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BACKGROUND:
Produced water, an aqueous waste generated during oil and gas production, is commonly
discharged into marine environments. Its environmental effects are poorly understood, and
what is known, is based largely on studies conducted in the Gulf of Mexico and adjacent
estuarine systems. Field assessments in the Gulf of Mexico have been complicated by other
types of production activities that confound effects of produced water (Spies 1987, Carney
1987, Osenberg and Schmitt 1996). In addition, results from the Gulf, where discharge often
occurs in sheltered, shallow embayments, may yield limited insights about expected effects in
other systems, such as the more open, high energy coast of the western United States. Due to
more rapid diffusion of the produced water plume in these open-coast systems, and the highly
seasonal nature of the systems, effects of produced water may be reduced and/or more
difficult to detect and quantify. Examination of individual-based parameters (such as growth,
reproductive output, or fertilization success) might provide more sensitive indicators of
environmental impacts than assessment of population density (Carney 1987; Osenberg et al.
1992b, 1994). This approach also might reveal a different spatial extent of biological effects
than documented by variation in population densities. Furthermore, the examination of
effects on individual growth and reproduction, allow a more production-based assessment
than is possible by looking only at population density.
Because population densities and many other environmental variables of interest vary
tremendously among different sites and at different times, powerful assessment designs are
needed to document environmental impacts (Stewart-Oaten et al. 1986, 1992, Osenberg and
Schmitt 1996). Although not part of our original proposal, we soon anticipated the
opportunity to apply the Before-After-Control-Impact Paired Series assessment design to
quantify effects of produced water on a nearshore, open-coast marine system located near
Carpinteria, California.
OBJECTIVES:
The original goals of this project were three-fold: 1) to conduct field studies quantifying
patterns of spatial distribution in physical-chemical, and individual, demographic and
population-level biological parameters around an existing produced water outfall (Osenberg et
al. 1992b, Krause 1994); 2) to use the spatial patterns to estimate the effects of produced
water using a Control-Impact design, and to use these effects together with a time-series of
Before data from another SCEI study to estimate the statistical power of BACIPS designs to
detect impacts on chemical-physical, and individual-based and population-based biological
parameters (Osenberg et al. 1992a, 1994); 3) to quantify effects on reproduction using
laboratory studies (Krause et al. 1992, Krause 1994); and 4) to use the BACIPS design to
quantify individual-based responses in conjunction with another SCEI project studying a
planned produced water outfall at Gaviota, California. However, the outfall at Gaviota never
went into full operation, whereas the existing plant at Carpinteria actually stopped discharging
produced water during our studies. As a result, we modified the fourth objective: 4’) to use a

2

Ecological Responses to, and Recovery from, Produced Water Discharge

BACIPS design to quantify the environmental effects of produced water on biological
parameters at the Carpinteria site (this analysis was based upon comparisons of field data
collected during produced water discharge to data collected following cessation of discharge).
Our final two objectives focused on the long-term contributions of our program to
environmental sciences: 5) to advance the theoretical developments and application of the
BACIPS assessment design (Stewart-Oaten et al. 1992, Osenberg et al. 1994, Osenberg and
Schmitt 1994, Schmitt and Osenberg 1996); and 6) to train students in the application of
ecological concepts and statistical tools to environmental problems.
DESCRIPTION:
Our study site was located near Carpinteria, CA, USA (34o23'N, 119o30'W), where the
subtidal environment consists of a sand bottom with little or no physical relief. This area is an
open coast environment, although it is somewhat sheltered due to the presence of the northern
Channel Islands and the east-west orientation of the coast. Discharge of produced water
occurs approximately 200 - 300 m from shore at bottom depths of 10 - 12 m. The volume
discharged is extremely consistent from month to month, averaging ~2.5 million liters/day.
