about 0.05 to 0.1 ~g/L.
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Table 9.20. Mean concentrations of total PAHs and low molecular weight PAHs in produced
water from four offshore platforms and in ambient seawater 2,000 m from the four
platforms and from four reference sites. Dilution of PAH from produced water in
ambient seawater is also given. Concentrations are ~g/L.

Ambient
Site PAH Fratilon Produced Water Seawater Dilution i

HI A-595CF Total 58 0.06 1000

LMW PAHs 58 0.04 1400

SMI 130B Total 600 0.17 3600

LMW PAHs 570 0.10 5400

SMI 236A Total 270 0.07 3600

LMW PAHs 270 0.06 4700

VR 214A Total 130 0.06 2100

LMW PAHs 130 0.05 2700

GA A-205 Total No Discharge 0.05 —

LMW PAHs 0.02 —

GA A-90 Total No Discharge 0.10 —

LMW PAHs 0.09 —

SMI 186/195 Total No Discharge 0.38 —

LMW PAHs 0.35 —

WC 448 Total No Discharge 0.14 —

LMW PAHs 0.10 —

LMW PAHs = low molecular weight polycyclic aromatic hydrocarbons.
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Table 9.21. Mean concentrations of individual and total PAHs in ambient water 2,000 m from
fouroffshore produced water discharges. Concentrations are~g/L.

Compound HI A-595CF SMI 130B SMI 236A VR 214A

Naphthalene ND 0.038 ND ND

C,-Naphthalene ND 0.019 0.006 ND

C,-Naphthalene 0.004 0.020 0.023 0.008

C~-Naphthalene ND ND 0.004 ND

Cd-Naphthalene ND ND ND ND

Acenaphthylene ND ND ND ND

Acenaphthene ND ND ND ND

Biphenyl 0.002 0.004 0.008 0.003

Fluorene ND 0.001 0.002 0.011

C1-Fluorenes ND ND ND ND

C2-Fluorenes ND ND ND ND

C~-Fluorenes ND ND ND ND

Anthracene ND 0.012 0.003 ND

Phenanthrene ND 0.004 0.001 ND

C,-Phenanthrenes* ND 0.004 0.006 0.002

C,-Phenanthrenes* ND 0.003 0.004 ND

C.-Phenanthrenes* ND ND ND ND

C.-Phenanthrenes ND ND ND ND

Dibenzothiophene 0.001 ND ND 0.001

Cf-Dlbenzothiophenes 0.004 ND ND 0.002

C@ibenzothiophenes 0.011 ND ND 0.007

C.Dibenzothiophenes 0.022 ND ND 0.015

Fluoranthene 0.002 0.011 0.002 0.001

Pyrene 0.001 0.008 0.002 ND

C1-Fluoranthenes/Pyrenes ND ND ND ND

C,-Fluoranthenes/Pyrenes ND ND ND ND

Ca-Fluoranthenes/Pyrenes ND ND ND ND

Benz(a)anthracene ND ND ND ND

2Chrysene ND 0.004 ND ND

C,-Chrysenes ND ND ND ND
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Table 9.21. (Continued).

Compound HI A-595CF SMI 130B SMI 236A VR 214A

C,-Chrysenes ND ND ND ND

C,-Chrysenes ND ND ND ND

Cd-Chrysenes ND ND ND ND

Benzo(b)fluoranthene ND 0.006 ND ND

Benzo(k)fluoranthene ND 0.003 ND ND

Benzo(e)pyrene ND 0.004 ND ND

Benzo(a)pyrene 0.012 0.006 0.013 0.010

Perylene 0.002 0.004 0.002 ND

Indeno(l ,2,3-cd) pyrene ND 0.002 ND ND

Dibenz(a,h)anthracene ND ND ND ND

Benzo(ghi)perylene ND 0.014 ND ND

Total PAHs 0.058 0.17 0.074 0.060

Total Low MW PAHs 0.042 0.10 0.056 0.049

ND= Concentration less than about 0.0f)04 Rg/L.
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Concentrations of total PAHs (sum of 14 parent PAHs) in waters of Chesapeake Bay,
USA are in the range of 0.0025 to 0.034 #g/L (Ko and Baker, 1994; Dickhut and G.ustafson,
1995). By comparison, the total concentration of these 14 PAHs in the most heavily
contaminated reference water sample in this study is 0.069 #g/L. The concentration of total
PAHs (the same analytes as listed in Table 9.19) in sutiace waters of areas of Prince WWiam
Sound not affected by the Exxon Valdez oil spill of 1989 was in the range of 0.015 to 0.025 Pg/L
(Neff and Bums, 1996). Thus, outer continental shelf waters of the northwestern Gulf of Mexico
are slightly contaminated with PAHs. Undoubtedly, produced water discharges are just one of
several sources of these aqueous PAHs. The PAH assemblages in surface waters often are
dominated by the higher molecular weight PAHs that are rare in produced water but abundant in
pyrogenic PAH sources. Thus, other sources of these PAHs include emissions of fuel and
exhaust from motor vessel traffic, coastal and river runoff, natural oil seeps, and aerial deposition
of PAHs from combustion sources (Neff, 1979).

More individual PAHs were identified and quantified in the PAH assemblages in
sutface water from the four reference sites than in water from the four produced water discharge
sites (Table 9.22). Sixteen PAHs were quantified in water samples from three or four of the
reference sites. As at the produced water discharge sites, the surface water samples from the
four reference sites contain a mixture of PAHs of petrogenic and pyrogenic origin. At all but one
of the four reference sites, low molecular weight PAHs are more abundant than high molecular
weight PAHs, suggesting that crude and refined petroleum are the main source of PAHs in these
reference areas. The petroleum PAHs may be from small oil or oily water discharges from
commercial vessels, including oil tankers.

9.2.3.4 Ecorisk of Polycyclic Aromatic Hydrocarbons in Ambient Seawater Near
Offshore Produced Water Discharges

The U.S. EPA has published acute and chronic water quality criteria for protection of
marine life for only five individual PAHs and for total PAHs. The published or estimated chronic
criterion values, which range from 4.6 fig/L for phenanthrene to 710 #g/L for acenaphthene, are
orders of magnitude higher than concentrations of individual and total PAHs measured in
ambient seawater samples approximately 2,000 m down current from the produced water
discharges (Table 9.21).

Produced water discharged to open ocean waters usually is diluted by more than
100-fold within 100 m of the discharge. For example, individual PAHs in produced water
discharged from the Kingfish B platform to the Bass Strait, Australia, were diluted 2,000-to
18,000-fold at 20 m down-current of the produced water discharge (Terrens and Tait, 1996). The
dilution rates of the individual PAHs were inversely related to their molecular weights. Brandsma
and Smith (1996) predicted dilutions of several hundred-fold at 100 m from high-volume
produced water discharges based on the Offshore Operators Committee model. Therefore, it is
unlikely that any marine organisms, except possibly some biofouling organisms on legs of the
platform near the produced water discharge point, experience chronic exposure to concentrations
of PAHs greater than those in a 100-fold dilution of the produced water. The 100-fold dilution of
produced water was used as an upper end estimate of the exposure of marine organisms to
PAHs from produced water.
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offshore reference sites in the northwestern Gulf of Mexico. Concentrations are in
.uglL.

Table 9.22. Mean concentrations of individual and total PAHs in surface water from four

Compound GA A-205 GA A-90 SMI 186 WC 448

Naphthalene ND ND 0.033 0.038

C,-Naphthalene ND ND 0.031 0.024

Cz-Naphthalene ND 0.009 0.037 0.008

C~-Naphthalene ND 0.002 0.037 ND

CA-Naphthalene ND ND 0.027 ND

Acenaphthylene ND ND ND ND

Acenaphthene ND ND 0.001 ND

Biphenyl 0.003 0.003 0.007 0.006

Fluorene 0.001 0.002 0.002 0.003

C1-Fluorenes ND 0.004 0.007 ND

C2-Fluorenes ND 0.009 0.014 ND

C~-Fluorenes ND 0.009 0.019 ND

Anthracene ND ND 0.007 0.011

Phenanthrene 0.003 0.001 0.003 0.004

C4-Phenanthrenes* 0.004 0.007 0.017 0.002

Cz-Phenanthrenes* 0.002 0.008 0.022 0.003

C~-Phenanthrenes* ND 0.008 0.019 ND

CA-Phenanthrenes ND 0.001 0.008 ND

Dibenzothiophene ND 0.001 0.003 ND

C1-Dibenzothiophenes ND 0.003 0.009 ND

C,-Dibenzothiophenes 0.002 0.009 0.019 ND

C.Dibenzothiophenes ND 0.014 0.026 ND

Fluoranthene 0.009 ND 0.004 0.008

Pyrene 0.007 ND 0.002 0.005

C1-Fluoranthenes/Pyrenes ND 0.004 0.002 ND

C,-Fluoranthenes/Pyrenes ND 0.005 0.004 ND

C~-Fluoranthenes/Pyrenes ND ND ND ND

Benz(a)anthracene ND ND ND ND

Chrysene 0.003 ND 0.002 0.004
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Table 9.22. (Continued).

Compound GA A-205 GA A-90 SMI 186 WC 448

C1-Chrysenes ND ND ND ND

C2-Chrysenes ND 0.001 ND ND

Ca-ChVsenes ND ND ND ND

Ca-Chrysenes ND ‘ND ND ND

Benzo(b)fluoranthene 0.001 ND ND 0.004
I I I I

Benzo(k)fluoranthene 0.001 0.001 0.001 0.002

Benzo(e)pyrene 0.002 0.001 0.002 0.003

Benzo(a)pyrene 0.004 0.001 0.003 0.004

Indeno(l ,2,3-cd) pyrene 0.002 ND 0.001 0.003

Dibenz(a,h)anthracene ND ND ND ND

Benzo(ghi)perylene 0.002 ND 0.005 0.004

Total PAHs 0.050 0.10 0.38 0.14

Total Low MW PAHs 0.016 0.090 0.35 0.10

ND= Concentration less than about 0.0004 ~g/L.
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The concentrations of PAHs in 100-fold dilutions of produced water from the four
offshore produced water discharges are well below EPA chronic critetion values and chronic
values that were modeled or interpolated (where no published value exists) (Tables 9.23 through
9.26). The fractional chronic toxicity of each PAH in the dilute produced water can be estimated
as toxic units (observed concentration/chronic value). Assuming that the toxicity of different
individual PAHs is additive, the toxicity of all the target PAHs in the diluted produced water (total
PAHs) is equal to the sum of the toxicities of all the individual PAHs.

The estimated 100-fold dilutions of the four produced water samples have mean total
toxic units attributable to PAHs ranging from 0.041 to 1.0 toxic units. The highest value is for
diluted produced water from SMI 130B. It is possible that some sensitive species of marine
organisms would suffer adverse sublethal effects during chronic exposure to a 100-fold or less
dilution of produced water from this platform. The dilute produced water from the other three
platforms contains total PAH concentrations well below concentrations that might lead to chronic
sublethal effects.

The PAHs contributing most to the estimated toxicity of produced water from
SMI 130B are C2-naphthalenes, C~-chrysenes, and Cd-chrysenes. Cq-naphthalenes,
C~-phenanthrenes, and Cd-phenanthrenes also contribute significantly to the estimated toxicity of
the PAH mixture in the dilute produced water. There are no data on the aquatic toxicity of these
alkylated PAHs, except C2-naphthaienes. The chronic values were modeled based on their
estimated log octanol/water partition coefficients (log ~) (McCarty et aL, 1992) and may be
overestimates. These alkyl PAHs, particularly the alkylchrysenes, have very low aqueous
solubiiities, particularly in seawater. It may not be possible to get enough of these chemicals into
true solution (the most bioavailable form) to cause toxic effects (Neff et a/., 1994). Therefore, the
total PAHs in produced water from SMI 130B probably represent substantially less than 1 toxic
unit, indicating that they are not toxic at the expected concentrations in the receiving water
environment.

The few PAHs for which water quality criteria are available are representative of the
toxicity range of low molecular weight PAHs of the types found in produced water. For low
molecular weight PAHs, the toxic concentration in water appears to lie between 20% and 70% of
the saturated concentration (Abemethy et aL, 1986). The toxic concentration for less soluble,
higher molecular weight PAHs is at or in excess of the saturation concentration. Thus, the only
PAHs from produced water that can reach lethal concentrations in receiving waters are the 2-
and 3-ring PAHs. These PAHs have aqueous solubilities in the range of about 30 mg/L
(naphthalene) to about 0.3 mg/L (methylphenanthrene) (Mackay et aL, 1992b). Chronically toxic
concentrations will range from about 6 to 600 ~g/L. Therefore, individual and total PAHs are
not Iikeiy to reach concentrations that are potentially harmful to marine organisms in the
near-field and far-field of these four high volume produced water discharges to the open ocean.

9.2.3.5 Summary of Ecorisk of Metals and Aromatic Hydrocarbons in Ambient Seawater

The chemicals considered most likely to contribute to the toxicity of produced water to
marine organisms are metals and aromatic hydrocarbons. Very low or high salinity, ionic ratios
different from those in natural seawater, ammonia, and hydrogen sulfide often contribute to the
toxicity of produced water in laboratory toxicity tests. Some of these toxicants are artifacts
generated during storage of the produced water in the laboratory. Others of these parameters
are likely to be diluted to safe levels even more rapidly than metals and hydrocarbons when
treated produced water is discharged to the ocean. Thus, they probably do not contribute
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Table 9.23. Mafinechronic toxiciW values, con~ntrations inthelOO-fold diluted produced
water (PW), and toxic units for PAHs in produced water from HI A-595CF. Chronic
values are from Parametric, Inc. (1995) or are one-tenth of the acute toxicities
estimated with the regression of McCaRy et al. (1992). Concentrations are in ~g/L.

Compound Chronic Value
Concentration in

1/1 00 Pw Toxic Units

Naphthalene 214 0.2 0.0009I # ,
C,-Naphthalenes 170 0.14 0.0008

C2-Naphthalenes 8 0.08 0.01

Ca-Naphthalenes 32 0.05 0.002

Cd-Naphthalenes 10 0.03 0.003

Biphenyl 460 0.008 <0.0001

Fluorene 4.6 0.002 0.0004

C1-Fluorenes 31 0.003 <0.0001

C,-Fluorenes 21 0.006 0.0003

C3-Fluorenes 12 0.007 0.0006

Anthracene 2.9 0.0001 <().()001

Phenanthrene 4.6 0.003 0.0007
I I I

C,.Phenanthrenes 45 0.005 0.0001

C,-Phenanthrenes 12 0.008 0.0007

C~-Phenanthrenes 4 0.007 0.002

CA-Phenanthrenes 2 0.004 0.002

Dibenzothiophene 42 0.002 <0.0001

C,-Dibenzothiophenes 43 0.005 0.0001

C,-Dibenzothiophenes 12 0.01 0.0008
I I I

C,-Dibenzothiophenes 8 0.01 0.001

Fluoranthene 16 0.0001 <().0()()1

Pyrene 9 0.0001 <0.()()t)l

C1-Fluoranthenes/pyrenes 8 0.0006 <().0()01

C,-Fluoranthenes/pyrenes 3 0.0008 0.0003

C~-Fluoranthenes/pyrenes 1 0.001 0.001

Benz(a)anthracene 20 ND —

Chrysene 20 <().00()1 <0.0001

C,-Chrysenes 2 0.0003 0.0002
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Compound Chronic Value
Concentration in

1/1 00 Pw
Toxic Units

C,-Chrysenes 0.8 0.0006 0.0008

C3-Chiysenes 0.3 0.0009 0.003

C4-Chrysenes 0.09 0.0009 0.01

Benzo(b)fluoranthene 8 ND —

Benzo(k)fluoranthene 6 ND —

Benzo(e)pyrene 13 ND —

Benzo(a)pyrene 0.5 0.0002 0.0004

Perylene 3 0.0008 0.0003

Indeno(l ,2,3-cd) pyrene 2.4 ND —

Dibenz(a,h)anthracene 7 ND —

Benzo(ghi)perylene 3 ND —’

Total 0.58 0.041

Table 9.23. (Continued).
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Table 9.24. Marine chronic toxicity values, concentrations in the 100-fold diluted produced
water (PW), and toxic units for PAHs in produced water from SMI 130B. Chronic
values are from Parametric, Inc. (1995) or are one-tenth of the acute toxicities
estimated with the regression of McCarty et al. (1992). Concentrations are in ~g/L.

Compound Chronic Value
Concentration in

1/1 00 Pw
Toxic Units

Naphthalene 214 0.58 0.003

C,-Naphthalenes 170 0.69 0.004

C,-Naphthalenes 8 0.88 0.11
I I I

C~-Naphthalenes 32 0.83 0.026

Cd-Naphthalenes 10 0.52 0.052

Biphenyl 460 0.07 0.0002

Fluorene 4.6 0.03 0.007

C1-Fluorenes 31 0.09 0.003
I I I

C,-Fluorenes 21 0.16 0.008

C~-Fluorenes 12 0.18 0.015

Anthracene 2.9 0.004 0.001

Phenanthrene 4.6 0.09 0.019

C1.Phenanthrenes 45 0.25 0.006

C,-Phenanthrenes 12 0.31 0.026

C~-Phenanthrenes 4 0.22 0.055
I I I

CA-Phenanthrenes 2 0.11 0.055

Dibenzothiophene 42 0.05 0.001

C1-Dibenzothiophenes 43 0.13 0.003
I I I

C2-Dibenzothiophenes 12 0.25 0.021

C3-Dibenzothiophenes 8 0.25 0.031

Fluoranthene 16 0.001 0.0001

Pyrene 9 0.003 0.0003

C1-Fluoranthenes/pyrenes 8 0.02 0.0025

Cz-Fluoranthenes/pyrenes 3 0.04 0.013

Ca-Fluoranthenes/pyrenes 1 0.05 0.04

Benz(a)anthracene 20 0.002 0.0001

Chrysene 20 0.008 0.0004

C,-Chrysenes 2 0.02 0.01
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Table 9.24. (Continued).

Compound Chronic Value
Concentration in

1/1 00 Pw
Toxic Units

C,-Chrysenes 0.8 0.04 0.05

C~-Chrysenes 0.3 0.03 0.1

C4-Chrysenes 0.09 0.03 0.33

Benzo(b)fluoranthene 8 0.0003 <().0()01

Benzo(k)fluoranthene 6 0.0007 0.0001

Benzo(e)pyrene 13 0.001 <0.()()()1

Benzo(a)pyrene 0.5 0.0009 0.002

Perylene 3 0.02 0.007

lndeno(l ,2,3-cd) pyrene 2.4 ND —

Dibenz(a,h)anthracene 7 0.0002 <().0()()1

Benzo(ghi)perylene 3 0.0003 0.0001

Total --- 6.1 1.0
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Table 9.25. Marine chronic toxicitv values. concentrations in the 100-fold diluted Droduced
water (PW), and toxi~ units for PAHs in produced water from SMI 236A. Chronic
values are from Parametric, Inc. (’l995) or are one-tenth of the acute toxicities
estimated with the regression of McCarty et al (1992). Concentrations are in ,ug/L.

Compound Chronic Value
Concentration in

1/1 00 Pw
Toxic Units

Naphthalene 214 0.9 0.004

C,-Naphthalenes 170 0.73 0.004

C2-Naphthalenes 8 0.45 0.056

C~-Naphthalenes 32 0.2 0.006

C.-Naphthalenes 10 0.09 0.009

Biphenyl 460 0.11 0.0002

Fluorene 4.6 0.01 0.002

C,-Fluorenes 31 0.02 0.0006

C2-Fluorenes 21 0.02 0.001

C~-Fluorenes 12 0.02 0.002

Anthracene 2.9 0.0007 0.0002

Phenanthrene 4.6 0.01 0.002

Cl.Phenanthrenes 45 0.02 0.0004

C,-Phenanthrenes 12 0.02 0.002

C.-Phenanthrenes 4 0.02 0.005

Cd-Phenanthrenes 2 0.008 0.004

Dibenzothiophene 42 0.002 <0.0001

C,-Dibenzothiophenes 43 0.006 0.0001

C,-Dibenzothiophenes 12 0.008 0.0007

C@ibenzothiophenes 8 0.007 0.0008

Fluoranthene 16 0.0005 <0.000q

Pyrene 9 0.0005 <0.0001

C1-Fluoranthenes/pyrenes 8 0.003 0.0003

Cz-Fluoranthenes/pyrenes 3 0.003 ‘0.001

C~-Fluoranthenes/pyrenes 1 0.003 0.003

Benz(a)anthracene 20 ND —

Chrysene 20 0.0002 <().0()01

C,-Chrysenes 2 0.001 0.0005
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Table 9.25. (Continued),

Compound Chronic Value
Concentration in

1/1 00 Pw
Toxic Units

C,-Chrysenes 0.8 0.002 0.002

C~-Chrysenes 0.3 0.002 0.007

C4-Chrysenes 0.09 0.002 0.022

Benzo(b)fluoranthene 8 0.0002 <0.0001”

Benzo(k)fluoranthene 6 <0.0001 <0.()()01

Benzo(e)pyrene 13 ND —

Benzo(a)pyrene 0.5 0.0001 0.0002

Peryiene 3 0.004 0.001

Indeno(l ,2,3-cd)py rene 2.4 0.0001 <0.0001

Dibenz(a,h)anthracene 7 ND —

Benzo(ghi)perylene 3 0.0001 <().0()01

Total — 27 0.14
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Table 9.26. Marine chronic toxicity values, concentrations in the 100-fold diluted rxoduced
water (PVV), and toxic units for PAHs in produced water from VR 214A. Chronic
values are from Parametric, Inc. (1995) or are one-tenth of the acute toxicities
estimated with the regression of McCarty et d. (1992). Concentrations are in pg/L.