Produced water was discharged continuously (except for occasional daily interruptions) from
1978 through 1992. In July 1992, the plant reduced its activities and permanently stopped
discharging produced water. We conducted studies at sites within 1 km of the outfall between
1990 and 1995, thus spanning the periods with “discharge” and “no discharge”. Our
fieldwork focused on several types of data: (1) performance of outplanted mussels and sea
urchins at 6-8 sites that varied in their proximity to the diffuser; (2) barium content in these
mussel shells (barium is a marker of the produced water plume that is incorporated into
mussel shells: Higashi et al. 1992, Osenberg et al. 1992b), which permitted us to relate
patterns of mussel performance to exposure; (3) infaunal densities at 20 sites that varied in
their proximity to the diffuser (from a few meters out to 1 km upcoast and downcoast). Most
of these data were collected both before and after July 1992, which enabled us to apply the
BACIPS assessment design.
SYNOPSIS OF MAJOR FINDINGS AND RESULTS:
In our lab studies, we documented significant effects of produced water exposure on
fertilization and early development rates of sea urchins (Krause et al. 1992, Krause 1995).
Produced water reduced the apparent fertilization success in urchins: produced water inhibited
the vitelline membrane from lifting off the egg surface in ~30% of the eggs, but otherwise did
not affect syngamy. Survival of embryos was not affected; however, produced water did
significantly retard developmental rates, and this effect varied depending on whether eggs or
sperm were exposed. These effects were apparent even at the lowest concentration of
produced water: 0.0001%.
Sea urchin apparent fertilization success (based on presence of a fertilization membrane),
infaunal densities, and mussel performance showed considerable spatial variation that was
correlated with distance from the diffuser (Osenberg et al. 1992b, Krause 1994, 1995). We
used some of these data, together with time series data in the absence of produced water (from
a companion SCEI project) to estimate the statistical power of BACIPS assessment designs
(Osenberg et al. 1992a, 1994). Between-site differences in chemical - physical parameters
(e.g., elemental concentration) and in individual-based and demographic parameters (e.g.,
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body size and survival) were relatively consistent through time, whereas differences in
population-based parameters (e.g., density) were more variable. The magnitude of effects was
estimated to be greatest for population-based parameters and least for chemical - physical
parameters, which tended to balance the statistical power associated with these two parameter
groups. Individual-based parameters were intermediate in estimates of effect size. The ratio
of effect size to variability (and thus statistical power) was greatest for individual-based
parameters and least for population and chemical - physical parameters. The results suggested
that relatively few of the population and chemical - physical parameters, but many of the
individual-based/demographic parameters, could provide adequate power given time
constraints of most studies.
Analysis of the complete data set, collected both during discharge and after cessation of
discharge, revealed that spatial patterns in mussel performance, shell barium content, and
infaunal density were almost entirely due to effects of produced water. More limited data on
sea urchin fertilization also showed effects due to produced water (Krause 1995). Shortly
after cessation of produced water discharge, spatial variation in these parameters declined
considerably. Comparison of the Discharge data with the Non-discharge data showed strong
deleterious effects of produced water on urchin fertilization (Krause 1995), mussel growth and
condition, shell barium concentration and the density of several key infauna (some infauna,
notably nematodes, showed positive responses to produced water discharge). For example,
exposure of mussels to produced water reduced mussel tissue production by ~30% at the
closest stations (within 10 m of the outfall) and by ~10% at 500 m. Shell barium content
mirrored these patterns of performance and served as a reliable indicator of produced water
exposure.
In addition to our laboratory and field work, we also expanded the conceptual development of
the BACIPS design and encouraged the application of BACIPS to other environmental
studies. We accomplished this through publications in peer reviewed journals and books,
publication of a Special Feature in Ecological Applications, the organization of and
participation in workshops and meetings, and the publication of a book (Schmitt, R.J. and
C.W. Osenberg. 1996. Detecting ecological impacts: Concepts and applications in coastal
habitats. Academic Press, San Diego. 401 pages). The book represented a major
undertaking and comprised a large portion of our activities during the latter stages of this
project. We also helped train over 30 students and field and laboratory assistants, and
incorporated our results into several new courses that were developed at UC Santa Barbara
and UC Berkeley.
STUDY PRODUCTS:
PUBLICATIONS (listed chronologically; * indicates most important publications: reprints
included with the Final Study Report):
Osenberg, C.W., S.J. Holbrook and R.J. Schmitt. 1992a. Implications for the design of
environmental assessment studies. Pages 75-90 In P.M. Grifman and S.E. Yoder
(eds.) Perspectives on the Marine Environment. USC Sea Grant, Los Angeles,
California.
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*Krause, P.R., C.W. Osenberg, R.J. Schmitt. 1992. Effects of produced water on early life
stages of a sea urchin: gender-specific responses and delayed expression. Pages 431444 in J.P. Ray and F.R. Englehardt (eds.), Produced water:
technological/environmental issues and solutions, Plenum Publishing Corp., New
York.
*Osenberg, C.W., R.J. Schmitt, S.J. Holbrook and D. Canestro. 1992b. Spatial scale of
ecological effects associated with an open coast discharge of produced water. Pages
387-402 in J.P. Ray and F.R. Englehardt (eds.), Produced water:
technological/environmental issues and solutions, Plenum Publishing Corp., New
York.
Osenberg, C.W. and R.J. Schmitt. 1994. Detecting human impacts in marine habitats.
Ecological Applications 4:1-2.
*Osenberg, C.W., R.J. Schmitt, S.J. Holbrook, K. E. Abu-Saba, and A. R. Flegal. 1994.
Detection of environmental impacts: natural variability, effect size, and power
analysis. Ecological Applications 4:16-30.
*Krause, P.R. 1994. Effects of an oil production effluent on gametogenesis and gamete
performance in the purple sea urchin (Strongylocentrotus purpuratus Stimpson). Env.
Tox. and Chem. 13:1153-1161.
*Krause, P.R. 1995. Spatial and temporal variability in receiving water toxicity near an oil
effluent discharge site. Archives of Environmental Contamination and Toxicology
29:523-529.
*Schmitt, R.J. and C.W. Osenberg (editors and contributing authors). 1996. Detecting
ecological impacts: Concepts and applications in coastal habitats. Academic Press,
San Diego.
Osenberg, C.W. and R.J. Schmitt. 1996. Detecting ecological impacts caused by human
activities. Pages 3-16 in R.J. Schmitt and C.W. Osenberg (eds.) Detecting ecological
impacts: Concepts and applications in coastal habitats. Academic Press, San Diego.
Osenberg, C.W., R.J. Schmitt, S.J. Holbrook, K. E. Abu-Saba, and A. R. Flegal. 1996.
Detection of environmental impacts: natural variability, effect size, and power
analysis. Pages 83-108 in R.J. Schmitt and C.W. Osenberg (eds.) Detecting ecological
impacts: Concepts and applications in coastal habitats. Academic Press, San Diego.
[Republication of Osenberg et al. 1994, Ecological Applications 4:16-30.]
Schmitt, R.J., C.W. Osenberg, W.J. Douros, and J. Chesson. 1996. The art and science of
administrative environmental impact assessment. Pages 279-291 in R.J. Schmitt and
C.W. Osenberg (eds.) Detecting ecological impacts: Concepts and applications in
coastal habitats. Academic Press.
Ambrose, R.F., R.J. Schmitt, and C.W. Osenberg. 1996. Predicted and observed
environmental impacts: can we foretell ecological change? Pages 343-367 in R.J.
Schmitt and C.W. Osenberg (eds.) Detecting ecological impacts: Concepts and
applications in coastal habitats. Academic Press, San Diego.

5

Final Technical Summary – Schmitt and Osenberg

Canestro, D., P.T. Raimondi, D.C. Reed, R.J. Schmitt, and S.J. Holbrook. 1996. A study of
methods and techniques for detecting ecological impacts. Pages 53-67 in Methods and
Techniques of Underwater Research, Proceedings of the American Academy of
Underwater Scientists Symposium, AAUS, Nahant, MA.
Steichen, D.J., Jr., S.J. Holbrook, and C.W. Osenberg. 1996. Distribution and abundance of
benthic and demersal macrofauna within a natural hydrocarbon seep. Marine Ecology
Progress Series 138:71-82.
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Second International Temperate Reef Symposium, in Auckland, New Zealand
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Teaching Program (Coastal Environmental Program). Bodega Marine Laboratory,
January 1990. (Osenberg)
Chair, working group on "Environmental effects of produced water discharge". Annual
workshop of the UC Toxic Substances Research and Teaching Program (Coastal
Environmental Program). Bodega Marine Laboratory, November 1991. (Osenberg)
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Toxic Substances Research and Teaching Program (Coastal Environmental Program).