Compound Chronic Value
Concentration in

1/1 00 Pw
Toxic Units

<

Naphthalene 214 0.57 0.003

C,-Naphthalenes 170 0.34 0.002

C,-Naphthalenes 8 0.16 0.02

C~-Naphthalenes 32 0.08 0.0025

Cd-Naphthalenes 10 0.04 0.004

Biphenyl 460 0.04 <().()001

Fluorene 4.6 0.003 0.0006

C1-Fluorenes 31 0.004 0.0001

C9-Fluorenes 21 0.006 0.0003

Ca-Fluorenes 12 0.006 0.0005

Anthracene 2.9 0.0004 0.0001

Phenanthrene 4.6 0.003 0.0006

C,.Phenanthrenes 45 0.004 <().()()()1

C,-Phenanthrenes 12 0.005 0.0004

C3-Phenanthrenes 4 0.004 0.001

Cd-Phenanthrenes 2 0.004 0.002

Dibenzothiophene 42 0.001 <().()001

C1-Dibenzothiophenes 43 0.002 <().()()01

C,-Dibenzothiophenes 12 0.003 0.0002

C~-Dibenzothiophenes 8 0.003 0.0004

Fluoranthene 16 0.0002 <().0()()1

Pyrene 9 0.0002 <0.0001

C1-Fluoranthenes/pyrenes 8 0.0008 0.0001

Cz-Fluoranthenes/pyrenes 3 0.0005 0.0002

C~-Fluoranthenes/pyrenes 1 0.0006 0.0006

Benz(a)anthracene 20 ND —

Chrysene 20 <0.0001 <0.0001

C,-Chrysenes 2 0.0001 <().()001
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Table 9.26. (Continued).

Compound I Chronic Value I Concentration in
1/100 Pw I Toxic Units

C,-Chrysenes 0.8 0.0003 0.0004

C~-Chrysenes 0.3 0.0005 0.002

Cd-Chrysenes 0.09 0.0004 0.004

Benzo(b)fluoranthene 8 <().()0()1 <0.0001

Benzo(k)fluoranthene 6 <0.0001 <().0()01

Benzo(e)pyrene 13 <0.0001 <0.()()01

Benzo(a)pyrene 0.5 <().0001 <0.0002

Peryiene 3 0.0009 0.0003

Indeno(l ,2,3-cd) pyrene 2.4 ND —

Dibenz(a,h)anthracene 7 ND —

Benzo(ghi)perylene 3 ND ND

Total — 1.3 0.046
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significantly to the toxicity of produced water following its discharge to the offshore marine waters
where dilution is rapid.

The toxicity, measured as estimated toxic units, of total monocyclic aromatic
hydrocarbons plus total PAHs plus total metals in 100-fold dilutions of the four produced water
are in the range of 0.15 to 1.1 (Table 9.27). As discussed above, much of the estimated toxicity
of the produced water containing the highest concentration of toxic units is attributable to highly
alkylated medium and high molecular weight PAHs that may not be in true solution in the diluted
produced water. The colloidal or particulate alkyl-PAHs are less bioavailable and toxic than
PAHs in solution. Thus, the actual toxic units in this produced water probably are less than 1.0
(the aromatic hydrocarbons are present at a concentration below the chronic toxicity
concentration).

It is more difficult to estimate the contribution of metals and metalloids to the toxicity
of a 100-fold dilution of the four produced waters. The only metals present in the undiluted
produced waters at more than 100 times their natural concentrations in ambient seawater are
barium, iron, and manganese (Table 9.3). All three of these metals have a very low volubility in
oxygenated natural seawater. These solubilities are below acutely lethal or chronic toxicity
concentrations. Therefore, they cannot reach concentrations in solution high enough or long
enough to cause harm to marine organisms.

Produced water from Hi A-595CF contains the highest concentration (of the four
produced waters analyzed ) of most of the other metals analyzed in this study. The sum of the
mean toxic units of all the metals, except batium, iron, and manganese, in a 100-fold dilution of
produced water from this platform is 0.42 toxic units. Most of the metal toxicity (0.37 toxic units)
in this produced water is attributable to zinc which is present in the produced water at a mean
concentration of 3,000 Mg/L. The total estimated toxicity (metals plus aromatic hydrocarbons) for
a 100-fold dilution of this produced water is 0.49 toxic units, well below a value likely to cause
harm to marine animals in the receiving waters of the discharge.

The 100-fold dilution of produced water containing the highest estimated toxic units
(SMI 130B) attributable to aromatic hydrocarbons also contains 0.015 toxic units of metals. This
brings the total estimated toxic units for this diluted produced water to 1.1 toxic units. The
produced water discharge from SMI 130B is the highest volume of those monitored (3,600,000
Ud). It is possible that produced water concentrations up to the 100-fold dilution modeled here
could persist over a small area (- 20 to 30 m radius around the platform) long enough to cause
adverse chronic or sublethal effects in some sensitive organisms. However, it is highly probable
that the diluting plume of produced water will be moved over a wide area by tidal and longer-term
water currents, so that concentrations of chemicals from produced water at any one location will
vary widely over time, with most concentrations below the chronic toxicity concentrations. Thus,
few attached or motile organisms will be exposed continuously for long periods of time to
potentially toxic concentrations of the diluting produced water. At the other offshore produced
water discharges, it is highly unlikely that concentrations of metals and aromatic hydrocarbons
will ever reach concentrations that could be toxic to local marine organisms.
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Table 9.27. Mean total toxic units for total monoaromatic hydrocarbons and total PAHs in 100-
fold dilutions of produced water from the four offshore platforms.

Compound Class HI A-595CF SMI 130B SMI 236A VR 214A

Monocyclic Aromatics 0.034 0.049 0.083 0.074

PAHs 0.041 1.0 0.14 0.046

Total Metals 0.42 0.015 0.042 0.033

Total Toxic Units 0.49 1.1 0.26 0.15
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9.2.4 Metals and Metalloids in Sediments

A large fraction of the metals entering the ocean from natural and anthropogenic
sources precipitates or becomes bound to suspended particles and colloidal and dissolved
organic matter (Salomons and F5rstner, 1984). These precipitated, adsorbed, or complexed
metals tend to be deposited in more or less labile forms in surficial sediments. The sediment
particles themselves may contain high concentrations of some metals. The metals that are part
of the structure of the sediment particles are not readily mobilized and usually are termed
residual metals.

Adsorbed, precipitated, and complexed metals may be mobilized under some
conditions. In anoxic marine sediments, most of which contain high concentrations of sulfur,
sulfides and to a lesser extent organic matter control metal speciation and the forms of metals
present. In oxidized, fine-grained marine sediments, hydrous oxides of iron, aluminum, and
manganese, clay minerals, carbonates, and organic matter all compete for binding of metals
(Luoma and Bryan, 1981; Louma and Davis, 1983). Metals adsorbed to iron and manganese
oxide phases, sediment organic matter, or present as solid sulfide salts may be released from
the solid phase and be mixed into the overlying water column, particularly during periods of redox
potential changes (up or down) in the sediments. Thus, marine sediments are not only a sink for
metals, but also a source of dissolved, bioavailable metals in the overlying water column
(Salomons et zd., 1987).

The chemical species, complexes, adsorbed, and solid forms in which different
metals occur in marine sediments have a profound effect on their bioavailability and toxicity to
marine organisms (Nelson and Donkin, 1985). Only bioavailable metals (dissolved or sometimes
organically bound) in sediments are toxic to marine organisms if concentrations are high enough.

Metals dissolved in the interstitial water of sediments are considered to be the most
bioavailable and toxic. Concentrations in solution in interstitial water of some metals (cadmium,
copper, nickel, lead, and zinc) are thought to be controlled by concentrations of labile sulfides
and organic matter in the sediments (Ankley et aL, 1996; Hansen eta/., 1996; Mahoney et aL,
1996). Labile metal sulfides in sediment, called acid-volatile sulfide (AVS) and operationally
defined as the sulfides extracted from sediment with cold 1N hydrochloric acid, are primarily
solid-phase iron and manganese monosulfides (DeWitt et aL, 1996). Metals whose volubility
products with sulfide are lower than those of iron and manganese monosulfides will substitute for
iron and manganese and precipitate from the interstitial water when they co-occur in sediments
with the iron and manganese sulfides. If the sediment contains more AVS than the metals,
concentrations of the metals in sediment interstitial water will be low and the metals are unlikely
to be toxic to benthic organisms. Thus, the potential for a metal or group of metals in sediment
to be toxic can be estimated from the ratio of the molar concentration of total metals (~SEM) to
the molar concentration of AVS in the 1N hydrochloric acid extract of the sediments. If ~SEM] s
[AVS], the metals are unlikely to be toxic to benthic organisms.

Most marine sediments contain high concentrations of sulfur, iron, and manganese.
Seawater contains about 0.029 M sulfate (2,760 mg/L). Interstitial water of oxidized marine
sediments may contain similar or higher concentrations of sulfate. Marine sediments also
contain high concentrations of iron and manganese. Sediments collected in this study from the
vicinity of produced water discharges contain 1?40 to 6.5% iron and 100 to 960 mg/kg manganese;
sediments from reference sites contain 1.1 ?40 to 3’%0iron and 220 to 600 mg/kg manganese.
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Therefore, these sediments arelikely tocontain high concentrations of AVS. Thehigh AVS
probably keeps the concentrations of metals that form stable sulfides low in sediment interstitial
water. Leonard eta/. (1996) reported that 71 YO of 131 marine sediments collected from the US
Atlantic coast in the Environmental Monitoring and Assessment Program (EMAP) contained
[~SEM] c [AVS]. None of the sediment interstitial waters contained toxic concentrations of the
five metals examined, cadmium, copper, lead, nickel, and zinc.

Concentrations of different metals and metalloids in surficial sediments vary widely
depending on the geochemistry of the sediments and proximity to natural and anthropogenic
sources. All marine sediments contain measurable concentrations of most metals and
metalloids. Therefore, it often is difficult to determine with any certainty whether a sediment is
contaminated with metals or reflects the natural concentrations. Normalization to aluminum (a
major natural component of clay minerals) is used sometimes to identify the presence of some
metals from anthropogenic sources (Whdom et aL, 1989: Chapter 7 and Trefry et aL, 1996).
Aluminum normalization corrects for differences among sediments in grain size and mineralogy.
Trefry et al (1996) and Chapter 7 concluded, based on aluminum normalization, that
concentrations of cadmium, iron, nickel, and mercury in sediments near SMI 236A and HI
A-595CF are at or near natural levels. On the other hand, concentrations of barium and lead are
in excess of expected values at some locations near the platforms, probably as a result of
discharges of drilling fluids and produced water from the platforms. However, much of the
metals in sediments are tightly bound to particles and are not readily bioavailable. Elevated
concentrations of one or more metals in sutilcial sediments is not necessarily an indication that
the local bottom plants and animals are being adversely affected.

9.2.4.1 Aluminum, Iron, Calcium, and Manganese

Aluminum and calcium can be considered matrix chemicals in marine sediments.
Most of the aluminum is part of the matrix of aluminosilicate minerals that are the dominant clay
minerals in sediments. Most clays are hydrous .aluminosilicates; in most marine sediments, there
is a direct correlation between the percent clay and the concentration of aluminum. Clay
particles, because of their large surface area to mass ratios and electrical charges, readily
adsorb iron and manganese oxide coatings on their surfaces. These coatings, in turn, adsorb
many metals (Jenne, 1977; Schoer, 1985). Thus, clay sediments sometimes contain high
concentrations of several metals. In sediments with mixed grain sizes, most of the metals are
associated with the clay fraction. Thus, normalization of metal concentrations to the aluminum in
the sediments corrects for variances in sediment grain size.

SurFicial sediments from the four reference locations contain 2.7% to 5.8% aluminum
(Table 9.28). Sediments from the vicinity of the four offshore produced water discharges contain
1.2 to 7.7% aluminum (Tables 9.29 through 9.32). These concentrations are fairly typical of
muddy sand sediments. Nearly all the aluminum in marine sediments is tightly bound to the
matrix of the sediment particles and is not bioavailable or toxic to marine organisms. The
aluminum data suggest that the range of grain sizes in sediments from the reference sites is
wider than but includes the range found in surficial sediments from the vicinity of the four
produced water discharge sites. This is not completely true as some of the discharge site
stations have higher percentages of gravel/sand and other stations higher percentages of
siltlclay (Chapter 5).
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Table 9.28. Mean concentrations of selected metals and metalloids in surficial sediments (0-2.
cm) from the four Component 2 reference sites in the northwest Gulf of Mexico.
Concentrations, except where noted, are ,ug/g dry weight of sediment.

Metal/Metalloid GA A-90 GA A-205 SMI 186/195 WC 448

Aluminum (%) 4.1 2.7 4.6 5.8

Iron (70) 1.8 1.1 2.7 3.0

Calcium (’%0) 2.8 4.0 18 6.4

Arsenic 4.7 3.-1 13 21

Barium 400 330 660 550

Cadmium 0.05 0.06 0.13 0.08

Chromium 38 28 48 54

Copper 6.2 4.4 12 11

Mercury 0.01 0.01 0.04 0.02

Manganese 310 221 820 600

Molybdenum 0.74 1.9 2.1 4.4

Nickel 12 7.4 19 18

Lead 14 11 18 20

Vanadium 59 29 88 96

Zinc 49 35 74 85
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Table 9.29. Mean concentrations of selected metals and metalloids in produced water and in
surficial sediments at different distances from the produced water discharge from
SMI 236A. Concentrations, except where noted, are in mg/L produced water and
~g/g dry weight sediment.

Metal/Metalloid Produced Water Dkcharge Station 20 m 2,000 m

Aluminum (Yo) — 1.2 7.4 7.7

Iron (%) 0.0012 0.97 3.6 3.7

Calcium (70) — 1.7 1.0 1.7

Arsenic 0.0008 1.5 7.7 8.4

Barium 160 600 960 740

Cadmium 0.0001 0.19 0.24 0.16

Chromium 0.0004 13 77 83

Copper 0.002 6.2 20 18

Mercury 0.00008 0.02 0.04 0.05

Manganese 1.2 103 770 780

Molybdenum 0.001 0.70 1.5 0.77

Nickel 0.002 5.8 27 28

Lead 0.0002 13 36 24

Vanadium <().()()1 15 115 110

9-58



Table 9.30. Mean concentrations of selected metals and metalloids in f)roduced water and in
sutficial sediments at different distances from the produced water discharge from
SMI 130B. Concentrations, except where noted, are in mg/L produced water and
~g/g dry weight sediment.

Metal/Metalloid Produced Water I 60 m 2,000 m
I I

Aluminum (%) — 1.6 7.7
I I I

iron (%) 0.003 1.2 3.5
I I I

Calcium (70) — 2.9 2.7

Arsenic 0.0007 4.6 15

Barium 87 700 3,800

Cadmium 0.0002 0.72 0.09
I I 1

Chromium 0.0003 58 75
1 1 I

Copper <0.0002” 10 15

Mercury 0.00001 0.35 0.05

Manganese 1.4 130 960
I 1 1

Molybdenum 0.0008 2.8 2.9

Nickel 0.0031 6.0 26

Lead 0.0007 7.8 29
I I I

Vanadium <().0012 22 130
I i I

Zinc 0.028 800 120
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Table 9.31. Mean concentrations of selected metals and metalloids in produced water and in
surficial sediments at different distances from the produced water discharge from
VR 214A, Concentrations, except where noted, are in mg/L produced water and
~g/g dry weight sediment.

Metal/Metalloid Produced Water 20 m 2,000 m

Aluminum (Yo) — 5.2 7.1

Iron (%) 0.0012 6.6 3.1

Calcium (’Yo) — 5.8 1.7

Arsenic 0.006 4.4 7.7

Barium 220 3,000 1,100

Cadmium 0.0003 ‘ 0.73 0.11

Chromium 0.0001 96 79

Copper <0.()()()2 25 12

Mercury 0.00004 0.06 0.03

Manganese 4.5 407 940

Molybdenum 0.0017 5.7 0.80

Nickel <0.0012 31 21

Lead 0.0001 110 23

Vanadium <0.()()12 91 118

Zinc 0.086 280 99
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Table 9.32. Mean concentrations of selected metals and metalloids in produced water and in
surficial sediments at different distances from the produced water discharge from
HI A-595CF. Concentrations, except where noted, are in mg/L produced water and-.
pg/g dry weight sediment.

Metal/Metalloid Produced Water 50 m 2,000 m

Aluminum (Yo) — 3.2 5.8

Iron (%) 0.0035 1.7 2.6

Calcium (Yo) — 7.0 8.26

Arsenic 0.025 4.4 8.0

Barium 320 6,500 6,300

Cadmium 0.0006 0.80 0.12

Chromium 0.00002 41 58

Copper <0.0002 9.7 13

Mercury 0.00004 0.12 0.06

Manganese 7.1 240 650

Molybdenum 0.0014 0.93 0.70

Nickel <0.()()12 9.4 21 ‘

Lead 0.020 78 24

Vanadium < <0.0012 31 87

Zinc 3.0 280 96
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Most of the calcium in marine sediments is associated with biogenic calcium
carbonate (calcite, aragonite, and vaterite). It represents the weathered skeletal remains of
marine plants, bacteria, and invertebrates. Thus, the concentration of calcium is an indication of
the carbonate minerals in the sediments. Most carbonate sediments are coarse-grained,
consisting of eroded skeletal fragments. Because only small amounts of most metals are
included in the matrix of calcite and aragonite crystals or are adsorbed to the surface of calcium
carbonate particles, carbonate sediments usually contain lower concentrations of most metals
than do clay sediments.

Surficial sediments from the four reference sites contain 2.8% to 18% calcium (Table
9.28). Sediment from reference site SMI 186/195 may contain as much as 38% calcium
carbonate and so would be classified as a carbonate sediment. Sediments from the vicinity of
the four offshore produced water discharges contain 1.0% to 8.6% calcium (Tables 9.29 through
9.32). The calcium in these sediments is associated primarily with crystalline calcium carbonate
and is not bioavailable or toxic to marine organisms. With the exception of sediments from
reference site SMI 186/195, sediments from reference and produced water discharge sites have
similar calcium concentrations and, thus, similar concentrations of calcium carbonate sediments.

Iron and manganese are present in marine sediments primarily as insoluble hydrous
oxides. Fe(lll) and Mn(lll, IV) hydrous oxides tend to form colloidal precipitates in the water
column and are deposited as coatings on suspended inorganic particles (Burns and Bums, 1981;
Schoer, 1985). Hydrous oxides include oxides, hydroxides, and oxide hydroxides (Schindler and
Stumm, 1987). Weathering and erosion of terrestrial rocks introduces several forms of colloidal
Fe(Ill) to the ocean in runoff from Iand. Manganese probably enters the ocean primarily as
amorphous or poorly crystalline vernadite (6-Mn02) and manganite (T-MnOOH). These
suspended iron and manganese hydrous oxide particles have diameters of only tens of angstrom
units. Iron hydrous oxides, and to a lesser extent, manganese hydrous oxides tend to adsorb to
and form coatings on inorganic sediment particles, particularly clays. Manganese hydrous oxides
tend to persist as discrete microparticles.

The solid iron and manganese in sediments are not bioavailable or toxic to marine
organisms. However, the Fe/Mn-oxide coatings and particles have a strong affinity for binding
dissolved metals in the water column and sediments. Much of several metals (arsenic,
cadmium, chromium, copper, lead, molybdenum, nickel, vanadium, and zinc) in oxidized marine
sediments is associated with iron and manganese hydrous oxide coatings and particles (Shieh
and Duedall, 1988; Schimmield and Pedersen, 1990; Brown and Neff, 1993). In this form, the
metals are not readily bioavailable to marine organisms. However, if the sediments become
anoxic, the iron and manganese oxides dissolve, releasing the adsorbed metals into the
sediment interstitial water, from which they can be mixed up into the overlying oxid”wedsediment
layers or water column in potentially bioavailable forms (Forstner and Wittmann, 1981; Ridgeway
and Price, 1987). However, much of the iron released by dissolution of iron hydrous oxides in
anoxic layers of sediments is reduced rapidly in the presence of sulfide to mackinawite (FeS),
pyrite (FeS2), and possibly greigite (Fe$A) (Schimmield and Pedersen, 1990). Many metals and
metalloids may coprecipitate with the iron sulfides.
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9.2.4.2 Arsenic

Mean concentrations of arsenic in surficial sediments collected at different distances
from the four produced water discharges range from 1.5 #g/g dry weight (discharge station at

SMl 236A) to 15 #g/g (2,000 m station at SMI 130A) (Tables 9.29 through 9.32). At all four
platforms, arsenic concentrations in sediments are lower in sediments 20,50, and 60 m from the
platform discharge than in sediments 2,000 m away. Sediments near the shallowest site (SMI
236A) contain the lowest mean concentrations of arsenic. Mean concentrations of arsenic in
sediments near the produced water discharge containing the highest mean concentration of
arsenic are not elevated compared to sediments horn the vicinity of the other produced water
discharges or the reference sites. Therefore, produced water discharges from the four offshore
platforms do not appear to have an effect on concentrations of arsenic in nearby surficial
sediments.

Surficial sediments from the four reference sites contain mean concentrations of 3.1
pg/g to 21 #g/g arsenic (Table 9.28). These concentrations are within the range or slightly
higher than concentrations of arsenic in surficial sediments near the four produced water
discharges.

Concentrations of total arsenic in uncontaminated nearshore man!ne and estuarine
sediments usually fall in the range of 5 to 15 @g (Moore and Ramamoorthy, 1964). However,
the average concentration of arsenic in deep sea sediments is about 40 ~g/g (Bostrom and
Valdes, 1969). Daskalakis and O’Connor (1995) examined chemical residue data for large
numbers of marine sediment samples collect~ as part of the National Status and Trends
Program and several other monitoring programs in coastal marine environments of the U.S.
They identified a “high” concentration of-contaminants in sediments as the geometric mean plus
one standard deviation of all National Status and Trend site means. The “high” concentration for
arsenic in U.S. coastal marine sediments is 13 fig/g (Table 9.33). This concentration is
exceeded frequently near natural and anthropogenic sources of this metalloid. Eighteen percent
of the 13,500 sediment samples in the Coastal Sediment Database (COSED) contain an arsenic
concentration equal to or higher than the “high”value. Three of the 13 site mean concentrations
of arsenic (23Yo) in this study are in excess of the “high” concentration for arsenic. Two of the
sites are reference sites and one is 2,000 m from a produced water discharge. It is highly
probable that the three high mean concentrations of arsenic are either natural or derived from a
source other than the produced water discharges.

9.2.4.3 Barium

Concentrations of barium are highly vatiable in sediments near the four produced
water discharges. The range of mean concentrations in sediments at different distanoes from
the produced water discharges is from 60 pg/L (station at the produced water discharge at SMI
236A) to 6,500 #g/g (60-m station at HI A-595CF) (Tables 9.29 through 9.32). Mean barium
concentrations in sediments are above 1,000 pg/L at five of the nine sampling stations near
produced water discharges. At a sixth station, the mean concentration is 960 ~g/L. The two
highest barium concentrations in sediments are from the vicinity of the HI A-595CF, which is the
farthest offshore in the deepest water. By comparison, mean concentrations of barium in
surficial sediments at the four reference sites range from 400 to 660 ~g/g (Table 9.28).
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(geometric mean plus one standard deviation) from the National Status and Trends

10th percentile effects concentration and the effects range-median (ERM) is the
50th percentile effects concentration. From Long et al (1995) and Daskalakis and
OConnor (1995).

1

Chemical ERL ERM High Concentration
1

Arsenic 8.2 70 13

Cadmium 1.2 9.6 0.54

Chromium 81 370 120

Copper 34 270 42

Lead 47 220 45

Mercury 0.15 0.71 0.22

Nickel 21 52 42

Zinc 150 410 140

Table 9.33. Proposed sediment quality guidelines @g/g dry weight) and “high” concentrations

database for metals in marine sediments. The effects range-low (ERL) is the lower
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Barium is the fourteenth most abundant element in the continental crust of the earth,
with an average concentration of about 400 pg/g and a range in marine sediments from less than
1 ~g/g to at least 2,000 ~g/g (llefry, 1982). Barium concentrations vary widely in marine and
estuarine sediments not obviously contaminated with discharged oil well drilling fluids (rich in
barite) and produced water (rich in dissolved barium). Coarse-grained carbonate and silicate
sediments often contain less than 100 #g/g barium, whereas, fine grained sediments, rich in clay
minerals, may contain more than 1’,000 ~g/g barium (Neff, 1996a). Boothe and James (1985)
reported barium concentrations ranging from 245 to 1,000 #g/g in sediments from several
regions of the Texas/Louisiana outer continental shelf and slope. Both drilling fluids, used during
rotary drilling of oil and gas wells, and produced water often contain high concentrations of
barium. Discharge of these wastes from offshore platforms to the ocean results in the deposition
of dense, insoluble barium sulfate (barite) in sediments over a large area around the platform
(Neff et aL, 1987; Boothe and Presley, 1989). This often results in gradients of steeply
decreasing barium concentrations in sediments with distance from oil platforms (API, 1989;
Boothe and Presley, 1989; Jenkins et aL, 1989). Barium from drilling fluids and produced water
remains in marine sediments as relatively inert barite; however, some of the barite may dissolve,
releasing small amounts of barium into the overlying water column. However, barium
concentrations in the sediment interstitial water and in the overlying water column remain below
the saturation concentration (-50 ~g/L) of barium in seawater (Neff and Sauer, 1995). This
concentration of dissolved barium is well below toxic concentrations to marine organisms
(Spangenberg and Cherr, 1996).

The mass loadings of barium from the four produced water discharges to the ocean
range from 98 metric tons/year at VR 214A to 140 metric tons/year at SMI 236A. During drilling
of an offshore well with a water-base drilling mud, approximately 600 to 2,200 metric tons of
drilling fluid solids containing 250 to 400 metric tons of barium are discharged to the ocean
(National Research Council, 1983). From one to a dozen or more wells maybe drilled from a
single production platform. Thus, both produced water and drilling mud discharges may
contribute to the total amounts of barite in sediments near the platforms.

Boothe and Presley (1989) reported that background concentrations of barium in
sediments of the northwestern Gulf of Mexico are in the range of 200 to 800 pg/g dry weight. if,
based on mean concentrations of barium in sediments from the four reference sites, it is
assumed that the “typical background” concentration of barium in outer continental shelf
sediments of the northwestern Gulf of Mexico is about 500 ~glg, sediments near the four
produced water discharges contain excess barium ranging from 200 to 6,000 ~g/g at stations 20,

50, and 60 m from the discharges and 240 to 5,800 pg/g at stations 2,000 m from the
discharges. The excess inventories of barium in sediments are greatest near the deepest water,
lowest volume produced water discharge (H1 A-595CF). Barium concentrations are essentially
the same in sediments 60 and 2,000 m from the discharge. One would expect a gradient of
barium concentrations in sediments if the barium was coming from drilling fluid or produced
water discharges. Barium deposition from produced water might produce a wider more uniform
distribution of barium in the vicinity of the platform. Offshore sediments often contain higher
natural concentrations of barium than nearshore sediments (Goldberg and Arrhenius, 1958;
Turekian and Wedepohl, 1961 ). The true background concentration in sediments from this site is
not known, but may be higher than about 500 #g/g. However, it is probable that it is substantially
less than 6,000 ~g/L. Therefore, it is highly probable that sediments near HI A-595CF are
contaminated with barium, probably as barite, from platform discharges.
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9.2.4.4 Cadmium

Mean concentrations of cadmium in surficial sediments near the four offshore
produced water discharges are in the range of 0.09 to 0.80 fig/g (Tables 9.29 through 9.32).

The “high” concentration of cadmium in marine sediments is 0.54 ~g/g (Table 9.33). However,
31% of sediments in COSED contained higher concentrations of cadmium. Mean concentrations
of cadmium in sediments 20, 50, and 60 m from three of the produced water discharges are
greater than 0.54 fig/g. Mean concentrations in sediments at the discharge station and the 20-m
station at SMI 236A and at all 2,000-m stations are below the “high’ value (Table 9.29). In all
cases, mean cadmium concentrations in sediments 20, 50, and 60 m from all four platforms are
higher than concentrations 2,000 m from the platforms. These results suggest that sediments
near the four offshore produced water discharges may be slightly contaminated with cadmium
from platform discharges, possibly from produced water.

Mean cadmium concentrations in sediments from the four reference stations are in
the range of 0.05 to 0.13 &g/g, well below the “high” concentration (Table 9.28). These
observations suggest that background concentrations of cadmium in sediments from the
northwestern Gulf of Mexico are generally below 0.15 pg/g. Cadmium concentrations in
uncontaminated marine sediments usually fall in the range of 0.1 to 0.6 fig/g (Warren, 1981).
Sediments from uncontaminated estuaries along the Atlantic and Gulf coasts of Florida contain
0.01 ~g/g to about 0.3 #g/g cadmium; and there is a direct correlation between concentrations of
cadmium and aluminum in the sediments (Schropp et al., 1990). Wetland sediments from
coastal Louisiana contain 0.5 to 10 ~glg cadmium; for all but the highest concentrations, there is
a good correlation between aluminum and cadmium concentrations (Pardue et aL, 1992).
Generally, there is a good correlation between cadmium and aluminum concentrations in
sediments near the produced water discharges (Chapter 7 and Trefry et aL, 1996), indicating
minimal contamination of the sediments by platform discharges. Mississippi River suspended
matter contains an average of 0.7 #g/g cadmium (Chapter 7 and Trefry eta/., 1996) and could
contribute to the slightly elevated concentrations of cadmium in some sediments in areas
influenced by the oufflow of the Mississippi River.

9.2.4.5 Chromium

Chromium is abundant in marine sediments. Concentrations in clean marine and
estuarine sediments usually range from 50 to 100 #g/g (Salomons and Forstner, 1984; Mayer,
1988). The “high” concentration of chromium in U.S. coastal marine sediments is 125 ~g/g

(Table 9.33). Sediments from the coastal zone of Louisiana contain 17 to 66 #g/g chromium.
Galveston Bay, Texas, sediments contain 4 to 102 #g/g chromium (Morse et al., 1993).
Sediments from the Calccasieu River estuafy, Louisiana, contain 10 to 150 @g/g chromium.
Most of the chromium in marine sediments is associated with iron and manganese oxides and
with organic matter (Loring, 1982). Concentrations usually
aluminum (Windom et al., 1989; Schropp eta/., 1990).

correlate well w~h concentrations of
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Concentrations of chromium in surficial sediments tend to increase with distance from
the fourproduced water discharges ~ables9.29 through 9.32). Mean concentrations range
from 13 pglg at the produced water discharge station at SMI 236A to 96 #g/g at the 20-m station
at VR 214A. The mean concentrations of chromium in sediments in the vicinity of the four
produced water discharges are similar to or slightly higher than concentrations in sediments from
the four reference sites (Table 9.28). Mean concentrations of chromium in sediments from the
four reference sites range from 28 to 54 ~g/g.

The chromium concentrations for the four produced waters examined in this study
ranged from cO.I to 0.4 ~g/L, but chromium was not determined in ambient seawater so relative
enrichment of chromium in produced water compared to ambient seawater is not known.
Produced water from other locations in the Gulf of Mexico contains less than 0.01 @L to
approximately 390 #g/L chromium. By comparison, concentrations of chromium in clean oceanic

water usually fall in the range of 0.10 to 0.55 @g/L (Burton and Statham, 1982; Murray et aL,

1983; Ciceri et aL, 1992). Thus, chromium in the four produced waters in this study was not
enriched compared to concentrations in ambient seawater.

Chromium concentrations in sediments near produced water discharges are not
substantially higher than concentrations in clean marine sediments or sediments from reference
sites. Therefore, it is probable that chromium from produced water is not accumulating in
sediments near offshore produced water discharges.

9.2.4.6 copper

Copper concentrations in clean marine and estuarine sediments usually are in the
range of 10 to 50 ~g/g (Salomons and Forester, 1984; Ridgway and Price, 1987). Sediments
from Galveston Bay, Texas, and coastal Louisiana contain 2 to 30.3 ~g/g copper. The “high”
concentration of copper in National Status and Trends coastal marine sediments is 42 #g/g
(Table 9.33).

Copper concentrations in surficial sediments from the four reference sites and the
four produced water discharge sites all fall within the lower part of the range or natural sediment
copper concentrations (Tables 9.28 through 9.32). Sediments from the reference sites contain
4.3 to 12 ~g/g coppen sediments collected at different distances from the four produced water
discharges contain means of 6.2 to 25 #g/g copper. At three of the four discharging platforms,
copper concentrations in sediments increase with distance from the discharge. Concentrations
of copper are lower in the four produced waters than they are in ambient seawater near the
platforms. Therefore, there is no evidence that copper from produced water is accumulating in
sediments near the produced water discharges.

9.2.4.7 Mercury

Mercury usually is present in uncontaminated marine and estuarine sediments at a
concentration of 0.2 #g/g dry weight or lower (Crecelius et aL, 1975; Salmons and Forstner,
1984) except in areas, such as the East Pacific Rise and the Mid-Atlantic Ridge, where there are
natural mercury-containing heavy minerals, such as cinnabar (Jonasson and Boyle, 1972). The
“high” concentration of mercury in coastal sediments sampled in the National Status and Trends
Program is 0.22 flglg (Table 9.33). Surficial sediments from the four reference sites in this study
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contain 0.01 to 0.04 ~g/g total mercury. These concentrations are typical of natural levels in
marine sediments.

Surficial sediments near the four produced water discharges contain 0.02 to
0.35 pg/g total mercury (Tables 9.29 through 9.32). The only sediment containing mercury at a
mean concentration higher than the “high”value is fkom the 50-m station at SMI 130B, where the
produced water contains an average of 0.01 ~g/L total mercury (Table 9.30). Sediments 2,000

m from this discharge contain 0.05 Kg/g mercury. The source of the mercury in sediments near
SMI 130A is unknown; it probably did not come from the produced water discharge which was
not greatly enriched in mercury compared to ambient seawater.

9.2.4.8 Molybdenum

There is little published information about molybdenum in marine sediments.
average concentration in deep-sea clays is 27 ~g/g (Turekian and Wedepohl, 1961 ).

The

Molybdenum in sediments from a eutrophic area of the continental shelf off west Affica contained
0.74 to 2.62 pg/g; molybdenum concentration increased with depth in sediment cores, reflecting
trapping of the molybdenum in hypoxic sediment layers (Legeleux et aL, 1995). Other marine
sediments typically contain 0.2 to 8 #g/g molybdenum (Bowen, 1979). Mean molybdenum
concentrations in sediments near the four reference sites are in the range of 0.74 to 4.4 ~g/g
(Table 9.28). These concentrations are similar to those in sediments collected at different
distances from the four produced water discharges (Tables 9.29 through 9.32). Mean
concentrations of molybdenum in sufilcial sediments near the produced water discharges range
from 0.70 to 5.7 ~g/g. The highest mean concentration is in sediment at the 20 m station at
VR 214A in approximately 39 m of water. This is the only platform site where molybdenum
concentration in sediments decreases significantly with distance from the platform. Produced
water from the four platforms sampled in this study contain lower concentrations of molybdenum
than is present in ambient seawater near the platforms. Therefore, it is highly unlikely that
molybdenum from produced water is accumulating in sediments near the produced water
discharges.

Molybdenum in seawater and oxidized marine sediments has a strong affinity for
manganese oxyhydroxides and tends to coprecipitate with them (Schimmield and Pederson,
1990). Most of the molybdenum in oxidized layers is tightly bound to the solid manganese oxide
phase of the sediments and is not readily bioavailable. in anoxic sediment layers, molybdenum
co-precipitates with iron mono-sulfides, decreasing its mobility and bioavailability.

9.2.4.9 Nickel

Nickel often is relatively abundant in marine sediments. Clean marine sediments
usually contain 50 gig or less of nickel, the concentration often being positively correlated with
the clay content of the sediments (Bowen, 1979). Sediments from Galveston Bay, Texas,
contain 0.6 to 50 Kg/g nickel. The “high concentration of nickel in sediments from National
Status and Trends monitoring sites is 42 pg/g (Table 9.33). However, much higher
concentrations of nickel are reported frequently for apparently uncontaminated marine sediments.
For example, Loring and Asmund (1996) reported 18 to 388 ~g/g nickel in sediments from
coastal waters of east and west Greenland. Offshore surficial sediments from the Tyrrhenian
Sea (west of Italy) contain 35 to 457 ~g/g nickel (Leoni et al., 1991).
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Most of the nickel in uncontaminated sediments is associated with oxide and silicate
mineral matrix of the sediment and is inert (Loring, 1982). Nickel and aluminum concentrations
are highly correlated in clean marine sediments (Schropp eta/., 1990; Schimmield and Pedersen,
1990).

Nickel concentrations in surficiai sediments from the four reference sites range from
7.4 to 19 ~g/g (Table 9.28). Surficial sediments near the four produced water discharges
contain means of 5.8 to 31 #g/g (Tables 9.29 through 9.32). At three of the four platforms,
nickel concentrations in sediments increase with distance from the platform. At VR 214A, mean
sediment nickel concentration is 31 @g (the highest mean concentration measured) at the 20-m
station and 21 ~g/g at the 2,000-m station. All these concentration are in the expected range for
clean marine sediments. The produced water is only slightly enriched in nickel compared to
concentrations in ambient seawater. Therefore, it is doubtful that nickel from produced water is
accumulating in sediments near the produced water discharges.

9.2.4.10 Lead

Concentrations of lead in uncontaminated marine and estuarine sediments usually are
in the range of 5 to about 30 ~g/g (Salomons and Forstner, 1984). Lead concentrations usually
are inversely correlated to sediment grain size and directly correlated with aluminum
concentrations (Schropp et aL, 1990; Krumgalz et al., 1992). The “highnconcentration of lead in
sediments sampled during the National Status and Trends Program is 45 ~g/g (Table 9.33).
Sediments from Galveston Bay, Texas, contain 12 to 46 ~g/g total lead (Morse et al., 1993).
Much of the lead in clean marine sediments is in residual forms, associated primarily with sulfide
minerals, and is not bioavailable (Loring, 1982).

Mean concentrations of lead in sediments from the four reference sites are in the
range of 11 to 20 fig/g (Table 9.28). Mean concentrations of lead in sediments from different

distances from the four produced water discharges are more variable, ranging from 7.8 ~g/g at
the 50-m station at SMI 130A to 78 #g/g at the 60-m station at HI A-595CF and 110 #g/g at the
20-m station at VR 214A. Lead concentrations in sediments from the stations with the highest
mean lead concentrations were higher than predicted from the correlation between lead and
aluminum concentrations from most sediments, indicating that some of the excess lead in these
sediments probably is of anthropogenic origin. Produced water from HI A-595CF contains 10 to
28 fig/L lead and may be a source of some of the excess lead in sediments near the platform.
However, produced water from VR 214A contains a mean of only 0.13 @L lead, a concentration
only about twice as high as the lead concentration in ambient seawater from the vicinity of that
platform. The excess lead in sediments near this platform probably did not come from produced
water. It may have been derived from other platform discharges (e.g., drilling fluids).

9.2.4.11 Vanadium

Vanadium is abundant in seawater and marine sediments. Mean concentrations in
marine sediments of different mineralogy are in the range of 20 to 130 ~g/g (Bowen, 1979).
Vanadium concentrations in sediments near three oil platforms off Texas monitored in the Gulf of
Mexico Offshore Operations Monitoring Experiment (GOOMEX) are in the range of 3.41 to 208.5
~g/g (Kennicutt, 1995).
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Mean concentrations in surficial sediments near the four reference sites are in the
range of 29 to 96 pg/g (Table 9.28). Mean concentrations of vanadium in sediments from the
vicinity of the four produced water discharges are more variable and range from 15 ~g/g at the

discharge station at SMI 236A to 130 #g/g at the 2,000-m station at SMI 130A (Tables 9.29
through 9.32). Vanadium concentrations in sediments at the reference and discharge sites are
tightly correlated with aluminum concentrations in the same sediments, indicating that all or most
of the vanadium in the sediments is natural. Mean vanadium concentrations in sediments
increase with distance from all four produced water discharges. Vanadium concentrations in
produced water from the four platforms are lower than concentrations in ambient seawater.
Therefore, vanadium from produced water is not accumulating in surficial sediments near the
four produced water discharges.

9.2.4.12 Zinc

Concentrations of zinc in marine and estuarine sediments vary widely. Surficial
sediments from Galveston Bay, Texas, contain 6 to 116 #g/g zinc (Morse et aL, 1993).
Sediments from the coastal zone of Louisiana contain 52 to 133 fig/g zinc (Pardue et aL, 1988).

Sediments in areas influenced by the oufflow of the Mississippi River may contain elevated
concentrations of zinc. Suspended particulate matter in the Mississippi River contains a mean of
about 160 pglg zinc (Chapter 7 and Trefry et al, 1996). The “high” concentration of zinc in
sediments from the National Status and Trends Program is 135 #g/g (Table 9.33). Much of the
zinc in uncontaminated marine sediments is in the non-bioavailable residual fraction, associated
with clay or heavy minerals (Warren, 1981; Loring, 1982).

Surficial sediments from the four reference sites contain means of 35 to 85 ~g/g zinc
(Table 9.28). Zinc concentrations in sediments near the four produced water discharges are
higher mean concentrations range from 96 fig/g at the 2,000-m station at HI A-595CF to 800
Mg/g at the 50-m station at SMI 130B. Although there does not seem to be a correlation between
concentrations of zinc in produced water and in nearby sediments, there is a gradient of
decreasing zinc concentrations in sediments with distance from all four produced water
discharges. The zinc enrichment in sediments near platforms discharging produced water may
have been derived, at least in part, from the produced water discharges.

9.2.4.13 Ecorisk of Metals in Sediments Near Produced Water Discharges

A fraction of the chemical contaminants associated with marine sediments may be
mobile and bioavailable. However, it is difficult to estimate the fraction of total sediment metal
that is bioavailable and extrapolate from that estimate, a prediction of the environmental risk of
metal-contaminated marine sediments. Much of the metals in marine sediments may be tightly
bound to sediments organic carbon or precipitated as metal sulfides. These metals are not
readily bioavailable or toxic. One approach that has been taken is to develop estimates of the
concentrations of individual metals in sediments that may be associated with adverse effects in
benthic marine animals.
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A mncerted effort has been made in the United States in recent years to develop
sediment quality criteria to protect freshwater and marine life from contaminants associated with
sediments (e.g., Di Toro et aL, 1991; Ankley et aL, 1996). Much of the data on the association
between concentrations of different chemical contaminants in marine and estuarine sediments
and biological responses in bottom-living marine organisms has been evaluated to produce
sediment quality guidelines that provide some indication of the concentrations of contaminants in
sediments that may be associated with adverse biological effects (Long and Morgan, 1990; Long,
1992; Long et al., 1995). Two guidelines values are generated from this analysis, an effects
range-low (ERL) and an effects range-median (ERM). The ERL value represents the lower 10th
percentile response concentration; and the ERM value represents the median (50th percentile)
response concentration (50Y0 of recorded responses to the chemical are at lower concentrations
and 50°A are at higher concentrations). The two guidelines values define concentrations of a
particular chemical in sediments that are rarely (below the ERL), occasionally (between the ERL
and ERM values), or frequently (above the ERM value) associated with adverse biological
effects. Because most marine sediments that exhibit toxicity to benthic marine organisms
contain several metals and potentially toxic organic chemicals at elevated concentrations, it often
is difficult to identify the fratilon of the total toxicity that can be attributed to a particular metal.
Thus, the ERL and ERM values are conservative estimates of the toxicity of individual chemicals
in sediments. The ERLs and ERMs published by Long et al. (1995) are for estuarine and marine
sediments. Marine sediments are likely to contain a larger fraction of the total of most metals in
residual, non-bioavailable forms than are estuarine and freshwater sediments. Therefore, the
ERM values (Table 9.33) were used in the present study as screening values for comparison
with metal concentrations measured in marine sediments near offshore reference and produced
water discharge sites.

Marine sediment screening concentrations are not available for aluminum, barium,
calcium, iron, manganese, molybdenum, and vanadium. All but molybdenum and vanadium are
abundant natural constituents of marine sediments and are unlikely to be present in solution, in
seawater or sediment interstitial water at toxic concentrations. Aluminum and calcium are matrix
components of some of the sediment particles. Iron and manganese are present in oxidized
sediment layers almost exclusively as various oxyhydroxides. In reduced sediment layers, the
oxyhydroxides may dissolve, but much of the iron and manganese precipitates as sulfides.
These reactions keep concentrations of dissolved, bioavailable iron and manganese low in
sediment interstitial water (Schimmield a-ridPederson, 1990; Thamdrup et al., 1994). Barium is
present in sediments primarily as highly insoluble barite or as inclusions in clay particles (Neff
and Sauer, 1995).