Bodega Marine Laboratory, September 1994. (Osenberg)
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FINAL STUDY REPORT
Ecological Responses to, and Recovery From, Produced Water Discharge:
Application of a BACIPS Assessment Design
I. GENERAL INTRODUCTION
A. Motivation and Background
Produced water, an aqueous waste generated during oil and gas production, is commonly
discharged into marine environments. Its environmental effects are poorly understood, and
what is known, is based largely on studies conducted in the Gulf of Mexico and adjacent
estuarine systems. Field assessments in the Gulf of Mexico have been complicated by other
types of production activities that confound effects of produced water (Spies 1987, Carney
1987, Osenberg and Schmitt 1996). In addition, results from the Gulf, where discharge often
occurs in sheltered, shallow embayments, may yield limited insights about expected effects in
other systems, such as the more open, high energy coast of the western United States. Due to
more rapid diffusion of the produced water plume in these open-coast systems, and the highly
seasonal nature of the systems, effects of produced water may be even more difficult to detect
and quantify. Examination of individual-based parameters (such as growth, reproductive
output, or fertilization success) might provide more sensitive indicators of environmental
impacts than assessment of population density (Carney 1987; Osenberg et al. 1992b, 1994).
This approach also might reveal a different spatial extent of biological effects than
documented by variation in population densities. Furthermore, the examination of effects on
individual growth and reproduction, allow a more production-based assessment than is
possible by looking only at population density. Because population densities and many other
environmental variables of interest vary tremendously among different sites and at different
times, powerful assessment designs are needed to document environmental impacts (StewartOaten et al. 1986, 1992, Osenberg and Schmitt 1996). This is often not possible, however,
because data are seldom available from periods prior to the discharge of produced water.
In 1989, we began a field (and laboratory) study of the environmental effects associated with
an open coast discharge of produced water. The separation facility that discharged the
produced water was located near Carpinteria, California, and since 1978 had discharged ~2.5
million liters/day of produced water through a diffuser located approximately 250 m offshore
(at a depth of 11 m). We began this study, ~12 years after produced water was first
discharged at the site. Our initial field studies documented patterns consistent with an
environmental impact of produced water, which for some parameters appeared to extend out
to at least 0.5 km from the diffuser (e.g., Krause et al. 1992, Osenberg et al. 1992, Raimondi
and Schmitt 1992, Krause 1994). However, these studies lacked "Before" data to compare
with the data obtained during operation, and thus were unable to unequivocally separate
effects of produced water discharge from other sources of spatial variation.
Because the plant shutdown in 1992, we were in the enviable position to examine recovery of
biota near the discharge as well as obtain data that would permit us to separate natural spatial
variation from effects of the produced water via application of the BACIPS design (in which
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the "Before" and "After" periods correspond to "Discharge" and "Post-shutdown" periods,
respectively). BACIPS requires a series of samples collected at a several sites during both
discharge and non-discharge periods. Because we anticipated the change in plant activity, we
collected (and archived) field samples in the hope that we could procure funds to process and
analyze these samples. We were able to do so through subsequent awards from the SCEI (in
fact, this project was supported through several SCEI projects, which were amended to take
advantage of these unique opportunities: see Piltz 1996 for a general discussion of the
importance of flexible and adaptive planning in environmental research). Thus, a primary
component of this project was to rigorously test for an environmental effect of produced water
(by separating the effect of produced water from other sources of variation) and compare the
time scale of recovery for a variety of benthic organisms as well as two species of mussels that
had been transplanted to the study sites. Our BACIPS analyses focused on three types of
ecological data: (1) performance of mussels outplanted to 8 sites that varied in their proximity
to the diffuser; (2) barium content in these mussel shells (barium is a marker of the produced
water plume that is incorporated into mussel shells: Higashi et al. 1992, Osenberg et al.
1992b); (3) infaunal densities assessed at 20 sites that varied in their proximity to the diffuser
(from a few meters out to 1 km upcoast and downcoast).
B. Basic Approach
Sea Urchin Reproduction
Fertilization success of purple sea urchins was evaluated using serial dilutions of produced
water collected from the discharge pipe at the separation facility just prior to its discharge into
the ocean (“effluent”) or from the ocean at different distances from the outfall (“receiving
water”). Gametes were collected from adult urchins following intracoelomic injections of 0.5
M KCl. Adults either were collected from a rocky reef distant from the produced water outfall
and maintained in the laboratory or taken from cages placed at different distances from the
outfall (thus, using adults that had been exposed to variable degrees to produced water under
field conditions). Eggs and sperm were stored on ice and all tests were conducted within one
hour of collection. Most tests were conducted following brief exposure of eggs, sperm or
zygotes (or combinations thereof) to produced water. Fertilization success was determined
microscopically by the presence of a fertilization membrane. Survivorship and developmental
rates were also assessed. Gonad mass and egg size were also determined for the adults
maintained in cages at different distances from the outfall. See Krause et al. (1992) and
Krause (1994, 1995) for greater description about the laboratory and field protocol.
Mussel Performance
Beginning in June 1990 and continuing until March 1994, we examined the performance of
mussels transplanted to a subset of these study sites. Initially, 12 buoy arrays were deployed
at six of these sites (two each at 1, 5, 10, 50, 100, 1000 m west of the diffusers); we later
added arrays at 500 m west and 1000 m east of the diffusers. We assessed the performance of
California mussels (Mytilus californianus) during 7 different periods during discharge and 6
different periods after shutdown (1 additional period straddled the discharge/shutdown
period). Each outplant lasted 3-4 months, and enabled us to assess mussel growth, tissue
production, and survival as a function of distance from the diffuser. One of the outplants was
done in collaboration with colleagues at the Bodega Marine Laboratory (G. Cherr, G. Harman)
and UC Davis (T. Fan, R. Higashi) who examined the mussels to assess their developmental
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and physiological status. We also conducted outplants of the bay mussel (M. edulis) for a
subset of these periods, depending on the availability of these mussels. Before being
transplanted to the field, individual mussels were measured and marked so that their initial
size could be estimated upon collection. Forty mussels from a size range (20 – 60 mm shell
length) were put into a bag made of oyster netting. Two bags (per species) were placed ~4.5
m above the ocean floor at each study site. A control bag was immediately frozen without
being transplanted to provide an estimate of initial condition. Mussels were recovered after 34 months and frozen until they could be processed. Each mussel was measured and dissected,
and gonadal and somatic tissue was then separated, dried at 60oC for 24 hours and weighed.
Shell Barium Content
For many of these outplants, we (in collaboration with T. Fan and R. Higashi at UC Davis)
also quantified the amount of barium in the mussel shells. Barium is a marker of the produced
water plume (Higashi et al. 1992) and can substitute for calcium in the carbonate matrix of
bivalve shells. Mussel shell fragments from the growing edge of ~10 shells / distance were
chipped off, dried, and pulverized into a fine powder. The shell powder (ca. 0 .5 g) was
digested in 6 ml of concentrated nitric acid in a Taylor tube, which was left overnight at room
temperature followed by heated digestion at 50°C for 90 min, 100°C for 90 min, 140°C for 90
min (tube opening covered with a glass funnel for recondensing nitric acid vapor), 160°C for
90 min (with funnel removed), and 220°C until all nitric acid was evaporated. The residue
was redissolved in 8 ml of 2% nitric acid and centrifuged at 4000 rpm to remove particulates.
An additional set of shell samples was spiked with 62.5 ppb Ba standard and processed
identically as above. The digest was then subjected to inductively coupled plasma-atomic
emission spectrometry (ICP-AES) for Ba and Ca (using wavelengths of 455.4 and 315 nm,
respectively). A calibration curve for Ba was composed of 0, 10, 50, 100, and 1000 ppb Ba
standards while that for Ca consisted of 20, 100, and 400 ppm Ca standards. Each set of
standards was run every 15 to 30 samples to check instrument drift with time; all standard
curves had a linear correlation coefficient of > 0.999. Barium content was expressed on both
a dry mass basis and normalized to Ca content, since shell may also contain non-carbonate
material.