Molybdenum is present in sediments from the vicinity of the four produced water
discharges and four reference sites at concentrations comparable to those reported for clean
marine sediments. Most of the molybdenum is trapped in relatively immobile forms in the
reduced layers of the sediment or tightly bound to manganese oxyhydroxides in oxidized layers.
Therefore, molybdenum at the concentrations present ,in sediments near produced water
discharges, is not likely to be toxic to marine organisms residing in the sediments.

Vanadium in sediments near the produced water discharges also is in the range of
concentrations expected for clean marine sediments. Concentrations of vanadium in the
bioavailable dissolved form in sediment interstitial waters are controlled by the strong affinity of
vanadium for amorphous ferric oxyhydroxides (Shieh and Duedall, 1988). Some of the vanadium
in the sediments may also be associated with various heavy minerals, such as magnetite and
various ferromagnesium minerals, in the sediments (Leoni et al. 1991; Loring and Asmund,
1996). The low concentrations of vanadium in produced water from the four discharge sites is

9-71



suggestive that the vanadium in sediments near the discharges is from natural sources.
Therefore, it is likely that vanadium in sediments near the produced water discharges does not
pose a health risk to benthic organisms in the area.

Concentration ranges in reference and discharge site sediments of the eight metals
for which sediment threshold concentrations are available are summarized in Table 9.34. Toxic
risk of the metals in the sediments is estimated as the range of toxic units (concentration in
sediment/ERM value) for sediments from near the discharges (60 m or less), 2,000 m from the
discharges, and at reference sites.

Total toxic units for arsenic in sediments range from 0.013 to 0.32 and tend to
increase with distance from the platform discharges (Table 9.34). These low values for toxic
units indicate that marine animals in sediments would not be adversely affected by arsenic
concentrations in the sediments. Toxic units of cadmium, chromium, copper, and mercury all are
well below values that would indicate a possible toxic risk to benthic marine animals. The
highest value is 0.48 toxic units for the highest concentration of mercury in sediments from 50 m
from produced water discharges. Sediment from this site is unlikely to be toxic (due to the
presence of mercury), unless most of the mercury is present in organic form, which is unlikely.

Lead, nickel, and zinc are present in some sediments near produced water
discharges at relatively high concentrations. The high concentrations of these metals in
sediments near platforms discharging produced water may be due in part to high concentrations
of iron, pai%cularly in sediments 20 m from VR 214A. In iron-rich, suboxic marine sediments,
lead, nickel, and zinc would be present primarily in the form of insoluble sulfides, which are not
bioavailable or toxic (Liber et aL, 1996). Two sediment samples (one each from 20 m from
VR 214A and 60 m from HI A-595CF) contained more than 150 #g/g lead. The ERM for lead in
marine sediments is 218 ~g/g. Thus, maximum toxic units for lead in sediments are 0.78 and

0.90. All but one of the other sediment samples contained less than 45 #g/g lead (0.21 toxic
units). Lead toxic units in sediments 2,000 m from the produced water discharges and from
reference sites were below 0.20. Therefore, there may be a slight risk to benthic marine animals
from lead in sediments near (s 60 m from the discharge) from two of the four discharging
platforms, but not for lead in sediments at greater distances from the platforms.

Nickel concentrations are similar in sediments from stations 20/50/60 m and 2,000 m
from the four produced water discharges, and slightly lower in sediments at the reference sites.
Some sediment samples from 20 m at SMI 236A and VR 214A, and from 2,000 m at SMI 130B ~
and SMI 236A, contain more than 26 pg/g nickel, equivalent to 0.50 toxic units. However, as
discussed above, nickel concentrations in apparently uncontaminated sediments frequently are
much higher than 26 #g/g. Nickel frequently is associated with heavy minerals (e.g., magnesium
silicates) and also has a strong affinity for adsorption to iron oxide coatings on clay particles or
precipitation as nickel sulfide (Schimmield and Pedersen, d990; Loring and Asmud, 1996).
These forms of nickel in sediment are not readily bioavailable. It is likely that the nickel
associated with sediments near the produced water discharges do not represent a toxicological
risk to benthic marine organisms from the area.
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Table 9.34. Concentration ranges of metals in sediments at 60 m or less and 2,000 m from four offshore produced water discharges
(D) and in sedimefits from four non-discharging reference sites in the northwestern Gulf of Mexico. Toxic units (sediment
concentration/ERM) also are presented for each sediment collection location. Concentrations are ~g/g dry weight.

Metal
<60 m (D) c60 m Toxic 2,000 m (D) 2,000 m Toxic Reference Sites Reference Sites

Concentration Units Range Concentration Concentrations Toxic Units

Arsenic 0.9- 8.1 0.01-0.12 7,1-18 0,10-0.26 2.5-22 0.04-0.32

Cadmium 0.14 -1.3 0.015-0.14 0,07-0.18 0.01-0.02 0.04-0.14 <0,01-0.02

Chromium 9.2-97 0.02-0.26 54-90 0.15-0.24 26-58 0.07-0.16

Copper 5.6-34 0.02-0.13 11-20 0.04-0.07 4.2-15 0.02-0.05

Lead 5.5-200 0.02-0.90 22-34 0.40-0.16 11-21 0.05-0.10

Mercury 0!005 -0.35 0.01-0.48 0.03-0.06 0.04-0.09 0.01-0.04 0.01-0.06

Nickel 5.0-37 0.10-0.72 20-32 0.38-0.61 6.4-19 0.12-0.37

Zinc 200-970 0.49 -2.4 90-120 0.22-0.29 32-90 0.08-0.22



Zinc concentrations are quite high in sediments collected 60 m or nearer to the four
produced water discharges. Several sediment samples from each 20-, 50-, and 60-m sampling
station contain zinc at a concentration approaching or exceeding 1.0 toxic units. The form of the
zinc in these sediments is not known. If the excess zinc in the sediments is from produced water
discharges, it could be present in the sediments as microcrystalline sphalerite (ZnS) or as
galvanized metal chips from the platforms. These forms of zinc are not very mobile or
bioavailable. Some of the zinc could be present in more mobile and bioavailable forms,
particularly if the surficial sediments are oxidized. Therefore, zinc concentrations in sediments
near the produced water discharges may represent a significant risk of harm to benthic marine
organisms in the area. However, concentrations of zinc in sediments decline sharply with
distance from the platform discharges. Sediments at stations 2,000 m from the discharges and
from the four reference sites do not contain high enough concentrations of zinc to pose a risk to
benthic marine organisms.

This analysis shows that zinc and occasionally lead may be present in suticial
sediments near (within about 60 m) produced water discharges at concentrations that could
represent a toxicological risk to benthic marine organisms in the area. The extent to which these
metals are bioavailable and potentially toxic depends on the physicaI/chemical forms of the
metals in the sediments. Much of the excess iead and zinc discharged to the ocean in produced
water probably is in solution. However, it probably coprecipitates rapidly with iron and barium,
both of which are very abundant in produced water and are highly insoluble in oxygenated
seawater. These adsorbed or coprecipitated forms of lead and zinc probably are immobile and
non-toxic in suboxic marine sediments where they would be present as sulfides or coprecipitates
with iron sulfide. However, they may have a limited mobility and bioavailability in sediments
during shifts up or down in sediment redox potential.

9.2.5 Polycyclic Aromatic Hydrocarbons in Sediments

9.2.5.1 Total Petroleum Hydrocarbons

Concentrations of total petroleum hydrocarbons (TPHs), resolved and unresolved, are
higher in sediments 20, 50, and 60 m from the four produced water discharges than at sediments
at the 2,000-m stations (Table 9.35). The mean TPH concentration in sediments at the
discharge station at SMI 236A is lower than in sediments 20 m away. Metal concentrations also
were lower in the coarser-grained sediments at the discharge station than in sediments 20 m
away.

There is a slight but inconsistent tendency for TPH concentrations in sediments 20,
50, and 60 m from the four discharges to decrease with increasing water depth at the discharge
site and decreasing TPH concentrations and mass loading (discharge rate times TPH
concentration) in the produced water. The TPH concentration in sediments near the platforms
probably also is affected by sediment grain size and percent organic carbon (Neff et aL, 1992).

Sediments 2,000 m from the produced water discharges contain much lower
concentrations of TPH than sediments within 60 m of the platforms. However, TPH
concentrations at the 2,000-m stations are higher (with one exception: the deep water site) than
TPH concentrations in sediments from the four reference sites. These results indicate that small
amounts of petroleum hydrocarbons, probably derived from produced water discharges, are
deposited in surficial sediments out to at least 2,000 m from the produced water discharge sites.
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Table 9.35. Mean concentrations of total resolved PIUSunresolved petroleum hydrocarbons in
produced water and sediments at diffe}ent distances from produced water
discharges to the northwestern Gulf of Mexico. Concentrations are in pg/L
produced water and ~g/g dry weight sediments.

Water Produced
Discharge

Location Station or
20 m

Depth (m) Water Station
2,000 m Station

Site

SMI 236A 6 4,800 88 130 49

VR 214A 39 3,300 — 140 37

HI A-595CF 122 1,400 — 65* 1.2

SMI 130B 66 14,000 — 160” 12 (16)~*

WC 448 36 — 7.2 — —

SMI 186/195 110 — 0.85 — —

GA A-205 66 . 0.51 — —

GA A-90 39 — 0.60 I — —

* 60 m from discharge.
** 50 m from discharge.
*** Duplicate group of 3 samples.
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9.2.5.2 Polycyclic Aromatic Hydrocarbon Distributions

Mean PAH concentrations are slightly elevated in sediments 60 m or less from the
four produced water discharges, compared to mean concentrations in sediments 2,000 m from
the discharges and in sediments from the four reference sites (Tables 9.36 through 9.38). Mean
total PAH concentrations in sediments from the SMI 236A discharge site and the four 20-, 50-,
and 60-m stations are in the range of 0.316 to 1.367 fig/g (Tables 9.36 and 9.37). By
comparison, concentrations of total PAlis in sediments 2,000 m from the four platforms range
from 0.082 to 0.287 ~g/g. There is no clear relationship between concentrations of total PAHs in
the produced water from the four platforms (Table 9.19) and rates of produced water discharge
(Table 9.35) on one hand, and concentrations of total PAHs in sediments 20/50/60 m and 2,000
m from the discharges on the other (Tables 9.36 and 9.37). The exception to this generalization
is that the total PAH concentrations are lowest at the 60-m and 2,000-m stations near the
deepest water discharge, HI A-595CF.

Low molecular weight PAHs (2- and 3-ring PAHs), that makeup the majority of PAHs
in petroleum and produced water, represent 42% to 69% of the total PAHs in sediments 60 m or
less distant from the produced water discharges (Tables 9.36 and 9.37). Between 28% and 42%
of the total PAHs in sediments 2,000 m from the produced water discharges are low molecular,
predominantly petroleum-derived PAHs. Between 20% and 38% of the total PAHs in sediments
from the four reference sites are low molecular weight PAHs (Table 9.38). These results
indicate, as might be expected, that the fraction of the total PAHs in sediments that is derived
from petroleum declines as the distance from point sources of petroleum hydrocarbons
increases.

Mean concentrations of total petroleum hydrocarbons in surficial sediments from the
four reference sites range from 0.023 to 0.210 ~g/g. These background concentrations of PAHs
probably come from deposition of combustion-derived soot and ash particles, often rich in high
molecular weight PAHs (Neff, 1979), and from natural oil seeps that are abundant in the area
(MacDonald et aL, 1996). The most abundant high molecular weight PAH in sediments from
discharge and reference sites is perylene, which is a natural diagenic PAH, produced from the
breakdown of plant material in sediments (Venkatesan, 1988). Perylene represents nearly half
the total PAHs in sediment from reference site WC 448 (Table 9.38).

Sediments 2,000 m from the four produced water discharges contain essentially
background concentrations of total PAHs. PAH concentrations in these sediments (means,
0.082 to 0.287 fig/g) are comparable to or only slightly higher than PAH concentrations (means,
0.023 to 0.210 Mg/g) in surficial sediments from four reference sites away from produced water
discharges. Brooks et al. (1990) reported a background concentration of total PAH in sediments
offshore Matagorda, Texas (south Texas outer continental shelf), of 0.029* 0.028 pg/g;
nearshore sediments contained a mean of 0.096* 0.112 #g/g total PAHs. Mean total PAH

concentrations generally were less than 0.05 @g in sediments more than 300 m from three
production platforms off the Texas coast monitored as part of the GOOMEX Program (Kennicutt,
1995). These concentrations generally are lower than concentrations reported here from 2,000
m from offshore produced water discharges and from reference sites. Neff et a/., (1989, 1992)
reported background concentrations of total PAHs in sediments 1,000 m from a produced water
discharge in 8 m of water off Louisiana of 0.019 to 0.156 ~g/g, comparable to background
concentrations in sediments reported here. The higher background concentration of PAHs in
sediments from the continental shelf of the northwestern Gulf of Mexico may be derived from the
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Table 9.36. Mean concentrations (n =3) of individual PAHs in surficial sediments at different
distances from the produced water discharge from SMI 236A in 6 m of water.
Concentrations are ~g/g dry weight.

Compound
SMI 236A SMI 236A SMI 236A

(Discharge) (20 m) (2,000 m)

Naphthalene B B B

C,-Naphthalene 0.014 0.010 0.006

C,-Naphthalene 0.045 0.029 0.011

Ca-Naphthalene 0.076 0.063 0.010
I

CA-Naphthalene 0.086 ! 0.096 0.011
1 I

Acenaphthylene ND ND ND

Acenaphthene 0.006 0.002 ND

Biphenyl 0.003 0.002 0.001

Fluorene 0.008 0.003 0.002

C1-Fluorenes 0.035 0.016 0.002

C,-Fluorenes 0.034 0.028 0.004

C~-Fluorenes 0.036 0.055 0.007

Anthracene 0.011 0.003 0.001

Phenanthrene 0.063 0.010 0.007

C1-Phenanthrenes 0.048 0.017 0.010

C,-Phenanthrenes 0.059 0.046 0.014

C~-Phenanthrenes 0.041 0.061 0.010

CA-Phenanthrenes 0.026 0.055 0.010

Dibenzothiophene 0.005 0.002 0.001

C,-Dibenzothiophenes 0.011 0.008 0.003

C2-Dibenzothiophenes 0.018 0.018 0.004

C.Dibenzothiophenes 0.017 0.026 0.006

Fluoranthene 0.067 0.019 0.011

Pyrene 0.053 0.018 0.011

C,-Fluoranthenes/Pyrenes 0.042 0.020 0.012

C,-Fluoranthenes/Pyrenes 0.021 0.018 0.009
I I I

C~-Fluoranthenes/Pyrenes 0.011 0.017 0.005

Benz(a)anthracene 0.027 0.006 0.005
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Table 9.36. (Continued).

B = Detected in blanks.

Compound
SMI 236A SMI 236A SMI 236A

(Dkcharge) (20 m) (2,000 m)

Chrysene 0.029 0.008 0.007

Cf-Chrysenes 0.018 0.009 0.007

C2-Chrysenes 0.012 0.013 0.006

C~-Chrysenes 0.006 0.011 0.003

CA-Chrysenes 0.005 0.011 0.003

Benzo(b)fluoranthene 0.033 0.012 0.013

Benzo(k)fluoranthene 0.011 0.003 0.003

Benzo(e)pyrene 0.016 0.007 0.008

Benzo(a)pyrene 0.022 0.006 0.006

Perylene 0.018 0.064 0.051

Indeno(l ,2,3-cd) pyrene 0.013 0.006 0.007

Dibenz(a,h)anthracene 0.003 0.001 0.001

Benzo(ghi)perylene 0.032 ND B

Total PAHs 1.1 0.80 0.29

Total Low MW PAHs 0.64 0.55 0.12
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Table 9.37. Mean mncentrations (n = 3 or 6) of individualPAHs in surficial sedimentsat differentdistances
fromthe producedwater discha~gesfromVR 214A, HI A-595CF, and SMI 130B.
Concentrationsare pglg dry wt.

VR
VR 214A HI HI A-595CF SMI

Compound 214A A-595CF 130B SMI 130B

(20 m)
(2,000 m)

(60 m)
(2,000 m)

(50 m)
(2,000 m)

Naphthalene 0.005 B B B B B

C1-Naphthalene 0.015 0.002 0.002 0.001 0.008 0.002

C2-Naphthalene 0.040 0.004 0.004 0.003 0.029 0.003

CQ-NaphthaIene 0.090 0.010 0.007 0.006 0.062 0.004

C.-Naphthalene 0.131 0.005 0.012 0.003 0.075 0.005

Acenaphthylene ND ND ND ND “ ND ND

Acenaphthene 0.003 ND 0.001 ND ND ND

Biphenyi 0.007 0.001 0.001 ND 0.003 0.001

Fluorene 0.003 0.001 0.002 ND 0.002 ND

Cf-Fluorenes 0.013 0.001 0.002 0.001 0.013 0.001

C2-Fiuorenes 0.026 0.002 0.003 0.001 0.026 0.002

C~-Fluorenes 0.037 0.004 0.007 0.002 0.043 0.004

Anthracene 0.003 0.001 0.004 ND 0.002 ND

Phenanthrene 0.009 0.003. 0.008 0.001 0.006 0.002

C1-Phenanthrenes 0.025 0.004 0.006 0.002 0.026 0.003

C*-Phenanthrenes 0.045 0.007 0.011 0.004 0.056 0.007

C~-Phenanthrenes 0.041 0.004 0.013 0.003 0.057 0.005

CA-Phenanthrenes 0.045 0.008 0.023 0.003 0.054 0.005

Dibenzothiophene 0.002 ND 0.001 ND 0.003 ND

C1-Dibenzothiophenes 0.009 0.001 0.002 0.001 0.012 0.001

C,-Dibenzothiophenes 0.014 0.002 0.005 0.001 0.033 0.003

C@benzothiophenes 0.015 0.003 0.009 0.002 0.045 0.004

Fluoranthene 0.082 0.014 0.023 0.002 0.007 0.003

Pyrene 0.073 0.013 0.019 0.002 0.020 0.003

C,-Fluoranthenes/Pyrenes 0.058 0.009 0.021 0.003 0.034 0.004

C,-Fluoranthene/Pyrenes 0.025 0.005 0.013 0.002 0.041 0.005

C~-Fluoranthenes/Pyrenes 0.016 0.003 0.012 0.002 0.041 0.006

Benz(a)anthracene 0.054 0.009 0.011 0.001 0.002 0.002

Chrysene 0.048 0.010 0.015 0.002 0.008 0.003
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Table 9.37. (Continued).

VR
VR214A

HI
HI A-595CF

SMI
Compound 214A

SMI 1:
(2,000 m) A:;;CF (2,000 m)

130B
(20 m) (50 m)

(2,000

C,-Chrysenes 0.028 0.005 0.010 0.002 0.017 0.00

Cz-Chrysenes 0.014 0.004 0.010 0.002 0.028 0.00

CS-Chrysenes 0.007 0.003 0.007 0.001 0.023 0.00

C.-Chrysenes 0.005 0.003 0.005 0.001 0.013 0.00

Benzo(b)fluoranthene 0.10 0.015 ! 0.013 0.004 0.006 I o.oa
I 1 I 1

Benzo(k)fluoranthene 0.032 0.005 0.004 0.001 0.001 O.oc

Benzo(e)pyrene 0.044 0.007 0.007 0.002 0.004 O.oc

Benzo(a)pyrene 0.070 0.011 0.007 0.002 0.002 O.oc

Perylene 0.041 0.025 0.013 0.011 0.063 0.0:

lndeno(l,2,3-cd)pyrene 0.044 0.008 0.004 0.003 0.002 O.oc
1 1 I ! 1 1

Dibenz(a,h)anthracene 0.010 0.002 0.001 ND 0.001 NC

Benzo(ghi)perylene 0.062 0.015 ND ND ND NE

Total PAHs 1.4 0.22 0.32 0.082 0.87 0.1:

Total Low MW PAHs 0.57 0.061 0.12 0.027 0.55 0.0:

B = Detected in blanks.
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Table 9.38. Mean concentrations (n =3) of individual PAHs in surficial sediments at four
reference platform (nondischarging) sites in the northwestern Gulf of Mexico.
Concentrations are pg/g dry weight.

Compound WC 448 SMI 186/195
GA A-90 and

GA A-205

Naphthaiene B ~ B B
I 1

C1-Naphthalene 0.001 0.003 ND

C,-Naphthalene 0.003 0.003 0.001

Ca-Naphthalene 0.003 0.003 0.001
1 1 1

C.-Naphthalene 0.004 0.003 ND
I I I

Acenaphthylene ND ND ND
I I I

Acenaphthene ND ND ND

Biphenyi ND ND ND

Fluorene 0.001 ND ND

Cq-Fluorenes 0.001 ND ND
I I i

C,-Fluorenes 0.001 0.001 ND

C~-Eluorenes 0.002 0.001 ND,
Anthracene 0.001 ND ND

Phenanthrene 0.002 0.001 0.001

C1-Phenanthrenes 0.003 0.001 0.001

Cz-Phenanthrenes 0.005 0.003 0.002

C.-Phenanthrenes 0.004 0.002 0.001
I I I

C4-Phenanthrenes 0.005 0.003 0.001

Dibenzothiophene ND ND ND

C,-Dibenzothiophenes 0.001 0.001 ND

C@ibenzothiophenes 0.002 0.001 0.001

CaDibenzothiophenes 0.003 0.001 ND

Fluoranthene 0.004 0.002 0.002

Pyrene 0.004 0.002 0.001

C1-Fluoranthenes/Pyrenes 0.005 0.002 0.001
I 1 I

C,-Fluoranthenes/Pyrenes 0.005 0.002 0.001

C~-Fluoranthenes/Pyrenes 0.005 0.002 ND {

Benz(a)anthra&ne 0.002 0.001 0.001
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Table 9.38. (Continued).

Compound WC 448 SMI 186/195
GA A-90 and

GA A-205

Chrysene 0.003 0.002 0.001

C1-Chrysenes 0.004 0.002 0.001

Cz-Chrysenes 0.007 0.002 0.001

C,-Chrysenes 0.006 0.002 ND

C.-Chrysenes 0.005 0.002 ND

Benzo(b)fluoranthene 0.006 0.003 0.002

Benzo(k)fluoranthene 0.002 0.001 0.001

Benzo(e)pyrene 0.003 0.002 0.001

Benzo(a)pyrene 0.002 0.001 0.001

Perylene 0.103 0.007 0.003

Indeno(l ,2,3-cd) pyrene 0.003 0.001 0.001

Dibenz(a,h)anthracene 0.001 ND ND

Benzo(ghi)perylene ND ND ND

Total PAHs 0.21 0.060 0.023

Total Low MW PAHs 0.043 0.023 0.007

B = Detected in blanks.

9-82



massive oufflow of the Mississippi River, which is the dominant source of suticial sediments
along the coasts of Louisiana and north Texas, or from long-range transpoil of
combustion-derived, particle-bound PAHs, and from natural oil seeps on the outer continental
shelf off Louisiana.

9.2.5.3 Ecorisk of Polycyclic Aromatic Hydrocarbons in Sediments Near Produced
Water Discharges

PAHs and other nonpolar organic chemicals partition between the sorbed phase of
sediments and sediment interstitial water according to their relative affinities for the sediment
organic carbon and water phases of the sediment (Karickhoff et a/., 1979). Therefore, a fraction
of the PAHs associated with sutilciai sediments is in solution in sediment interstitial water in a
bioavailable form and may adversely affect benthic fauna if its concentration in the interstitial
water phase exceeds some critical concentration. Long and Morgan (1990) and Long et al.
(1995) have gathered data on the concentrations of several PAHs in sediments that are
associated with adverse effects in estuarine and marine organisms. From these data, they have
developed ERL and ERM concentrations that can serve as threshold concentrations for PAHs in
sbdiments. Because a large number of PAHs co-occur in sediments and their toxicities are
thought to be additive, the ERM values were used to predict the toxicity of PAHs in sediments
near the four produced water discharges.

ERM values for individual and total PAHs in sediments range from 0.260 to
44.79 Mg/g dry weight (Table 9.39). The toxic units (concentration in sediments/ERM) for
individual PAHs, based on individual analyses of PAHs in sediments 20, 50, and 60 m from the
four produced water discharge sites, range from 0.0004 to 0.094 (Table 9.39). The toxic units
for total low molecular weight PAHs (naphthalene through phenanthrenes), which are
characteristic of petroleum, range from 0.010 to 0.329. The toxic units for total high molecular
weight PAHs and total PAHs range from 0.004 to 0.148, and 0.002 to 0.055, respectively. The
apparent paradox that the toxic units for total low molecular weight PAHs is higher than the total
toxic units for total PAHs (which includes low molecular weight and high molecular weight PAHs)
is explained by the high ERM value for total PAHs. The high ERM for total PAHs probably is
caused by a bias in the raw data used to generate the ERM, resulting from examination of
sediments contaminated primarily with combustion-derived PAHs. Combustion-derived,
particulate PAHs tend to be tightly bound to soot particles and are not readily bioavailable to
marine organisms (Barrington, 1986).

The results of comparison of measured concentrations of individual and total PAHs in
sediments 20, 50, and 60 m from produced water discharges with ERM values indicates that
PAHs in sediments near the produced water discharges are unlikely to be toxic to benthic marine
animals living in the area. Low molecular weight PAHs contribute most to the fractional toxicity
of the sediments. Sediments collected 20 m from VR 214A contain a mean of 1.37 @g/g total
PAHs, including 0.57 #g/g total low molecular weight PAHs (mean toxic units, 0.18) could be
toxic to some sensitive species or life stages of marine animals. However, any effects would be
very localized. Concentrations of individual and total PAHs in sediments are much lower at
greater than 60 m from the discharging platforms; PAH concentrations in these sediments are
well below concentrations that might be toxic to benthic marine organisms.
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Table 9.39. Comparison of concentrations ranges of PAHs measured in sediments within 60 m
of four produced water discharges and Effects Range Median (ERM) sediment
threshold concentrations (Long et d., 1995). Toxic units for sediments
(concentration in sediment/ERM) also are given. Concentrations are ~g/g
dry weight.

Compound
Concentration Range

ERM Toxic Units
in Sediments

Naphthalene 0.005-0.016 2.100 0.002-0.008

Methylnaphthalenes 0.001-0.019 0.670 0.001-0.028

Fluorene 0.0003-0.016 0.540 0.0006-0.030

Phenanthrene 0.001-0.14 1.500 0.0007-0.093

Low MW PAHs 0.032 -1.0 3.160 0.010-0.33

Fluoranthene 0.002-0.13 5.100 0.0004-0.025

Pyrene 0.002-0.11 2.600 0.0008-0.042

Benz(a)anthracene 0.001-0.080 1.600 0.0006-0.050

Chrysene 0.001-0.082 2.800 0.0004-0.029

Benzo(a)pyrene 0.001-0.15 1.600 0.0006-0.094

Dibenz(a,h)anthracene 0.0002-0.021 0.260 0.0008-0.081

High MW PAHs 0.042 -1.4 9.600 0.004-0.15

Total PAHs 0.074 -2.5 44.792 0.002-0.055
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In summary, PAHs in sediments under and within a short distance from the produced
water discharge of these platforms generally are not present at potentially toxic concentrations.
Usually, impacts of produtiton discharges from offshore platforms, when they can be detected at
all, are restricted to the benthic environment in the immediate vicinity of the platform (Neff, 1987;
Neff et a/., 1992; Kingston, 1992). Adverse effects in benthic ecosystems near oil platforms
usually are attributable to accumulation in the sediments of petroleum hydrocarbons, particularly
PAHs. The severity of biological effects often is correlated with concentrations of petroleum
PAHs in the sediments, or to severity of hypoxia in surficial sediments. The hypoxia, in turn, is
caused by biodegradation of petroleum hydrocarbons in the sediments (Kingston 1987, 1992). In
the present study, accumulation of PAHs in sediments near the four offshore produced water
discharges was, in one case, to marginally toxic concentration levels and effects on the benthos
probably are minimal or undetectable, particularly at the deeper water platforms.

9.2.6 Summary of Ecorisk of Metals and Polycyclic Aromatic Hydrocarbons in
Sediments Near Produced Water Discharges

Barium and iron may be present at elevated concentrations in sediments near
offshore produced water discharges. However, they are present in the sediments in insoluble
forms (iron sulfide, iron oxyhydroxides, and barium sulfate) that are not bioavailable or toxic. Zinc
and lead are present in some sediments near produced water discharges at concentrations
approaching their ERM values. It is possible that these metals are contributing to the toxicity to
benthic organisms that sediments near produced water discharges may have. However, most of
these metals probably are present in the sediments as sulfide precipitates and are not
bioavailable or toxic.

PAHs are present in sediments near the four produced water discharges at higher
concentrations than in reference site sediments. None of the individual PAHs or total PAHs are
present in the sediments near the platforms at concentrations that might be toxic to benthic
marine organisms. In shallow, nearshore waters, PAH may accumulate in sediments near
produced water discharges to concentrations high enough to cause adverse effects in the local
benthic communities (Neff et a/., 1992; Rabalais et aL, 1992). The extent to which metals and
PAHs from produced water accumulate in sediments near produced water discharges to
potentially toxic concentrations apparently depends not only on the concentrations of the metals
and PAHs in the produced water, but also to the volume of produced water discharged, water
depth at the discharge site, sediment texture, and local oceanographic conditions that may
promote or inhibit nearfield deposition in the sediments.

9.2.7 Ecorisk of Metals in Tissues of Marine Animals

Nearly all metals and metalloids of concern as potential environmental toxins are
natural constituents of clean seawater (Li, 1991 ). Most of these metals and metalloids also are
present in the tissues of marine plants and animals at concentrations equivalent to or greater
than their concentrations in the seawater in which the organisms live. Of the 15 metals and
metalloids analyzed in the present study in produced water, sediments, and tissues of marine
animals, 1~ are considered essential trace nutrients for most plants and animals (Iyengar, 1991).
The metals that are not essential micronutrients are barium, cadmium, mercuty, and lead. The
essential metals usually are transported across biological membranes of marine organisms by an
enzyme-mediated pump. Non-essential metals usually penetrate membranes of permeable
epitheiia, such as those in the gills or gut, by facilitated or passive diffusion (Simkiss and Taylor,
1989; Newman and Jagoe, 1994). The essential micronutrients are,regulated within a relatively
narrow range in tissues of marine animals, except when ambient concentrations in seawater
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reach high, nearly lethal concentrations (Chapman et al., 1996). The non-essential metals are
not regulated but instead are detoxified in tissues by precipitation in solid granules or by binding
to specific binding proteins, such as metallothionein (Simkiss and Taylor, 1989; Roesijadi, 1992).

Concentrations of essential and non-essential metals in tissues of apparently healthy
marine animals of different species may vary over several orders of magnitude. Some marine
organisms accumulate apparently non-essential metals in their tissues to high concentrations or
essential metals to concentrations much higher than required (Peterson, 1971). Examples of this
phenomenon include: accumulation of arsenic to more than 2,000 pg/g dry weight by the
polychaete Tharix rnarkmi (Gibbs et a/., 1983); deposition of barium as barium sulfate in several
species of zooplankton (Gooday and Nott, 1982); accumulation of cadmium to more than 100
fig/g in the tissues of the oceanic hyperiid amphipod Therrnisto glaudichaudii (Rainbow, 1989),
and in the kidneys of several species of scallops (Coombs, 1979); accumulation of vanadium in
blood cells of the ascidian Ascid~agen?rnata to concentrations in excess of 1,900 ~g/g

(Michibata, 1996); and accumulation of zinc to concentrations approaching 150,000~g/g in
barnacles (Rainbow et aL, 1990). This variable bioaccumulation of metals by marine animals
makes it difficult to detect enhanced bioaccumulation of metals from produced water or identify
tissue concentrations of metals that might pose a toxic risk to the marine organisms themselves
(Rainbow et aL, 1990).

One approach to estimating tissue residues of metals that might be toxic to marine
animals is to estimate a critical body residue by multiplying the chronic marine water quality
criterion for the metal by the metal’s bioconcentration factor (BCF) (Neff, 1994; Shephard, 1995).
This approach produces highly variable results because the BCF for metals varies widely from
one species to another, due to metal regulation and sequestration (Chapman et aL, 1996) and,
as discussed above, natural concentrations of metals in tissues of healthy marine animals vary
widely. Tissue screening concentrations (TSCS) developed for several metals by Shephard
(1995) as well as “high” concentrations in mussel and oyster tissues developed from the National
Status and Trends Mussel Watch data base (OConnor and Beliaeff, 1995) are summarized in
Table 9.40. Several of the TSCS developed by Shephard (1995) are based on freshwater
chronic criteria. Because kinetics of metal bioaccumulation probably is different in freshwater
and marine animals, these values were converted to marine TSC by using the marine chronic
criteria.

There is little agreement between metal TSCS and “high” concentrations developed by
NOAA (O’Connor and Beliaeff, 1995). The “high”values are not health screening values but are
typical tissue residue levels that give an indication of the tissue residues of several metals that
can be tolerated by mussels and oysters. These values show that mussels and oysters may
differ widely in tissue residues of copper, lead, and zinc. Oysters often contain higher
concentrations of copper and zinc than mussels; mussels may contain substantially higher
concentrations of tissue lead than oysters.
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Table 9.40. Tissue screenirm concentrations (TSCS) and “hkah”concentrations in marine
mussels and oy~ters of several metals.’ TSCS a~e from Shephard (1995) or were
calculated based on marine chronic values, and ‘high” concentrations are from
O’Connor and Beliaeff (1995). Concentrations are Kg/g dry tissue (converted from
wet weight for TSCS by multiplying by 5).

Compound TSC High Concentration

Aluminum 22* —

Arsenic 8.0 17

Cadmium 2.97 5.7

Chromium 4.0 —

Copper 0.85 13 (mussel)
490 (oyster)

Lead 2.08 4.3 (mussel)
0.96 (oyster)

Mercury 0.60 0.24

Nickel 1.65 3.3

Zinc 20.2 210 (mussel)
6,500 (oyster)

*“TSC based on freshwater water quality criteria.
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9.2.7.1 Arsenic

Mean concentrations of arsenic in tissues of bivalve molluscs, crustaceans, and fish
from the vicinity of seven offshore produced water discharges range from 0.12 to 59 #g/g dry
weight (Tables 9.41 through 9.45). Mean concentrations in soft tissues of bivalves and fish from

two nearby reference non-discharging platforms and an offshore hard bank (l/R 298/305 -
Sonnier Bank) range from 4.2 to 86 #g/g (Table 9.45). Thus, marine animals near produoed
water discharges do not contain higher concentrations of arsenic than those from non-discharge
areas; the marine animals are not bioaccumulating arsenic from the produced water discharges.

Two of the three mean concentrations of arsenic in tissues of marine animals from
reference sites and nine of the 22 mean concentrations in tissues of marine animals from the
four discharge sites are above both the TSC value (8.0 #g/g) and the “high” concentration (17

#g/g). Highest concentrations of arsenic in tissues of marine animals from both reference and
discharge sites are consistently found in the bivalve mollusc jewelbox and the gray triggerfish.

Arsenic concentrations in tissues are highly variable from one species to another.
The large range observed in this study maybe related in part to differences in concentrations of
dissolved arsenic in nearshore waters strongly influenced by freshwater runoff from land (usually
low in arsenic) and offshore oceanic waters. Arsenic concentrations in ambient seawater range
from 0.64 Mg/L at VR 214A (nearShore) to 1.6 fig/L at HI A-595CF (oi%hore). Open ocean
waters may contain up to 3 @L arsenic (Neff, 1996b).

Crustaceans, bivalve molluscs, and fish usually contain a similar range concentrations
of arsenic in their soft tissues (Table 9.46). However, arsenic concentrations in different species
of these major taxonomic groups vary widely. This variability in concentrations of arsenic in
tissues of marine animals maybe related to the forms and concentrations of arsenic in ambient
seawater and the diet and the ability of different marine animals to sequester, metabolize, or
excrete accumulated inorganic and organic arsenic. Marine micro- and macro-algae can
bioaccumulate dissolved arsenate (the dominant form of arsenic in seawater) from seawater and
convert it to organic forms that are sequestered in the tissues (Neff, 1996b). Marine animals that
consume the algae bioaccumulate large amounts of arsenic, particularly the organic forms.
Thus, bivalves, that filter feed on microalgae, and some herbivorous marine crustaceans and fish
contain high concentrations of arsenic in their tissues. This may explain the high concentrations
of arsenic in jewelboxes (filter-feeders) and gray triggerfish (grazers on biofouling macroalgae).
More than 90% of the total arsenic in tissues of herbivorous molluscs, crustaceans, and fish is in
organic forms, primarily as arsenobetaine (Francesconi and Edmonds, 1993). The organic
arsenic in tissues of marine animals is not toxic to the animals themselves or their consumers,
including man (Vahter et aL, 1983; Sabbioni et aL, 1991).

The concentrations of total arsenic measured in this study in muscle or whole tissues
of marine crustaceans, molluscs, and fish are within the range of concentrations reported for
these taxa worldwide (Table 9.46). Most of the tissue arsenic is organic, a form that is not toxic
to the marine animals. Therefore, the observed concentrations of arsenic in tissues of marine
animals pose no risk of toxicity to the marine animals.
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Table 9.41. Mean concentrations of arsenic, barium, cadmium, and mercury in edible and non-edible
tissues of marine animals from the vicinity of SMI 236A. Concentrations are in @g dry weight.

Species Arsenic Barium Cadmium Mercury

Atlanticcroaker (Micropogonias undulatus) 1.5 8.4 0.06 0.029

Hardhead catfish(Ariusfe/is) 0.48 1.4 0.04 0.36

Silverseatrout (Cynoscion nothus) 0.12 5.9 0.18 0.037

Atlanticcutlassfish(TrichiurusIepturus) 0.20 1.8 0.49 0.054

Penaeid shrimp (Penaeus spp.)
muscle 4.1 4.6 0.14 0.040
other 2.9 99 0.38 0.029

Blue crab (Ca//inectes spp.) 10 6.8 0.39 0.29

Easternoyster (Crassostrea virghicq) 11 10 6.7 0.061

Table 9.42. Mean concentrationsof arsenic, barium,cadmium,and mercuryin edible and non-edible
tissuesof marineanimalsfromthe vicinityof VR 214A. Concentrationsare in pgdgdryweight.

Species Arsenic Barium Cadmium . . Mercury

Red snapper (L@af?uscampechar?us)
fillet 1.1 0.15 0.04 0.37
carcass 0.77 1.5 0.05 0.16

Gray triggedish(Ba/istes capriscus)
fillet 22 0.06 <0.04 1.0
carcass 13 8.3 0.63 0.62

Jewelbox (Charna rnacerophylla) 31 20 5.3 0.05
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Table 9.43. Mean concentrations of arsenic, barium, cadmium, and mercuryin edible and non-edible
tissuesof marineanimalsfromthe vicinityof SMI 130B. Concentrationsare in pg/g dry
weight.

Arsenic Barium Cadmium

Red snapper (I@arws carnpechanus)
fillet 0.72 0.07 <().05 0.28
carcass 0.60 2.0 0.18 0.16

Gray triggerFish(Ba/ktes capriscus)
fillet 33 0.61 <0.10 0.44
carcass 20 15 0.58 0.41

Longspineporgy(Stenotornuscaprirws) 0.24 32 0.13 0.42

Vermilionsnapper (Rhomf20p/ites aurorubens) 3.2, 0.05 0.02 0.13

Swimmingcrab (Portufws spp.) 35 120 0.87 0.094

Jewelbox(Chama macerophy/la) 26 14 5.2 0.054

Table 9.44. Mean concentrationsof arsenic, barium,cadmium,and mercuryin edible tissues of marine
animalsfromthe vicinityof HI A-595CF. Concentrationsare in &g/gdryweight.

Species - ] Arsenic I Barium I Cadmium I Mercuw

Vermilionsnapper (Rhombop/itesaurorubens) I 3.2 \ o.I5 I 0.02 I 0.37

Longspine porgy (Stenoton?uscaprinus) I 0.40 I 26 I 0.25 I 0.65

Jewelbox (Charna rnacefop/?y//a) I 41 \ 43 I 7.1 I 0.046
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Table 9.45. Mean concentrationsof arsenic, barium,cadmium,and mercuryin edible tissuesof marine
animalsfromthe vicinityof three dischargingplatforms(D), two reference platforms(R), and a
natural hard bank. Concentrationsare in @g dryweight.

Species Location Arsenic Barium Cadmium Mercury

Red snapper (Lufjanus carnpechanus) Bank 4.2 0.06 <().()2 0.72

Gray triggerfish(Ba/ktes capriscus) Bank 86 0.08 0.01 0.47

Jewelbox (Charna rnacerophylla) El 313A (D) 43 13 14 0.065

Jewelbox (C. rnacerophy//a) HI A-323A 59 79 11 0.12
(D)

Jewelbox (C. macerophy//a) HI A-389 (R) 32 74 7.1 0.051

Jewelbox (C. rnacerophylla) Ml 703A (D) 29 14 4.2 “0.11

Easternoyster (Crassc@rea virginica) SMI 229C 10 12 5.4 0.13
(R) Y

Table 9.46. Range of concentrations of total arsenic in whole or muscle tissues of marine crustaceans,
bivalve molluscs,and fishfromthroughoutthe world, includingthe Gulf of Mexim.
Concentrationsare Ug/g dryweight. (From: Neff, 1996a).

LocationfTaxon Number of Range Arithmetic Standard Geometric
Samples Mean Deviation Mean

Gulf of Mexico

Crustaceans 12 0.2-10 2.8 3.5 0.98

Bivalves 43 <().1 -130 17 25 7.7

Fish 22 0.1-110 7.3 24 0.84

World

Crustaceans 96 <0.1-270 35 47 15

Bivalves 151 <0.6-210 18 26 10

Fish 156 0.05-450 0.37 0.30 0.25
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9.2.7.2 Barium

Concentrations of barium in soft tissues of marine animals from the reference and
produced water discharge sitesalsoa rehighlyv afiable( Tables9.41t hrough9 .45). Highest
concentrations are in soft tissues of jewelboxes and muscle tissue of swimming crabs Portunus
spp. Muscle tissues of fish usually contain low concentrations, though longspine porgy from
discharging sites SMI 130B and I-NA-595CF contain 32 and 26 ~g/g barium, respectively, in
muscle tissue. Jewelbox from discharge sites contain means of 26 to 59 ~g/g barium in soft
tissues, compared to a mean of 32 @g/g at the reference site where jewelbox were collected.
Red snapper from discharge and reference sites also contain similar concentrations of barium.
However, muscle of gray triggerfish from a discharge site contains significantly higher
concentrations (mean, 0.61 ~g/g) than from a natural hard bank (mean, 0.08 #g/g). The carcass
(including organ tissues and bone) of gray triggerfish from the discharge site contains a mean of
15 ~glg barium. Much of the barium in tissues of marine animals containing higher than
expected concentrations of barium may be in the form of insoluble barite concretions in various
tissues (Jenkins et zd., 1989).

There are no tissue screening concentrations or “high” concentrations for barium.
The limited published information on concentrations of barium in sot tissues of marine animals
indicates a wide variability in tissue residues in different major taxonomic groups and among
species within a taxonomic category (Table 9.47). Concentrations of barium measured in this
study in tissues of marine animals from the northwestern Gulf of Mexico are in the range of
published concentrations in tissues of marine animals worldwide. Bivalve molluscs collected
from the vicinity of drilling rigs discharging water base drilling fluids (rich in barite) often contain
elevated concentrations of barium in whole soft tissues (Jenkins et al., 1989; Naito, 1994). Gills
of fish also often contain high concentrations of barium (Ba~sari, 1994). Barium may be present
in the fish gills and soft tissues of bivalves as solid concretions of insoluble, inert barite.