Infaunal Organisms
Beginning in February 1990 and continuing through June 1995, we conducted 14 intensive
spatial surveys near the produced water outfall. Benthic samples were collected at a bottom
depth of 10 m and at distances of approximately 1, 2, 5, 10, 25, 50, 100, 250, 500, and 1000 m
upcoast (West) and downcoast (East) from the diffuser. Eight core samples (78 cm2/core)
were collected at each of the 20 sites to characterize the infaunal assemblage; sediments were
also collected for enumeration of grain size distribution and sediment organic matter.
Buffered formalin was added to the infaunal cores to bring the total concentration to 10%
formalin, and later washed through 2 mm, 1 mm, and 0.5 mm sieves and stored in alcohol.
Organisms were subsequently picked from the sediments, identified to broad taxonomic
categories, and counted. For additional detail, see Osenberg et al. (1992b)
C. Results
Results from our research are summarized in the following sections (II – VI).
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II. R.J. SCHMITT AND C.W. OSENBERG (EDS.). 1996. Detecting Ecological
Impacts: Concepts and Applications in Coastal Habitats. Academic Press, San Diego.
(Major conceptual advances stemming from our SCEI program’s elaboration of the BACIPS
design are available in this edited volume. The Table of Contents is provided below.)
An Introduction to Ecological Impact Assessment: Principles and Goals
1. Detecting ecological impacts caused by human activities.
C.W. Osenberg and R.J. Schmitt
2. Goals in environmental monitoring
A. Stewart-Oaten
3. Criteria for selecting marine organisms in biomonitoring studies
G.P. Jones and U.L. Kaly
4. Impacts on soft-sediment macrofauna: the effects of spatial variation on temporal trends
S.F. Thrush, R.D. Pridmore, J.E. Hewitt
5. Scalable decision criteria for environmental impact assessment: effect size, type I, and type
II errors
B.D. Mapstone
Improving Field Assessments of Local Impacts: Before-After-Control-Impact Designs
6. Detection of environmental impacts: natural variability, effect size, and power analysis
C.W. Osenberg, R.J. Schmitt, S.J. Holbrook, K.E. Abu-Saba, A.R. Flegal
7. Problems in the analysis of environmental monitoring data
A. Stewart-Oaten
8. Estimating the size of an effect from a Before-After-Control-Impact Paired Series design:
the predictive approach applied to a power plant study
J.R. Bence, A. Stewart-Oaten, S.C. Schroeter
9. On beyond BACI: sampling designs that might reliably detect environmental disturbances
A.J. Underwood
Extension of Local Impacts to Larger Scale Consequences
10. Determining the spatial extent of ecological impacts caused by local anthropogenic
disturbances in coastal marine habitats
P.T. Raimondi and D.C. Reed
11. Predicting the scale of marine impacts: understanding planktonic links between
populations
M.J. Keough and K.P. Black
12. Influence of pollutants and oceanography on abundance and deformities of wild fish
larvae
M.J. Kingsford and C.A. Gray
13. Consequences for adult fish stocks of human-induced mortality on immatures
R.M. Nisbet, W.W. Murdoch, A. Stewart-Oaten
The Link Between Administrative Environmental Impact Studies and Well-Designed Field
Assessments
14. The art and science of administrative environmental impact assessment
R.J. Schmitt, C.W. Osenberg, W.J. Douros, J. Chesson
15. On the adequacy and improvement of marine benthic preimpact surveys: examples from
the Gulf of Mexico Outer Continental Shelf
R.S. Carney
16. Organizational constraints on environmental impact assessment research
F.M. Piltz
17. Administrative, legal, and public constraints on environmental impacts assessment
C. Lester
18. Predicted and observed environmental impacts: can we foretell ecological changes?
R.F. Ambrose, R.J. Schmitt, C.W. Osenberg
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VI. RECOVERY OF INFAUNA AND MUSSELS FOLLOWING CESSATION OF
PRODUCED WATER DISCHARGE: APPLICATION OF THE BEFORE-AFTERCONTROL-IMPACT PAIRED SERIES (BACIPS) DESIGN
A. Introduction
Our previous field research documented spatial variation in ecological parameters that
correlated with distance from the produced water outfall. These patterns suggested that there
were effects of produced water, but could not equivocally isolate effects of produced water
from other factors that covaried in space with produced water. To provide stronger inferences
we applied the BACIPS assessment design to data collected during two periods: 1) during
discharge (or while the plant was “in operation”), and 2) after discharge stopped (or while the
plant was “shut down”). Krause (1995) and Raimondi and Schmitt (1992) both took similar
approaches, but had data from only a single “shut down” period. Ideally, a time series of
samples should be taken both during operation and after the plant has shut down. Here, we
report data from several surveys conducted during operation and several conducted after the
separation facility stopped discharging produced water. The results provide the best
documentation to date of the ecological effects of produced water.