There is no published information about the concentration of barium in tissues of
marine animals that may be associated with an elevated risk of toxicity. Because of the low
volubility of barium in the sulfate-rich medium of seawater and the tissues of marine animals,
barium cannot reach toxic concentrations in solution in seawater. Assuming that the toxicity of a
metalloid like barium is dependent upon accumulation of the chemical in tissues to a critical body
residue from the ambient seawater, then it is not likely that marine animals can b[oaccumulate
enough dissolved barium from seawater to elicit toxic responses. Thus, barium is present in
tissues of marine animals from the northwestern Gulf of Mexico at concentrations below those
that could be toxic to the marine organisms themselves. The risk based concentration for barium
in fish tissues destined for human consumption (the maximum acceptable concentration in
human food) is 95 fig/g wet weight (equivalent to approximately 475 &g/g dry weight) (EPA,
1995). Thus, all the marine animals collected in this study would not pose a health risk to human
consumers from barium poisoning.
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Table 9.47. Concentrations of barium in marine crustaceans, bivalve moliuscs, and fish from
throughout the world. Concentrations are ~g/g dry weight (From: Neff, 1996a).

II
Number of Arithmetic Mean Standard

Geometric
Taxon

Analyses Concentration Deviation
Mean

Concentration

Crustaceans 16 22.5 53.0 3.42

Bivalve Moiluscs 27 18.0 34.3 4.40

Fish 33 3.41 10.1 0.13
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9.2.7.3 Cadmium

Mean concentrations of cadmium in tissues of marine animals from reference and
produced water discharge sites range from 0.01 to 14 pg/g, a range of three orders of magnitude
(Tables 9.41 through 9.45). Lowest concentrations are in edible tissues of fish. Highest
concentrations are in soft tissues of jewelboxes and oysters. Published concentrations of
cadmium in soft tissues of clams and oysters worldwide range from 0.03 to 144 fig/g. Fish
muscle tissue contains 0.001 to 5.8 #g/g (Neff, 1996a). Concentrations of cadmium in tissues of
animals examined in this study are, for the most part, in the lower part of these ranges.

The TSC and “high” concentrations of cadmium in tissues or marine animals are 2.97
~g/g and 5.7 ~g/g, respectively (Table 9.40). Only concentrations in tissues of oysters from
discharging site SMI 236A and jewelboxes from all sampling sites where they were found,
includkig reference sites, exceed these screening values. Jewelboxes may resemble oysters
and scallops by accumulating cadmium from natural dissolved concentrations in seawater and
storing them in insoluble concretions in various tissues. Cadmium concentrations in edible and
carcass tissues of all the species of fish and crustaceans are well below the tissue TSC
concentration. Therefore, it is likely that the concentrations of cadmium in tissues of
crustaceans, bivalves, and fish are below concentrations that would represent a toxic threat to
these marine animals.

9.2.7.4 Mercury

Concentrations of mercury in muscle and carcass tissues of marine fish collected in
this study range from 0.029 to 1.0 fig/g (Tables 9.41 through 9.45). Crustaceans contain 0.029

to 0.29 ~glg total mercury. The two species of bivalves contain mean concentrations of 0.05 to
0.12 ~g/g. These concentrations are consistent with concentrations reported in the published

scientific literature for these taxa. Fish may contain up to more than 100 #g/g total mercury in
their muscle tissues, most of it as organic mercury (Lasorsa and Allen-Gil, 1995). The
concentration ranges reported here are in the lower part of the published ranges for marine
crustaceans, bivalves, and fish and are comparable to geometric mean concentrations
(indicative of a typical concentration) (Table 9.48).

The TSC and “high” concentration of total mercury in tissues of marine animals are
0.60 and 0.24, respecthely (Table 9.40). All mercury concentrations in soft tissues of the two
species of bivalves collected in this study are below both screening values. Only gray triggertish
muscle and carcass from discharging site VR214A and red snapper muscle from the reference
hard bank site contain mercury concentrations higher than the TSC value. Niimi and Kissoon
(1994) estimated a threshold critical body burden (similar to TSC) of 5 to 25 ~g/g dry weight for
rainbow trout Oncorhynchus mykiss. Thus, it is highly likely that the red snapper and gray
triggerfish are not suffering any adverse effects from tissue residues of 0.7 to 1.0 #/g. There is a
low risk of harm to the marine animals from mercury residues in tissues of marine crustaceans,
bivalves, and fish near produced water discharges to the northwestern Gulf of Mexico.

9-94



Table 9.48. Concentration ranges and averages for total mercury in soft tissues or marine
animals from throughout the world. Concentrations are Mg/g dry weight
(From: Neff, 1996a).

Number of Concentration
Arithmetic

Standard
Geometric

Taxon
Analyses Range

Mean
Deviation Mean

Concentration Concentration

Mussels 60 0.004 -11.7 0.88 2.19 0.17

Oysters 74 0.003-8.04 0.43 1.05 0.13

Clams 32 0.005-85 6.61 19.94 0.28

Shrimp 27 0.02 -6.2 1.16 1.60 0.45

Crabs 20 0.015 -2.3 0.78 0.74 0.23

Fish 379 0.01-115 2.49 7.93 0.77
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9.2.7.5 Copper

Mean concentrations of copper in muscle and carcass tissues of marine fish from
reference and produced water discharge sites in the northwestern Gulf of Mexico range from
0.75 to 20 pg/g (Tables 9.49 through 9.53). Tissues of portunid crabs and penaeid shrimp

contain higher mean concentrations, ranging from 26 to 61 #g/g. However, oysters contain the
highest mean concentrations of copper in their tissues, with means of 140 pg/g at discharge site
SMI 236A and 160 ~glg at nearby reference site SMI 229C. Mean concentr~lons of copper in

soil tissues of jewelboxes range from 4.7 to 11 Vg/g.

The concentrations of copper reported for sofl tissues of crustaceans and fish are
comparable to concentrations reported by Horowitz and Presley (1977) for the same or closely
related species from the south Texas outer continental shelf (Table 9.54). Most of the marine

animals analyzed by Horowitz and Presley (1977) were collected from offshore waters well away
from offshore oil and gas development activities, and probably represent natural concentrations
of copper in tissues of marine animals from the Gulf of Mexico. Most of the copper in crustacean
tissues is associated with the copper-containing blood pigment, hemocyanin. The blood of blue
crabs Callinectes sapidus contains about 85 mg/L hemocyanin-bound copper (Engel and
Brauwer, 1991). Oysters contain naturally high concentrations of copper in their soft tissues
(O’Connor and Beliaeff, 1995).

The TSC for copper in tissues of aquatic animals is very low, lower than mean
concentrations of copper in muscle tissues of marine animals from all but three reference or
discharge sites sampled in this study. Copper concentrations in muscle are roughly comparable
in fish from reference and discharge sites, and probably are natural. Highest copper
concentrations are in fish from discharging site SMI 236A in shallow water. Ambient seawater at
this platform has the highest copper concentration of the sites. The excess copper in ambient
seawater from this site probably comes from the Mississippi River outflow which is enriched in
copper compared to oceanic seawater. The fish probably are bioaccumulating copper from the
copper-enriched ambient seawater. There is no evidence that copper concentrations in seawater
are affected by produced water discharges. Copper concentrations in tissues of the two species
of bivalves are lower than the ‘higti values for mussels and oysters (OConnor and Beliaeff,
1995) and probably are natural levels. Therefore, the risk of measure tissue concentrations of
copper to marine animals from the northwest Gulf of Mexico is low.

9.2.7.6 Nickel

The TSC and “high” concentration of nickel in tissues of marine animals are 1.65 and
3.3 pg/g, respectively (Table 9.40). Muscle tissue of most of the fish species from reference and
discharge sites contain nickel concentrations lower than or approximately the same as the TSC
(Tables 9.49 through 9.53). Muscle of longspine porgy from the deepwater discharging site HI
A-595CF contains a mean of 5.3 wg/g nickel. Carcass of gray triggerfish also contains elevated
levels of nickel. Swimming crabs from discharging site SMI 130B contain a mean of 7.1 ~g/g
nickel. Other crustaceans contain low concentrations of nickel. Mean nickel concentrations in
soft tissues of jewelboxes are high, ranging from 3.7 to 12 fig/g, all higher than the “high”
concentration for mussels and oysters. The oysters contain low concentrations of nickel. Nickel
concentrations are comparable in jewel boxes and oysters from reference and discharge sites,
indicating that the marine animals probably are not accumulating excess nickel from the
produced water discharges.
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Table 9.49. Mean concentrations of copper, nickel, lead, and zinc in edible and non-edible
tissues of marine animals from the vicin-Ryof SMI 236A. Concentrations are in pg/!
dry weight.

Species Copper Nickel Lead Zinc

Atlantic croaker (Micropogonias 2.6 2.4 0.23 54
undulatus)

Hardhead catfish (Arius felis) 2.4 0.11 0.60 54

Silver seatrout (Cynoscion nothus) 5.2 1.4 0.21 72

Atlantic cutlassfish (Trichiurus 2.2 1.5 0.12 41

Iepturus)
I I I I

Penaeid shrimp (Penaeus spp.)
muscle 32 1.0 0.10 54
other 60 3.9 0.52 62

Blue crab (Callinectes spp.) 61 1.3 0.16 194

Eastern oyster (Crassostrea 140 1.3 0.64 1800
viroinica)

Table 9.50. Mean concentrations of copper, nickel, lead, and zinc in edible and non-edible
tissues of marine animals ~om the vicinity of VR 214A. Concentrations are in Kg/g
dryweight.

Species Copper Nickel Lead Zinc

Red snapper (Lu@rws carnpecharws)
fillet 0.75 1.2 0.28 15
carcass 1.9 1.5 0.20 48

Gray triggerFish(Baktes capriscus)
fillet 1.1 1.5 0.10 20
carcass 3.6 1.6 7.5 280

Jewelbox (Charm rnacerophyh) 6.2 5.4 0.14 180
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Table 9.51. Mean concentrationsof cocwer,nickel, lead. and zinc in edible and non-edibletissuesof
marine animals from the vi&i~” of SMI 1306. Concentrations are in &g/g dry weight. -

Species Copper Nickel Lead Zinc

Red snapper (L@?us campechanus)
fillet 0.75 1.4 0.08 13
carcass 1.5 1.4 0.84 34

Gray triggerfish(Ba/istes capriscus)
fillet 1.2 1.6 0.11 23
carcass 20 7.0 1.5 320

Longspineporgy (Stermtonws caprkufs) 1.5 1.8 0.90 45

Vermilion snapper (/?hornbop/ites 1.4 1.5 0.08 13
aurorubens)

Swimmingcrab (Polfurws spp.) 26 7.1 0.93 78

Jewelbox (Chama macerophyl~a) 11 3.7 0.20 91

Table 9.52. Mean concentrations of copper, nickel, lead, and zinc in edible tissues of marine animalsfrom
the vicinity of HI A-595CF. Concentrationsare in &g/g dryweight.

Species Copper Nickel Lead Zinc

Vermilion snapper (Rhombop/itesaworubens) 1.6 1.4 0.22 13

Longspine porgy (Stenotornus caprinus) 1.8 5.3 0.56 56

Jewelbox (Chama n?acerophylb) 6.0 6.4 0.70 140

Table 9.53. Mean concentrationsof copper, nickel,lead, and zinc in edible tissuesof marine animalsfrom
the vicinity of three discharging platforms (D), two reference platforms (R), and a natural hard
bank. Concentrations are in Ug/g dry weight.

Species Location Copper Nickel Lead Zinc

Red snapper (Lutjar?uscan?pechafws) Bank 0.83 1.4 0.09 13

Gray triggeifish (Ba/istes CZVMSCUS) Bank 1.2 1.6 0.12 24

Jewelbox (Charna n?acerophylla) El 313A (D) 5.1 7.8 0.41 200

~ ~ 6.6 12 0.43 150

Jewelbox (C. macerophylla) HI A-389 (R) 4.7 9.1 0.24 170

~ 6.8 11 4.3 100

Eastern oyster (Crassostrea virginica) SMI 229C (R), 160 1.0 0.46 1800
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Concentrations of chromium, copper, lead, and zinc in tissues of marine dants and
animals from the south Texas ou~er continental shelf. Concentrations are in ~g/g
dry weight (From: Horowitz and Presley, 1977).

Species Chromium Copper Lead Zinc

Sargassum 1.2- 2.6 2.8- 7.0 3.9- 6.5 34-41

Mixed zooplankton 1.8- 10.1 2.7-61 1.8- 18.8 26.5-170

Squid (muscle & skin) 3.0- 6.1 61-69 1.3- 2.7 50-290

Squid (muscle) 0.4-11 8.5- 21.5 0.4- 1.8 41-56

Squid (viscera) 2.7- 7.1 85.5-215 1.8- 3.6 79.7-110

Brown shrimp (muscle) 0.4- 3.8 18.5 -28.5 0.5- 1.6 20.5 -57.5

Brown shrimp (viscera) 3.1 -5.3 65-260 2.3- 3.1 83.8-136

Rock shrimp (muscle) 1.8- 4.2 23-38.5 1.1 -2.0 52.5-62

Flatfish (muscle) 0.8- 13.3 0.6- 1.5 0.04 -1.6 14-18.5

Flatfish (skin) 2.1 -8.5 1.2- 2.1 4.2- 8.8 39.7-112

Longspine porgy (muscle) 0.9- 3.2 1.0- 1.7 0.6- 1.4 13-23

Rough scad (muscle) 2.7- 5.0 2.4- 2.6 0.7- 0.9 26.5-37

Sea robin (muscle) 0.9- 3.9 0.8- 1.1 0.7- 1.5 15.5 -18.5

Sand seatrout (muscle) 5.5- 8.3 1.5- 1.8 0.6- 1.5 15.5 -22.0

Sand seatrout (liver) 2.7 22.6 0.6 91.5

Black-ear bass (muscle) 7.2 1.0 0.8 17.5

Atlantic croaker (muscle) 7.3 1.0 0.8 17.5

Wenchman (muscle) 2.4 1.0 0.5 15.5



These concentrations generally are higher than nickel concentrations reported in
muscle tissues of the same or similar species from the south Texas outer continental shelf
(Table 9.55). However, Gulf of Mexico oysters collected between 1986 and 1988 contain 0.28 to
31 ~g/g nickel in soft tissues (Presley et al,, 1990). Clams and shrimp from lower Chesapeake
Bay, VA, contain 6.5 to 11.5 ~g/g and 23.5 to 59.5 Mg/g, respectively, nickel in soft tissues (Rule,
1985).

Tissue residues of nickel in fish, crustaceans, and oysters probably are low enough
that they do not pose a toxic risk to the marine animals. Concentrations in jewelboxes, although
higher than threshold values, are within the range observed in some other bivalve molluscs.
Jewelboxes may contain naturally high concentrations of nickel. It is possible, though doubtful,
that the tissue residues of nickel in jewelboxes are harmful to the molluscs.

9.2.7.7 Lead

Mean concentrations of lead in muscle of fish and crustaceans and whole soft tissues
of bivalves are uniformly low, with one exception. For most species at reference and discharge
sites, mean concentrations of lead range from 0.08 to 0.93 pg/g (Tables 9.49 through 9.53).
Jewelbox from discharging site Ml 703A in relatively shallow water off the Texas coast contain a
mean of 4.3 pg/g lead in soft tissues. Carcass of gray triggerfish from two discharge sites

contain means of 7.5 and 1.5 pg/g lead.

These concentrations are comparable to or lower than concentrations reported by
Horowitz and Presley (1977) in similar species from the south Texas outer continental shelf
(Table 9.54). More than 690 oyster samples from the coasts of Louisiana and Texas contain
0.08 to 3.15 ~g/g lead (NOAA, 1995). Benthic crustaceans from the New York Bight contain
0.05 to 17.5 pg/g lead (Steimle et aL, 1994). Twenty-six species of teleost fish from the western
Mediterranean Sea contain 0.05 to 55.9 #g/g lead (Pastor et aL, 1994).

The TSC concentration for lead in tissues of aquatic animals is 2.08 ~g/g. The “high”
concentration is 4.3 ~g/g in mussels and 0.96 #g/g in oysters (Table 9.40). These screening
concentrations are not exceeded by any muscle or whole soft tissue analyses for fish and
invertebrates from reference and discharge sites. Therefore, iead does not represent a
toxicological risk to marine animals near offshore production platforms in the northwestern Gulf of
Mexico.

9.2.7.8 Zinc

Concentrations of zinc are high in the soft tissues of most marine animals. Mean
concentrations in muscle of fish sampled in this study range from 13 to 72 #g/g (Tables 9.49

through 9.53). Carcass of gray triggerfish from two discharge sites contains means of 280 and
320 pg/g zinc. Crustaceans contain mean zinc concentrations of 54 to 190 pg/g. Oysters
contain the highest concentrations of zinc (means of 1,800 ~g/g in animals from a discharge site
and 1,800 pg/g in animals from a nearby reference site). Jewelboxes contain lower
concentrations of zinc than oysters. Mean concentrations range from 91 to 200 #g/g and are
comparable at discharge and reference sites.
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Table 9.55. Concentrations of nickel, iron, and manganese in tissues of marine plants and
animals from the south Texas outer continental shelf. Concentrations are in pg/g
dry weight (From: Horowitz and Presley, 1977).

Species Nickel Iron Manganese

Sargassum 2.2- 9.0 45-550 12-90

Mixed zooplankton 2.8- 8.0 105-1,512 9.0-86

Squid (muscle & skin) 2.1 -2.7 17.5 -20.5 1.6- 2.0

Squid (muscle) 1.0- 4.3 16.6-465 0.9-31

Squid (viscera) 0.6- 3.2 22-125 1.6- 4.4

Brown shrimp (muscle) 0.3- 1.9 4.5-29 0.8- 3.5

Brown shrimp (viscera) 5.6- 5.8 238-445 10-17

Rock shrimp (muscle) 0.8- 3.3 13-78 4.8-13

Flatfish (muscle) 0.6- 7.4 11-36 0.9- 3.8

Fiatfish (skin) 2.9- 7.4 33-86 7.1-16

Longspine porgy (muscle) 0.5- 2.0 10-31.5 0.4- 1.9

Rough scad (muscle) 0.7- 1.1 30-34 0.5- 0.7

Sea robin (muscle) 0.5- 1.2 12-30 1.4- 1.8

Sand seatrout (muscle) 2.8- 5.1 22-26 1.1 -3.~

Sand seatrout (liver) 0.8 500 3.4

Black-ear bass (muscle) 1.5 24 0.8

Atlantic croaker (muscle) 2.7 24 1.2

Wenchman (muscle) 0.6 7.7 0.4
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These concentrations are comparable to concentrations of zinc in tissues of the same
or similar species of marine animals from the south Texas outer continental shelf (Table 9.54).
Oysters usually contain much higher concentrations of zinc than other bivalves, as indicated by
the higher “high” value for zinc in oysters than in mussels (Table 9.40). Open ocean planktonic
crustaceans from the eastern North Atlantic Ocean contain 34 to 96 ~g/g zinc in whole tissues
(Ridout et aL, 1989). Twelve species of fish from the eastern Mediterranean Sea contain 4.1 to
59 #g/g zinc in muscle tissues (Hornung and Ramelow, 1987). Thus, concentrations of zinc in
tissues of marine animals from the vicinity of produced water discharging and reference
platforms contain zinc concentrations comparable to those in tissues of marine animals from
other marine habitats.

9.2.7.9 Chromium

Chromium concentrations in fish muscles are quite variable, ranging from 0.03 ~g/g in
muscle of red snapper from Sonnier Bank to 13 ~g/g in muscle of longspine porgy from

discharging site HI A-595CF (Tables 9.56 through 9.60). For the two species for which
comparisons can be made between reference and discharge sites (red snapper and gray
triggerfish), chromium concentrations in muscle are low and similar. The two highest mean
concentrations of chromium are in muscle of Iongspine porgy from discharging site SMI 130B
(5.4 #g/g) and discharging site HIA-595CF(13 Mg/g). Concentrations of this essential
micronutrient may be naturally high in this species of fish. All other species of fish collected from
the two discharging platforms where longspine porgy have high tissue burdens of chromium
contain low concentrations (cO.2 pg/g) of chromium. Atlantic croaker, silver seatrout, and
Atlantic cutlassfish from the vicinity of SltJl 236A in shallow water contain means of 1.9,2.6, and
2.2 pg/g, respectively, of chromium in muscle tissue. Other species of fish and invertebrates
from the same site or from the nearby reference site SMI 229C contain low concentrations of
chromium. Chromium was not analyzed in ambient seawater in this study, so it is not possible to
infer the source of the elevated concentrations of chromium in tissues of marine animals from the
different reference and discharge sites beyond the fact that produced water concentrations were
low and comparable to ambient seawater values from other studies.

Concentrations of chromium also are variable in tissues of invertebrates from
reference and discharge sites (Tables 9.56 through 9.60). The crustaceans (penaeid shrimp and
portunid crabs) contain means of 0.17 ~g/g in whole blue crabs to 7.2 ~g/g in non-muscle
tissues of shrimp. Chromium is an essential cofactor for enzymatic reactions involved in
crustacean molting. Mis possible that the variability in concentrations and differential distribution
of chromium in crustacean tissues is related to variations in chromium storage in tissues during
different phases of the molt cycle.

Mean chromium concentrations in soft tissues of oysters and jewelboxes range from
0.70 to 2.5 #g/g and do not show a consistent difference between reference and discharge sites
or between species.
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Table 9.56. Mean concentrationsof chromium,iron,manganese, molybdenum,and vanadium in edible
and non-edibletissuesof marineanimalsfromthe vicini~-of SMI 236A. Concentrationsare in
pglg dryweight.

Species Chromium Iron Manganese Molybdenum Vanadium

Atlanticcroaker (Micropogonias 1.9 240 29 0.58 2.0
L/ndukws)

Hardhead catfish (Arius fe/k) 0.54 38 1.5 0.02 0.11

Silverseatrout (Cynoscion 2.6 280 15 0.18 0.54
nothus)

Atlanticcutlassfish(Trichiurus 2.2 150 8.6 0.13 0.27
/epturus)

Penaeid shrimp (Penaeus spp.)
muscle
other 0.36 44 5.1 0.11 0.44

7.2 860 51 0.28 1.9

~ 0.17 300 5.4 0.24 1.0

Eastern oyster (Crassostrea 1.2 480 18 0.22 ‘ 1.6
virginica)

1
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Table 9.57. Mean concentrationsof chromium,iron,manganese, molybdenum,and vanadium in edible
and non-edibletissues of marineanimalsfromthe vicinityofVR214A. Concentrationsare in
pglg dryweight.

Species Chromium Iron

Red snapper (.Lu~anus
campechanus)

fillet 0.12 12 0.36 4.0 0-52
carcass 0.50 48 . 4.2 0.56 1.9

Gray triggerfish(Ba/istes
capriscus)

fillet 0.06 8.6 0.98 0.51 0.72
carcass 0.64 68 54 0.75 2.1

Jewelbox (Chmna rnacerophylla) 2.0 66 15 47 4.1



Table 9.58. Mean concentrations of chromium, iron,man!aanese,molybdenum.and vanadium in edible.
and non-edibletissuesof marineanimalsfromthe vicinitvof SMI 130B. Concentrationsare in
pglg dryweight.

Species Chromium
I

Red snapper (Lutjws
campechafws)

fillet
carcass

Gray triggerfish(Ba/istes
capriscus)

fillet
carcass

Longspineporgy
(Stenotonws caprirws)

Vermilionsnapper
(I?hornboplites aurorubens)

Swimmingcrab (Portunus
Spp.)

Jewelbox (Charna
rnacerophy//a)

0.04
0.45

0.11
0.74

5.4

0.13

2.7

1.2

Iron Manganese Molybdenum

50 0.22 0.18
35 3.3 0.45

9.1 0.70 <0,03
67 24 0.47

250 I 23 I 0.22

11 I 0.22 I 2.2

460 I 90 I 0.31

460 19 6.2

Vanadium

0.70
1.4

0.79
1.7

2.4

0.75

8.0

3.0

Table 9.59. Mean concentrationsof chromium,iron,manganese, molybdenum,and vanadium in edible
tissuesof marineanimalsfromthe vicinityof HI A-595CF.- Concentrationsare in @g dry
weight.

Species Chromium Iron Manganese Molybdenum Vanadium

Vermilionsnapper
(l?hornboip/ites aurorubens) 0.19 8.9 0.23 0.10 0.75

Longspineporgy(Stenotomus 13 310 25 0.21 2.8
caprinus)

Jewelbox (Chama 1.4 210 9.2 6.0 2.2
macerophylla)
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Table 9.60. Mean concentrationsof chromium,iron,manganese, molybdenum,and vanadium in edible
tissues of marine animalsfromthe”vicin”ityof ~hreedischa~gingpla~orms(D), two reference
platforms(R), and a natural hard bank. Concentrationsare in #g/g dryweight.

Species Location Cr Fe Mn Mo v

Red snapper (Lu@rws campecharws) Bank 0.03 8.2 — <0.04 0.88

Gray triggerfish(Baktes caprkcus) Bank 0.10 8.2 -– 0.06 0.96

Jewelbox (Charna fnacerophy//a) El 313A (D) 2.5 83 11 32 2.8

Jewelbox (C. rnacerophy//a) HI A-323A (D) 2.4 290 12 47 3.5

Jewelbox(C. rnacerophy//a) HI A-389 (R) 0.84 62 7.0 4.7 1.6

Jewelbox (C. macerophylla) Ml 703A (D) 4.0 111 8.9 34 2.3

Easternoyster (Crassostrea virginica) SMI 229C (R) 0.70 320 28 0.24 1.4
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National Status and Trends Mussel Watch oysters collected from coastal waters of
the Gulf of Mexico contained 0.06 to 3.71 #g/g chromium (NOAA, 1995). O’Connor and Beliaeff
(1995) did not calculate a “higtf concentration for chromium in soft tissues of mussels and
oysters. Using the definition for “high concentration (population geometric mean plus one
standard deviation), the “high concentrations of chromium for oysters from the Gulf of Mexico
range from 0.67 (Louisiana) to 1.04 pg/g (Florida). The two samples of oysters collected in this
study contain chromium at concentrations only slightly higher than these values.

Chromium is fairly evenly distributed in the food chain of the south Texas outer
continental shelf (Table 9.54). Shrimp and fish contain chromium concentrations in muscle and
other tissues similar to those reported here in the same and similar species from produced water
discharge sites and reference sites. Therefore, chromium concentrations in tissues of marine
animals from the vicinity of offshore production platforms are not elevated substantially above
expected concentrations probably are normal.

The TSC for chromium in tissues of aquatic fish is 4.0 fig/g dry weight (Table 9.40).
Only longspine porgy contained muscle tissue residues of chromium higher than this screening
level. The high concentration of chromium in muscle of this species could be normal. Therefore,
the risk posed by chromium in the soft tissues of marine animals from the vicinity of offshore
produced water discharges is low.

9.2.7.10 Iron

No tissue screening concentrations or “high”values have been published for iron.
Iron is an essential trace nutrient for all marine organisms. Because of its low soiubility in
oxygenated seawater, it often is present in solution at concentrations so low that they limit
phytoplankton growth. Because of its essentiality, iron is regulated at relatively high
concentrations in tissues of marine animals. Concentrations of iron in tissues of marine animals
from an ocean food chain on the south Texas outer continental shelf range from 4.5 to more than
1,500 ~g/g in different species (Table 9.55). Concentration ranges in shrimp and fish muscle are
4.5 to 78 Mg/g and 7.7 to 36 #g/g, respectively. Concentrations in skin and organ tissues tend to
be higher than those in muscle. Soft tissues of oysters from Galveston Bay, TX, and coastal
waters of the Gulf of Mexico contain means of 275 and 320 pg/g iron, respectively (Morse et aL,
1993). Concentrations as high as 1,300 ~g/g have been measured in Gulf of Mexico oysters
(Presley eta/., 1990).

In the present study, mean concentrations of iron in soft tissues of oyster and
jewelbox from reference and discharge sites range from 62 to 480 pg/g (Tables 9.56 through
9.60). These concentrations are roughly comparable to the concentrations reported above for
oysters throughout the Gulf of Mexico.

Muscle and whole tissues of shrimps and crabs have similar concentrations of iron to
those in soft tissues of bivalves. “Other” tissues of brown shrimp (probably containing viscera
and shell, both high in iron) contain 859 fig/g iron. These concentrations are somewhat higher
than those in tissues of shrimp from the south Texas outer continental shelf. Bivalves and
crustaceans may be accumulating particulate iron from suspended matter discharged from the
Mississippi River. The concentrations found in bivalves and crustaceans are within the range of
concentrations reported in these taxa from the Gulf of Mexico and elsewhere and probably do not
represent a toxic risk to these species.
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Mean concentrations of iron in muscle of different species of fish from reference and
discharge sites in the northwestern Gulf of Mexico range from 8.2 to 310 ~g/g (Tables 9.56
through 9.60). Most of these mean concentrations are higher than those in muscle of fish of the
same or closely related species from the south Texas outer continental shelf (Horowitz and
Presley, 1977) (Table 9.55). Li (1991 reports an average concentration of iron in the tissues of
marine animals of 160 ~g/g dry weight. Thompson (1990) reports typical concentrations of iron
in fish muscle of <5 to 70 fig/g dry weight. The fish could be accumulating particulate iron from
produced water discharges or from suspended particles from the Mississippi and Trinity River
systems. If the metals are retained in particulate form, they probably are not causing any harm to
the fish. No information is available about the concentrations of iron in fish tissues that maybe
toxic. Therefore, it is not possible to assess the risk of somewhat elevated concentrations of iron
in a few species of fish from the outer continental shelf off Louisiana and Texas.

9.2.7.11 Manganese

Manganese, like iron, is abundant in ocean sediments and an essential micronutrient
in marine animals. There is relatively little information about the normal concentrations of
manganese in soft tissues of marine animals. There are no tissue screening concentrations or
“high”values for manganese.

in the present study, mean concentrations of manganese in soft tissues of oysters
and jewelboxes range from 7 to 28 ~g/g. The highest mean concentration is in oysters from a
shallow reference site, SMI 229. Oysters from the nearby discharging site contain 18 pg/g
manganese. These oysters probably are accumulating particulate manganese from suspended
matter in the Mississippi River oufflow. These concentrations are in reasonable agreement with
mean concentrations of 15.9 * 8.1 #g/g and 14.8 * 8.8 #g/g manganese in oysters from
Galveston Bay, TX, and coastal waters of the Gulf of Mexico, respectively (Morse et al., 1993).
Manganese concentrations as high as 482 #g/g have been measured in Gulf of Mexico oysters
(Presley et aL, 1990). Thus, manganese at the concentrations measured in tissues of oyster and
jewelbox in this study probably do not pose any toxic risk to the bivalves.

Shrimp and blue crabs from discharging site SMI 236A contain means of just over 5
~g/g in muscle tissues, and the shrimp contain 51 ~g/g manganese in non-muscle tissues.
Portunid crabs from discharging site SMI 130B contain a mean of 90 pg/g manganese. Shrimp

from the south Texas outer continental shelf contain 0.8 to 13 fig/g manganese in muscle and up
to 17 ~g/g in viscera (Table 9.55). Frenet andAlliot(1985) reported an average of 30 #g/g
manganese in shrimp (Palaemonetes varians) from coastal waters of France. Prawns (Pandalus
platyceros) from coastal waters of British Columbia contain 5 to 14 #g/g manganese in different
tissues. Therefore, the concentrations manganese measured in tissues of crustaceans in the
present study probably are normal and do not pose a toxic risk to the animals.

Mean concentrations of manganese in muscle tissues of fish collected in this study
range from 0.20 to 29 ~g/g and vary in muscle of the different species in a manner closely
paralleling the variation in iron mncentrations. Iron and manganese co-occur at high
concentrations in marine sediments. Itis possible that muscle and organ tissue of a few species
of predominantly demersal and inshore fish (Atlantic croaker, silver seatrout, and longspine
porgy) accumulate particulate iron and manganese from sediments (or that the muscle and organ
tissue samples were contaminated during dissection with gut contents that may contain sediment
particles). Marine fish muscle usually contains less than 5 ~g/g manganese, but occasionally as
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much as 75 pg/g (Thompson, 1990). Thus, the manganese concentrations measured in fish
tissues in this study probably do not pose a risk to the fish.

9.2.7.12 Molybdenum

Molybdenum is abundant in seawater and is an essential micronutrient in marine
animals. However, there is very little information about its concentrations in tissues of marine
animals. In the present study, mean molybdenum concentrations vary widely among different
species. Soft tissues of oysters contain means of 0.22 and 0.24 Kg/g at a discharge and
reference site, respectively. Jewelboxes contain means of 4.7 to 47 #g/g molybdenum.
Crustaceans contain low concentrations, ranging from 0.11 to 0.31 fig/g. Mean molybdenum
concentrations in fish muscle range from less than 0.03 to 4.0 ~g/g.

Li (1991) reports an average molybdenum concentration of 0.39 ~g/g in tissues of

marine animals. Oysters from different locations in Mississippi Sound contain a mean of 13 ~g/g

molybdenum (Lytle and Lytle, 1990). Spot prawns from British Columbia contain 0.24 to 1.6 ~g/g
molybdenum in different tissues (VVhyte and Boutillier, 1991). Liver of cod from Newfoundland,
Canada, contains 0.08 to 0.34 #g/g molybdenum (Hellou et al., 1992). Muscle tissue contains
0.01 to 0.06 @g. Thus, molybdenum concentrations measured in the present study in soft
tissues of marine animals are in the upper part of the range of concentrations recorded in tissues
of marine animals from elsewhere. Molybdenum, as an essential trace nutrient, is regulated in
the tissues of marine animals, and the concentrations measured probably are natural and do not
pose a risk to the marine animals.

9.2.7.13 Vanadium

Mean vanadium concentrations in tissues of marine animals from reference and
produced water discharge sites range from 0.11 to 8.0 Ug/g (Tables 9.55 through 9.60). Highest
concentrations are in tissues of portunid crabs and jewelboxes. Mean concentrations in jewelbox
tissues range from 1.6 to 4.1 #g/g.

These tissue concentrations of vanadium probably are normal. The average
concentration of vanadium in tissues of marine animals is 3.5 fig/g (Li, 1991). Several species of
mesopelagic crustaceans from the open northeastern Atlantic Ocean contain 0.17 to 1.84 ~g/g
(Ridout et aL, 1989). Prawns from British Columbia, Canada, contain 0.33 to 1.34 pg/g

vanadium in different tissues (Whyte and Boutillier, 1991). Deposit-feeding clams (Scrobidularia
plana) from the Bou Regreg estuary, Morocco, contain 18 to 25 fig/g vanadium in soft tissues.
Polychaete worms (Neries diversico}or) contain slightly high concentrations. Ocean quahogs
(Arctics islandica) from Georges Bank off Massachusetts, contain 0.02 to 4.0 ~g/g (Phillips et aL,

1987). Vanadium concentrations in a pelagic food chain in the open Mediterranean sea range
from 1.45 fig/g in microplankton to 0.07 ,ug/g in shrimp and 0.08 #g/g in myctophid fish (Fowler,
1986). Myctophids from elsewhere in the Mediterranean contain up to 1.12 pg/g vanadium.
Thus, the concentrations of vanadium in soft tissue of marine invertebrates and fish from
reference and produced water discharge sites in the northwestern Gulf of Mexico do not
represent a toxic risk to the marine animals.
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9.2.8 Polycyclic Aromatic Hydrocarbons in Tissues of Marine Animals

PAHs are nonpolar (unionizable) organic chemicals. Like other nonpoiar organics,
they have low aqueous solubilities and high lipid solubilities. Volubility in fresh water decreased
from about 30,000 pg/L for naphthalene (MW 128 daltons) to about 4 pg/L for benzo(a)pyrene
(MW 252 daltons). Volubility is somewhat lower in seawater because of salting out effects (Neff,
1979). Lipid volubility of PAHs increases as molecular weight increases. Therefore, PAHs in
solution in water tend to diffuse down an activity or fugacity gradient from the water, across
permeable biological membranes, and into lipid-rich tissues of organisms in contact with the
water. According to equilibrium partitioning theory (Davies and Dobbs, 1984; Bierman, 1990),
when an aquatic animal is exposed to a nonpolar organic chemical, such as a PAH, dissolved in
the ambient seawater, the chemioal partitions into tissue lipids until an equilibrium, approximated
by the ootanol/water partition coefficient (~) for the chemical, is reached. ~ is used as a
surrogate for,the lipid/water partition coefficient because volubility of many nonpolar organic
compounds in octanoi and biological lipids is similar and there are published values for ~ for a
large number of nonpolar organic chemicals of environmental concern. At equilibrium, the rates
of absorption into and resorption from the lipid phase of the plant or animal are equal. Because
of the relationship between log ~ and bioconcentration, it is possible to prediot the equilibrium
bioconcentration factor (BCF) for a particular nonpolar organic compound from its log ~, if the
underlying assumptions are met (Veith and Kosian, 1983; Davies and Dobbs, 1964). The
mathematical relationship takes the form:

log BCF=alog~+b

where a and b are the slope constant and intercept constant, respectively, determined empirically
by performing a regression with chemicals with different values for log ~ and log BCF. Many of
these regressions have been performed using different numbers and classes of nonpolar organic
chemicals spanning different ranges of log ~ (Isnard and Lambert, 1988; Schtiurmann and
Klein, 1988; Nishihara et aL, 1993). EPA (1 991) recommends using the equation of Veith and
Kosian (1983) for predicting concentrations of nonpolar organic chemicals in the tissues of
aquatic animals in the receiving water environment of NPDES-permitted wastewater discharges,
such as offshore produced water discharges. The equation of Veith and Kosian (1983) is:

log BCF = 0.79 log ~ -0.40

and was derived from a regression of log BCF in 13 species of fish (nearly all freshwater species)
versus log ~W for 122 nonpolar organic compounds, including five PAHs. Values for a and b in
the regression equation vary for different classes of nonpolar organic chemioals, in part because
octanol is not a perfect model for animal lipids (Opperhuizen eta/., 1988). The different
regressions give slightly different estimates for the BCF of a particular nonpolar organic
chemical, such as a PAH (Connell, 1995; Neff and Burns, 1996). Based on the regression of
Pruell et al. (1987) for PAH biomncentration by mussels, BCFS for PAHs increase with PAH
molecular weight from 62.6 for naphthalene to about 120,000 for dibenz(a,h)anthracene.

The waters of the Gulf of Mexico contain low concentrations of PAHs. Natural oil
seeps are abundant in the northwestern Gulf and may release as much as 19 million liters of
crude oil to the Gulf each year (MacDonald et aL, 1993). If the natural seep oil contained
5% PAHs, a total of 950,000 liters of PAHs is released to the northwestern Gulf of Mexico each
year in this way. Additional large amounts of PAHs reach the Gulf in river flows and runoff from
land, and from shipping operations, aerial fallout of particulate (combustion-derived) PAHs, and
discharges of produced water and other NPDES-permitted effluents (Neff, 1979). Therefore,
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marine animals living in waters of the Gulf of Mexico bioaccumuiate PAHs from the ambient
seawater and from their food in proportion to concentrations in the ambient seawater. Most
marine animals are able to metabolize and excrete accumulated PAHs rapidly (Lee, 1981;
Stegeman, 1981). Metabolism has the effect of lowering the equilibrium concentration of PAHs
in the tissues of marine animals. Marine animals, such as bivalve molluscs, with limited ability to
metabolize PAHs, accumulate them to higher concentrations than other species, such as fish,
that have a highly active metabolic capability.

9.2.8.1 Polycyclic Aromatic Hydrocarbons in Tissues

Marine invertebrates and fish collected near the four platform discharges sampled in
this study contain concentrations of total PAHs in their soft or edible tissues, ranging from less
than 0.0001 to 11.68 ~g/g dry weight (Tables 9.61 through 9.64). A single composite of
jewelboxes from each of three of the platforms was analyzed; these samples contain 0.31 to
11.68 pg/g total PAHs. A composite sample of oysters from the fourth platform, SMI 236A,

contains 0.026 ~g/g total PAHs.

Fish from SMI 236A contain higher mean concentrations of total PAHs than fish from
the other three platforms. However, the fish species collected from this shallow-water platform
are different from those collected at the other three deeper-water platforms, so the comparison
should be viewed with caution. Highest concentrations of total PAHs in fish tissues are in whole
Atlantic croaker, with a mean of 0.48 ~g/g and a range of 0.02 to 1.92 fig/g. Whole specimens
of the other three species of fish from SMI 236A generally contain less than 0.1 ~g/g total PAHs.
Mean concentrations of total PAHs in muscle, carcass, or whole fish tissues from the other three
discharging platforms range from 0.0002 to 0.11 #g/g.

Blue crabs from SMI 236A also contain somewhat elevated concentrations of total

PAHs, ranging from 0.031 to 0.97 pg/g in muscle tissue and 0.61 ~g/g (single sample) in
non-muscle tissues. Blue crabs from VR 214A and closely related portunid crabs from SMI 130B
contain 0.014 to 0.182 #g/g total PAHs. Rock shrimp and penaeid shrimp from VR 214A and
SMI 130B generally contain low concentrations of total PAHs in muscle and non-muscle tissues.
Highest concentrations are in muscle of rock shrimp from VR 214A (mean concentration 0.051
~g/g).

The higher concentrations of total PAHs in tissues of several species of marine
animals from SMI 236A is unclear. The produced water from this platform contains a mean of
268 ~g/L total PAHs (Table 9.19), and ambient seawater 2,000 m from the platform contains

only about 0.07 Vg/L total PAHs (Table 9.20). Because of the shallow water depth (6 m) at the
platform compared to the other platforms sampled, initial dilution of the produced water plume
may be less rapid; and somewhat elevated concentrations of PAHs may extend to near the
bottom, allowing primarily demersal species, such as blue crabs and Atlantic croaker, to be
exposed to a PAH-enriched produced water plume for extended periods of time.
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Table 9.61. Mean and range of concentrations of total polycyclic aromatic hydrocarbons (PAHs)
(sum of 41 analytes and congener groups) in edible tissues and non-edible tissues-
of marine animals from the v~cinityof the ~roduced water discharge at SMI 130B.
Concentrations are ~g/g dry weight.

Species Tissue Total PAHs
Concentration

Range

Red snapper (L@nus carnpechanus) muscle 0.015 0.007-0.026
carcass 0.076 0.035-0.117

Gray triggerfish (E?alktes caprkcus) muscle 0.011 0.002-0.021
carcass 0.092 0.010-0.272

Seabass (Centropristk philadelphica) muscle 0.009 0.002-0.037

Pinfish (Lagodon rhon?boides) muscle 0.010 0.003-0.012

Longspine porgy (Stenotomus caprinus) whole 0.009 0.004-0.013

Rock shrimp (Siconia brevkostris) muscle 0.0007 ND -0.001
other 0.019 0.019*

Swimming crab (Porh.ms sp.) whole 0.054 0.024-0.087

Jewelbox (Chama macerophylla) soft 1.745 1.745*
tissue

ND= Not detected.
* Only one composite sample analyzed.
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Table 9.62. Mean and range of concentrations of total polycyclic aromatic hydrocarbons (PAHs)
(sum of 41 analytes and congener groups) in edible tissues and non-edible tissues
of marine animals from the vicinity of the produced water discharge at VR 214A.
Concentrations are ~g/g dry weight.

Species Tissue Total PAHs
Concentration

Range

Red snapper (Lu~anus carnpechanus) muscle 0.012 0.007-0.020.
carcass 0.109 0.034-0.110

Gray triggerfish (Ba/istes capriscus) muscle 0.025 0.002-0.078
carcass 0.033 0014-0.070

Lon s ine por~ whole 0.006 ND -0.009

Dusky flounder (Syacium sp.) whole 0.0002 ND -0.001

Rock shrimp (Siconia fxevjrostris) muscle 0.051 0.001-0.245
other 0.028 0.028”

Roughneck shrimp (Trachypenaeus sp.) muscle 0.003 ND -0.011
other 0.016 0.016”

Blue crab (Callinectes spp.) whole 0.052 0.014-0.182

Jewelbox (Charna rnacerophylla) soft 11.68 11 .68*
tissue

ND = Not detected.
* Only one composite sample analyzed.