B. Mussel Production and Shell Barium Content
During each survey taken when the plant was in operation, we consistently found a negative
relationship between mussel growth, condition and production and distance from the diffuser.
These spatial patterns disappeared as soon as the plant stopped discharging produced water
(Figure VI-1), as anticipated if the toxicants were water-borne. Based on 7 (and 4) surveys
obtained during operation and 6 (and 2) after shut down for M. californianus (and M. edulis),
produced water reduced tissue production by 20 - 30% at sites within 10 m of the outfall
(Figure VI-1). As distance increased, the effects diminished. Because our most distant sites
were at 1 km, we were unable to discern effects beyond this point.
M. edulis
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(as percent of control)
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Figure VI-1. Tissue production of M. californianus and M. edulis. The difference between the two periods provides an estimate of the effect of
produced water on tissue production.
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Shell barium content was a useful marker of exposure to produced water. During operation,
mussels placed close to the diffuser accumulated the highest levels of barium (e.g., Osenberg
et al. 1992b), but after discharge ceased, these spatial patterns disappeared (Figure VI-2).
When the plant was in operation, we consistently found a negative relationship between
barium concentration in shells and distance from the diffuser. Barium content typically
reached background levels around 100 m (range: 50-500 m) from the diffuser. As expected, r
barium content and mussel performance were negatively correlated (e.g., for the first survey:
= -0.96, n = 6, P<0.01), suggesting that the observed variation in mussel performance was

2

M. edulis
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Shell Barium Content
(ppm above ambient)
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-1
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10

Distance from Diffusers

100
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Figure VI-2. Shell barium content in M. californianus and M. edulis. The difference between the two periods provides an estimate of the
effect of produced water on shell barium content.

M. edulis
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Figure VI-3. Reductions in tissue production in relationship to increased shell barium content in M. californianus and M. edulis. Tissue
production was standardized as the percent of the distant sites (1000 m), whereas shell barium content was standardized as the absolute
deviation from background. As a result, “no effect” would be indicated by standardized values of 1 (for tissue production) and 0 (for shell
barium content).
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directly related to exposure to produced water. In contrast to the data from the discharge
period, we found no consistent variation in barium content during the post-shutdown period.
Barium content was relatively uniform among sites and did not covary with distance from the
diffuser, although it exhibited considerable temporal variation. Comparison of the “in
operation” and “shut down” periods suggests that barium remained elevated in the water
column only out to 50 – 100 m from the diffuser. Yet, effects on mussels seemed to persist
out to 500 m (Figure VI-1). Overall, however there was a strong negative correlation between
the degree to which barium was elevated above ambient and the extent to which mussel
production was depressed (Figure VI-3).
In addition to its role as a marker of produced water, barium may also be an important source
of toxicity in the produced water. For example, research by Cherr and Higashi and their coworkers have shown that the majority of toxicity is removed by Chelex (Higashi et al. 1992),
and that this component contains high concentrations of Ba and Sr, but not other more
"classical" toxic elements (e.g., Cu, As, and Cr). Subsequent work by Spangenberg and Cherr
(1996) has demonstrated that barium can produce similar patterns of toxicity as observed in
the Carpinteria produced water.
C. Infaunal Density
As also observed for mussels, there were spatial patterns of infaunal density during the period
when produced water was discharged (Osenberg et al. 1992b). Following shut down of the
facility, these patterns largely disappeared, demonstrating that previously documented patterns
had resulted from the effects of produced water on infaunal density. These results, however,
were less dramatic and more variable than observed for mussels and occurred on a more
limited spatial scale. For example, nematodes were stimulated by the discharge of produced
water, showing higher densities near the diffuser and lower densities at more distant sites.