9-112



Table 9.63. Mean and range of concentrationsof total polycyclicaromatichydrocarbons(PAHs) (sum of 41
analytes and congener groups) in edible tissuesand non-edibletissuesof marine animalsfrom
the vicinity of the produced water discharge at HI A-595CF. Concentrationsare @g dry
weight.

Species Tissue Total PAHs ConcentrationRange

Vermilion snapper (Rhornboplites muscle 0.025 0.002-0.058
auroruber?s) carcass 0.098 0.060-0.208

Longspineporgy (Stenotornus caprkws) whole 0.002 0.001-0.008

Lefteye Flounder(Bothidae) whole 0.014 0.005-0.023

Wench man (Pristipomoides aquilonark) muscle 0.051 0.004-0.194

Longtailbass (Hemanthias /eptffs) muscle 0.015 0.003-0.023

Jewelbox (Chama maceropl?yla) softtissue 0.311*

* Only one compositesample analyzed.

Table 9.64. Mean and rarme of concentrations of total PolYcYclicaromatic hydrocarbons (PAHs) (sum of 41
analytes and ~ongenergroups) in edible tissues-andnon-edible-tissuesof marine a-nimalsfrom
the vicinityof the producedwater dischargeat SMI 236A. Concentrationsare ,ug/gdryweight.

Atlantic croaker (Micropogonias
undu/atus)

Hardhead catfish(Arius fek)

Silver seatrout (Cynoscion nothus)

Atlantic cutlassfish (Trichiurus Iepturus)

Penaeid shrimp(/Jenaeus spp).

Blue crab (Ca//h?ectesspp.)

Eastern oyster (Crassostrea virginica)

Tissue Total PAHs ConcentrationRange

whole 0.476 0.022-1.924

whole 0.110 0.051-0.130

whole 0.040 0.023-0.053

whole 0.062 0.049-0.072

muscle 0.009 0.003-0.011
other 0.041 0.041”

muscle 0.446 0.031-0.972
other 0.608 0.608”

sotl tissue 0.026 0.026”
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For the most part, the relative concentrations of different PAHs in the tissues of
bivalves, crustaceans, and fish from the vicinity of the four produced water discharges are
characteristic of the relative abundances of different PAI-Is in crude and refined petroleum and
produced water. The most abundant PAHs are the alkylnaphthalenes. PAH abundance
decreases with increasing PAH molecular weight, and there are only traces, when they are
detected at all, of high molecular weight 4- through 6-ring PAHs. Figures 9.1 through 9.3 are
examples of the PAH profiles in the three specimens of different species with the highest total
PAH concentrations.

The PAH profile in a composite sample of jewelbox collected from the legs of
VR 214A is dominated by aikylnaphthalenes and alkylphenanthrenes, with slightly lower
concentrations of alkyldibenzothiophenes (Figure 9.1). Smaller amounts of chrysene and
alkylchrysenes also are present, indicating that the source of the PAHs probably is a crude oil or
a heavy fuel oil. Perylene (0.15 Ag/g), a naturally-occurring PAH, and traces of other high
molecular weight PAHs also are present. The bivalves probably bioaccumulate the PAHs from
produced water discharged from the platform or from a recent release of crude oil in the area.
The PAH profile in the bivalve tissues closely resembles that of produced water from VR 214A,
even to the presence of a higher concentration of perylene than other PAHs with a similar high
molecular weight. A sample of rock shrimp muscle from the same platform (containing 0.24 ~g/g
total PAHs) has a PAH profile that is dominated by alkylfluorenes, phenanthrenes and
dibenzothiophenes, but is nearly devoid of naphthalenes and high molecular weight PAHs. This
may be the result of selective metabolism and excretion of some PAHs by the shrimp.
Crustaceans generally have a greater metabolic capability than bivalve molluscs to break down
and excrete PAHs (Lee, 1981).

One of four specimens of whole Atlantic croaker from SMI 236A contains 1.92 ~g/g
total PAHs, by far the highest concentration of total PAHs measured in any fish samples in this
study. The other four samples of whole Atlantic croaker from this platform contain 0.022 to 0.28
pglg total PAHs. The PAH profile in the contaminated Atlantic croaker sample is dominated by
naphthalene and alkylnaphthalenes (89% of the total PAHs in the fish tissues) (Figure 9.3).
Small amounts of biphenyl, fluorenes, and phenanthrene also are present. No PAHs larger than
fiuoranthene and pyrene were detected. This PAH profile resembles that of a light refined
product, such as gasoline. It does not resemble the profile of the produced water from SMI
236A. The tissue contamination may have come from a small release of gasoline near the
platform.

A sample of muscle from blue crabs collected at SMI 236A contains 0.97 ~g/g total
PAHs. Four replicate blue crab muscle samples from the same platform contain 0.031 to 0.85
Ag/g total PAHs. The PAH profile in the muscle tissue of the blue crabs closely resembles that
of the whole Atlantic croaker (Figure 9.3). The PAH profile is dominated by naphthalene and
alkylnaphthalenes (89Y0 of the total PAHs in the crab muscle), with small amounts of biphenyl,
alkylfiourenes, and phenanthrene. The other blue crab from the platform with an elevated PAH
content (0.85 ~g/g) has a very similar PAH profile. It is probable that the Atlantic croaker and
blue crabs obtained their body burdens of PAHs from the same source, probably gasoline.

9-114



2000

2’
-u

1750

1500

z 1000

c
o.-
~

-z
a)
0
c

8

750

500

250

0

1
Sample:

VR214-CHAMA-A

CIN C4N BIP C2F COP C3P CID” FL C2F/P COC C3C BKF PER BGP

C2N ACEY COF C3F CIP C4P C2D PYR C3F/P CIC C4C BEP IND

PAH

Figure 9.1. PAHprofile insofltissues of JeWelbox(Chamamacerophy/la) fromproduced water dischargingsiteVR2l4A,



100

c
o.-
%
L

-E
$j

c

40

30

20

10

0
CON C3N ACE CIF COA C2P COD C3D CIF/P BAA C2C BBF BAP DAH

CIN C4N BIP C2F COP C3P CID FL C2F/P COC C3C BKF PER BGP
C2N ACEY COF C3F CIP C4P C2D PYR C3F/P CIC C4C BEP IN13

PAH

Figure 9.2. PAH profilesin threesamPl@sof mole Atlanticcroaker (Micropogonias tmdulafus) from the vicinityof producedwater discharging
site SMI 236A in 6 m of water.



50

20

15

10

5

0

III Samples:

~ SM1236-CALLINECTES-EDIBLE-A

❑ SM1236-CALLINECTES-EDIBLE-C
● SM1236-CALLINECTES-EDIBLE-E

fl, *ill, ill, ,11111 Jl, l

CON C3N ACE Cl F COA ‘ C2P/A COD C3D Cl F/P BAA C2C BBF BAP DAH
CIN C4N BIP C2F COP C3P/A Cl D FL C2F/P COC C3C BKF PER BGP

C2N ACEY COF C3F Cl P/A C4P/A C2D PYR C3F/P Cl C C4C BEP IND

h
PAH

Figure 9.3. PAH profilesin three samplesof Blue Crab (Ca//jnectessapklus) fromthe vicinityof producedwater dischargingsite SMI 236A
in 6 m of water.



Samples of gray triggerFish carcass and jewelboxes from SMI 130B contain PAH
profiles that contain traces of several high molecular weight PAHs, other than alkylchrysenes.
The alkylnaphthalenes, fluorenes, and phenanthrenes characteristic of a petroleum product also
are present. These animals probably contain PAHs from both produced water and a combustion
source.

The sample of jewelbox from HI A-595CF, containing 0.31 fig/g total PAHs, has a
PAH profile dominated by C2- through C,-naphthalenes, C2- and C~-fluorenes, and Cl- through
CA-phenanthrenes. This profile is characteristic of a produced water source.

9.2.8.2 Emrisk of Polycyclic Aromatic Hydrocarbons in Tissues of Marine Animals

Considerable progress has been made in recent years in developing quantitative
structure activity relationships (QSARS) that relate physical/chemical properties of non-specific
toxicants, particularly nonpolar organic chemicals, to biological end points, such as acute or
chronic toxicity and bioaccumulation (McCady, 1986; Abemethy et aL, 1988; Wame et aL, 1991;
Connell and Markweil, 1992; Mackay et al., 1992a; McCarty et aL, 1992; Van Leeuwen eta/.,
1992; Sijm et al., 1993). McCarty eta/. (1992) showed, that for nonpolar organic chemicals that
are non-specific toxicants (act primarily by physical accumulation in membrane lipids, causing
generalized narcotic effects), the critical body residue (CBR) of the chemical in the whole tissues
of the animal is approximately 4.4 mmol/kg wet weight (95Y0 Cl. = 3.7 to 5.2 mmol/kg). That is,
adverse biological responses (e.g., death) occur when whole tissue residues of a nonspecific
narcotic chemical reach 4.4 mM.

Because the mode and site of action of non-specific toxicants is the same, their
toxicities can be considered to be additive. That is, the sum of the concentrations of all the
non-specific organic toxicants in the tissues of an experimental animal is equal to approximately
4.4 mmoWkg at the point where toxic responses are observed.

Several classes of nonpolar or slightly polar organic chemicals behave as
non-specific toxicants in aquatic animals. PAHs behave acutely as non-specific toxicants.
However, some of their metabolizes maybe highly reactive and bind, often irreversibly, to tissue
macromolecules. Some PAH metabolizes may be more toxic than the unmetabolized parent
compound. However, the concentration in the tissues of a marine animal of reactive,
uncompleted PAH metabolizes usually is less than that of the parent compounds. Most acute
and chronic effects of low molecular weight PAHs measured in aquatic animals can be attributed
to non-specific toxicity and not to specific effects of metabolizes. However, some of the
metabolizes of some high molecular weight PAHs are mutagens and carcinogens (Neff, 1979).

Van Leeuwen et al. (1992) used these concepts to develop a more conservative
(protective) toxicological end point than that of McCarty et al. (1992), the estimated average
concentration of the chemical in tissues causing harmful responses in 5% of the organisms in an
aquatic community during chronic exposure (the HC5). HC5S are inversely related to log ~.
Values for HC5 in tissues of aquatic organisms range from 0.0673 mmol/kg for chemicals, with a
log ~ of 1.5 to 0.03 mmol/kg for chemicals with a log ~ of 6.0.
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Concentrations of several PAHs spanning the molecular weighfflog ~ range from
naphthalene (log ~ 3.37) to benzo[a]pyrene (log ~ 6.04) in tissues of marine animals from the
vicinity of the four platform discharges were compared to HC5 values estimated according to the
methods of Van Leeuwen et al. (1992) (Table 9.65). HC5S of the five PAHs evaluated range
from 23.45 to 38.45 &g/g dry weight. Highest measured tissue concentrations of the five PAHs
in tissues of marine animals from the vicinity of the four produced water discharges range from
0.003 to 0.17 &g/g. Maximum toxic units (measure tissue residue/HC5) for the five PAHs in
tissues of marine animals range from 0.0001 to 0.004. Maximum toxic units decrease with
increasing molecular weight of PAHs, despite the fact that HC5 values decrease with increasing
log ~ and molecular weight. This is because tissue residues of low molecular weight PAHs are
higher than those of high molecular weight PAHs, reflecting the composition of the PAH
assemblage in produced water and petroleum.

Effects of tissue residues of nonpolar narcotic chemicals are additive. However, even
the highest concentration of total PAHs in bivalve molluscs from the platform legs (1 1.68~g/g dry
weight, mostly naphthalenes) is less than half the HC5 for phenanthrene. Therefore, tissue
residues of individual and total PAHs in marine animals near the four offshore produdlon
platforms are well below concentrations that might be toxic to marine animals.

9.2.9 Summary of Ecorisk of Metals and Polycyclic Aromatic Hydrocarbons in Tissues
of Marine Animals

Marine bivalve molluscs, crustaceans, and fish from the vicinity of offshore produced
water discharges and from nearby reference sites contain detectable concentrations of several
metals and PAHs in their soft tissues. It is difficult to predict if the tissue residues observed in
natural populations of marine animals represent a risk to the animals themselves or their
consumers in the local marine food web. The fact that the tissue residues were measured in
tissues of free-ranging natural populations of marine animals indicates that the concentrations
observed are not acutely lethal or debilitating to the marine animals. However, sublethal
concentrations of the chemicals in tissues could lead to chronic sublethal effects on growth and
reproduction, and thereby pose a risk to the long-term survival and success of the local
populations (Donkin et aL, 1989, 1991; VViddows et aL, 1995).

Although several nletals were measured in tissues of one or more species at
concentrations that approach or exceed current tissue screening levels, in many cases the
elevated tissue residues were observed in animals from supposedly clean reference sites.
Arsenic, in particular, is present in tissues of marine animals at concentrations much higher than
those in tissues of most freshwater and terrestrial animals. Many marine animals have tissue
residues of arsenic that exceed current screening concentrations, most of which were developed
for freshwater animals. Most of the arsenic in the tissues of marine animals is in the form of
various nontoxic organo-arsenic compounds, particularly arsenobetaine (Neff, 1996b). The
organo-arsenic compounds are not harmful to the marine animals themselves or their
consumers.

Barium, copper, zinc, molybdenum, and vanadium also are present at higher than
expected concentrations in soft tissues of some of the marine animals collected in this study.
However, the measured concentrations are within the range reported in tissues of marine
animals from elsewhere in the world and may be normal. Cadmium concentrations are high in
oysters and jewelboxes; this may be natural. These bivalves of&enaccumulate cadmium to high
concentrations and store it more or less permanently in insoluble concretions in the kidney or
digestive gland. Iron and manganese also are present at elevated concentrations in some
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Table 9.65. Comparison ofconcentrations ofseled~polycyclic aromatic hydrocarbons (PAHs)
in tissues of marine animals near produced water discharges and the estimated
tissue concentrations hazardous to 5% of an aquatic community (HC5:Van
Leeuwen et a/., 1992). Toxic units are tissue concentration/HC5. Concentrations
are ~g/g dry weight.

Compound
Concentration Range in

HC5
Maximum Toxic

Tissues Units

Naphthalene ND- O.170 38.45 0.022

Phenanthrene ND -0.089 25.65 0.017

Pyrene ND -0.062 24.80 0.012

Chrysene ND -0.063 22.85 0.014

Benzo(a)pyrene ND -0.003 23.45 0.0006

ND = Not detected, detection limit about 0.10 rig/g dry weight per analyte.
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marine animals. The significance of this and its potential risk are not known. Most
concentrations of mercury, nickel, lead, and zinc in soft tissues of marine animals from this study
are below the tissue screening concentrations and probably do not pose a risk to the marine
animals themselves. A few species from a few sites contain somewhat elevated concentrations
of nickel or molybdenum in soft tissues; the significance and potential toxicological risk of these
elevated concentrations are unknown. The risk probably is low.

PAHs were bioaccumulated from produced water by several species of marine
animals near the produced water discharges. Unfortunately, no marine animals from reference
sites were analyzed for PAHs, so it is not possible to determine the “background” concentrations
of individual and total PAHs in these species. The concentrations of individual PAHs in tissues
of marine animals from the platform sites are highly variable; highest concentrations are in soft
tissues of jewel boxes. None of the PAHs are present in invertebrate and fish tissues at
concentrations that are likely to be acutely toxic to the animals themselves.
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CHAPTER 10-

T. M. Randolph
Randolph Consulting
Baton Rouge, Louisiana

PRODUCED SAND TREATMENT EQUIPMENT EVALUATION

10.1 INTRODUCTION

The EPA promulgated the Offshore EITluent Guidelines in January 1993 and
established a zero discharge limit for produced sand. EPA defined produced sand as “...slurried
particles used in hydraulic fracturing, the accumulated formation sands and scale particles
generated during production. Produced sand also includes desander discharge from produced
water waste stream, and blowdown of water phase from the produced water treating system.”
EPA selected the zero discharge limit because about 35% of the sand in a 198900C Gulf of
Mexico survey (OOC, 1991) was hauled to land disposal sites. EPA was concerned that
detergent washing systems would generate waste streams that would require onshore disposal,
and that the washing systems considered during rulemaking were not effective in meeting the no
free oil limit. EPA agreed to consider additional information on sand washing systems and to
revisit the no discharge decision when such additional information was presented. EPA asked
for data on produced sand characteristics and washing system effectiveness (U.S.
Environmental Protedton Agency, 1993).

Two washing technologies were examined in this evaluation for removal of oil from
produced sand, the PSI Solids Decontamination Unit (SDU) and the Denver Equipment Sand
Scrubber. The SDU washes with a detergent solution which is circulated through vibrating
screens (shale shakers) and a centrifuge to separate the washed solids (Randolph et al., 1992).
The Sand Scrubber uses an attrition mixer with seawater or fresh water to remove the oil from
the sand particles (Denver Equipment Company, 1991 ). The SDU was used to treat produced
sand from SS 149. The Sand Scrubber could not treat produced sand from El 189B and SS
274C which were selected for treatment. Larger particle sizes than those in the samples were
needed for the equipment to perform properly. This was determined in a laborato~ evaluation.

Most produced sand is removed from the bottoms of produdlon tanks during cleaning
operations while production operations are shutdown. Small amounts of sand are also removed
by blow down of low points in piping and equipment during operation. This blowdown sand may
have a much lower oil concentration than tank bottoms, since it often comes from the water
phase, and is not saturated with oil. Five produced sands were analyzed in this study (Chapters
3, 5, 7, 8, and this chapter). Results for the three locations involved in equipment evaluation
follow; data for the other two locations are in the earlier chapters. Table 10.1 lists the
concentrations of radionuclides, metals, and selected hydrocarbon components for the El 189B
and SS 274C samples.

10.2 SOLIDS DECONTAMINATION UNIT WASHING PERFORMANCE

The almost 2,000 bbls of produced sand that was removed from the wet and dry oil
tanks at SS 149 to Grand Chenier, Louisiana was treated by the SDU to reduce the volume of
solids for land disposal. A small quantity of the material was washed to meet the no free oil limit,
and this batch of deoiled sand was sampled for this study in January and February 1994.
Samples of the barge solids representing unwashed material and the materials from solids
reduction operation were also acquired.
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Table 10.1. Con@ntrations (mean of Woreplicates) ofradionuclides, metals, and selected
hydrocarbon components in El 189B and SS 274C samples.

Radionuclides (pCi/g wet weight)

226Ra 46 18

228Ra 15 7.2

Zlopb 6.4 <(,).18

Metals @g/g dry weight)

Arsenic 2 3

Barium 794 699

Cadmium ND 19

Copper 5 84

Mercury ND 1

Zinc 25 1,026

Hydrocarbons

SHCS (pg/g dry weight)

C,. 14 1,550

Total Resolved Mixture 2,150 170,000

Total Resolved and Unresolved 7,022 810,000

PAHs (rig/g dry weight)

Naphthalene 6,189 485,000

Flourene 599 61,000

Anthracene 39 7,600

Phenanthrene 850 150,000

Pyrene 117 11,450

Benzo[a]pyrene ND 735
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The dischargeable material from the SDU is the material rejected by Shaker 2 of the
SDU. This deoiled sand meets the no free oil limit. In a detailed evaluation of the SDU
(Randolph et a/., 1992), it was found that the discharge material rejected by the second shale
shaker was 82.7% by weight of the solids entering the system. The remaining solids are rejected
by the first shale shaker (3.8%) and the centrifuge (13.5%). Shaker 1 and centrifuge solids
usually would not be discharged because of higher oil content. The Shaker 2 material contained
0.1 % oil by weight, assuming a 0.9 specific gravity for the oil. The SS 149 unwashed sand
contained 13V0 oil, hence the efficiency of the SDU for oil removal was over 99Y0.

Tables 10.2 through10.5 present selected analytical results for the untreated and
treated material rejected from Shale Shakers 1 and 2 and the centrifuge produced sand.

Hydrocarbon removal efficiency was calculated for selected saturated hydrocarbons
and PAHs. This was calculated by subtracting the concentration of the Shaker 1 material from
the concentration of the untreated sand and dividing the result by the untreated value. These
reductions ranged from 51.6% for Cle to 90.4°A for anthracene.
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Table 10.2. Selected saturated hydrocarbon results (pg/g dry weight) for untreated and treated
produced sand with a calculated percent’reduction fo~ the Shaker 2 material compared to
the untreated sand.

Saturated Ss 149
Shaker 1 Shaker 2 Centrifuge

Percent
Hydrocarbons (untreated) Removal

c,, 260 930 46 270 82.3V0

Total Resolved 18,000 99,000 5,000 36,000 72.2%

Total Resolved +
Unresolved Complex 38,000 350,000 12,000 64,000 68.4%

Table 10.3. Selected PAHs (rig/g dry weight) for untreated and treated produced sand with a
calculated percent redu~on ~or”theShaker 2 material compared to the untreated sand.

PAH
Ss 149

Shaker 1 Shaker 2 Centrifuge ‘A Removal
(untreated)

Naphthalene 120,000 310,000 26,000 130,000 78.3%

Fkorene ‘lO,ooo 38,000 3,200 17,000 68.0%

Anthracene 2,300 5,500 220 960 90.49!0

Phenanthrene 28,000 76,000 5,600 29,000 80.0%

Pyrene 4,900 20,000 720 2,100 85.3%

Benzo [al PYrene 1,600 9,200 240 260 85.0%

Table 10.4. Concentrations (yg/g dry weight) of selected metals in untreated and treated produced
sand.

Metals
Ss 149

Shaker 1 Shaker 2 Centrifuge
(untreated)

Arsenic 7.1 2.4 3.3 4.7

Barium 644 912 2,500 2,690
, , ,

Cadmium 1.7 0.4 0.5 1
I I I I

Copper 56.8 29.6 I 62.9 81
I I I

Mercury 3.2 4.3 0.45 0.89
I I 1 I

10-4



Table 10.5. Radionuclide concentrations (pCi/g wet weight) in untreated and treated produced sand.

Radionuclide
Ss 149

Shaker 1
(untreated)

Shaker 2 Centrifuge

‘Ra 13.2 5.09 7.3 10.1
i

226Ra 2.93 0.99 1.42 2.2

. 2’OPb 11.3 2.5 6.95 6.03
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