Within the first year following cessation of discharge, this signal was reduced considerably
and by the second year, there was no noticeable association between nematode abundance and
the diffuser (Figure VI-4a). Stimulatory effects of organic enrichment on nematodes have
been observed at wastewater outfalls and natural oil seeps (Davis and Spies 1980, Motagna et
al. 1989, Steichen et al. 1996). Most other taxa, showed depressed densities near the diffuser
(Osenberg et al. 1992b), and many of these patterns dissipated after cessation of discharge
(Figure VI-4b).
Several taxa showed more complex spatial patterns, possibly due to negative (“toxic”) effects
combined with stimulatory, enrichment effects (Osenberg et al. 1992, Steichen et al. 1996):
Figure VI-5a. For example, bivalves showed a pattern during discharge that suggested a
humped-shaped relationship with distance: maximum abundances occurred at intermediate
distances (e.g., 10 – 100 m). Shortly after cessation of produced water discharge, bivalve
abundances peaked near the diffuse and declined as distance increased (Figure VI-5b),
suggesting a continuing response to enrichment but the absence of any lingering deleterious
effects. After additional time (on the order of six months), this enrichment effect was reduced
by about 50%, and after a year, there was little remaining effect (Figure VI-5b). Overall,
however, these effects on population density occurred over very limited spatial scales
compared to effects on individual-based and demographic parameters (Osenberg et al. 1992b):
e.g., compare Figure VI-1 with Figures VI-4 and VI-5.
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Figure VI-4. Density of nematodes (a, top) and nermerteans (b, bottom) as functions of the distance from the
diffuser during three different sampling periods: 1) when produced water was discharged (open symbols); 2)
within one year after discharged ceased (gray); and 3) from 1 – 4 years after cessation of produced water
discharge (closed circles). The intermediate sampling period is omitted in the bottom panel for clarify.
Densities were rescaled relative to the density at the most distant sites. As a result, the absence of spatial
variation would be indicated by uniform relative abundances of 1.0. Produced water effects are indicated by
differences between the “In operation” and “Post-operation” lines. Please note that the diffuser is located a
the midpoint of the transect.
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Figure VI-5. Density of bivalves as a function of distance from the diffuser during four different
sampling periods: a (top) when produced water was discharged (open symbols); and b (bottom) during
three periods following cessation of produced water discharge. Densities were rescaled relative to the
density at the most distant sites. As a result, the absence of spatial variation would be indicated by
uniform relative abundances of 1.0. Produced water effects are indicated by differences between the
“In operation” and “Post-operation” lines. The diffuser is located at the midpoint of the transect.
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The Department of the Interior Mission
As the Nation's principal conservation agency, the Department of the Interior has responsibility for most
of our nationally owned public lands and natural resources. This includes fostering sound use of our
land and water resources; protecting our fish, wildlife, and biological diversity; preserving the
environmental and cultural values of our national parks and historical places; and providing for the
enjoyment of life through outdoor recreation. The Department assesses our energy and mineral
resources and works to ensure that their development is in the best interests of all our people by
encouraging stewardship and citizen participation in their care. The Department also has a major
responsibility for American Indian reservation communities and for people who live in island territories
under U.S. administration.

The Minerals Management Service Mission
As a bureau of the Department of the Interior, the Minerals Management Service's (MMS) primary
responsibilities are to manage the mineral resources located on the Nation's Outer Continental Shelf
(OCS), collect revenue from the Federal OCS and onshore Federal and Indian lands, and distribute
those revenues.
Moreover, in working to meet its responsibilities, the Offshore Minerals Management Program
administers the OCS competitive leasing program and oversees the safe and environmentally sound
exploration and production of our Nation's offshore natural gas, oil and other mineral resources. The
MMS Royalty Management Program meets its responsibilities by ensuring the efficient, timely and
accurate collection and disbursement of revenue from mineral leasing and production due to Indian
tribes and allottees, States and the U.S. Treasury.
The MMS strives to fulfill its responsibilities through the general guiding principles of: (1) being
responsive to the public's concerns and interests by maintaining a dialogue with all potentially affected
parties and (2) carrying out its programs with an emphasis on working to enhance the quality of life for
all Americans by lending MMS assistance and expertise to economic development and environmental
protection.

