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THE CUMULATIVE EFFECTS OF PETROLEUM 
DRILLING AND PRODUCTION IN COASTAL 

AND NEAR-SHORE AREAS 

by J. M. Sharp 

In the late 1960s there developed, on a universal scale, great concern 
about the deleterious effects of man's activities upon the environment. 
One area that received much attention and special scrutiny was the oil 
industry. In particular, the exploration, drilling, and production activities 
of the industry were extremely suspect. In an attempt to determine the 
impact, past and present, that the industry was truly causing, the Off- 
shore Ecology Investigation (OEI) was initiated. This investigation was a 
muItidisciplinary field study program consisting of eight seasonal 
synoptic data acquisition efforts of some 10 days each, carried out in 
1972-1974. Biological, chemical, geological, and physical measurements 
were made at locations and on schedules designed to support valid 
synthesis and correlation of all data. The program was to investigate the 
possible cumulative ecological effects of oil drilling and production on 
coastal and near-shore ecosystems. It was carried out in Timbalier Bay 
and adjacent near-shore environments in an area in south Louisiana that 
had been subjected to  more than 25 years of intensive oil and gas drilling 
and production. Scientific measurements were designed to provide the 
basis for identifying any cumulative effects present and for discriminat- 
ing any variability of habitat or inhabitants according to whether they 
resulted from natural events or from drilling and production activities. 

Conduct of the OEI invoked the participation of 23 principal in- 
vestigators. The data and resuIts obtained from these investigations were 
evaluated and interpreted by the OEI Council, composed of four 
scientists selected by the Gulf Universities Research Consortium (GURC) 
Trustees. Their summary and interpretation were presented in a report, 
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which included the 23 individual studies (Menzies et al. 1974). Total syn- 
thesis and interpretation of some 600,000 data items obtained were not 
possible with the computerized programs available at the time of the 
final report in 1974. Since the advent of an adequate computerized data 
base service in 1976, the OEI data have been reexamined. This reexam- 
ination was conducted by scientists who had not participated in the 
original OEI program, to  evaluate the adequacy and validity of the data, 
to determine whether the original consensus conclusions of the OEI 
Council were valid, and to arrive at additional conclusions on the basis 
of this re-investigation of data. 

The principal purpose of this volume, therefore, is to present the 
final reports of the 23 principal investigators, the consensus opinion by 
the OEI Council, and the conclusions drawn from the independent 
appraisal of the data made in 1978-79. 

MULTIPLE USES OF THE NORTHWESTERN GULF OF MEXICO 

The coastal and near-shore regions of the United States, including 
those adjacent to the GuIf of Mexico, have been subjected to conflicting 
multiple-use demands. To sustain renewable resources and maintain 
environmental quality while attempting to satisfy these increasing 
demands is a very complex and difficult problem. 

Renewable resources of the Gulf region have national significance. 
The annual tonnage of commercial fish landings in the GuIf is the largest 
of any region in the nation (US.  Department of Commerce 1979). Sport 
fishing, hunting, and other forms of coastal recreation are important 
elements of the regional and national economy (U.S. Department of 
Interior 1978). Approximately 40% of the Gulf States' population lives 
within the coastal zone (U.S. Department of Commerce 1972). Main- 
taining the productivity and quality of the coastal and continental shelf 
areas of the region is important both to the inhabitants and to others 
who use the area for recreational purposes. 

If human activities constitute a real threat to ocean ecosystems, the 
Gulf should be among the first places in the western hemisphere to 
experience degradation of its natural resources. This should be par- 
ticularly true of the western Gulf because it has only limited water ex- 
change with the eastern Gulf (Kuenen 1950; Parr 1935) and is thus rela- 
tively isolated from the Gulf Stream's Loop Current, which dominates 
eastern Gulf circulation and is the primary exchange mechanism between 
the Gulf and the Atlantic Ocean (Sverdrup et al. 1942). The exchange 
that does occur involves surface waters primarily (Kuenen 1950; Dietrich 
1939). Gulf sediments remain in the Gulf (Kuenen 1950), including the 2 
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million tons/day discharged by the Mississippi River (Lynch 1954). Net 
water mass movement on the continental shelf west of the mouth of the 
Mississippi River is predominantly westward, carrying with it the largest 
part of the river's discharge (Bates 1953). The Mississippi River system 
drains some two-thirds of the area in the lower 48 states (Moody 1967). 
This area includes both heavy industrial and agricultura1 land use and 
large municipalities. Thus the northwestern Gulf receives a tremendous 
amount of industrial, agricultural, and municipal waste. Major influence 
of the Mississippi discharge on coastal and continental shelf waters 
extends to the midpoint of the Texas coastline (Lynch 1954; Price 1954). 

Because of numerous natural port locations and the availability of 
abundant and cheap energy for many decades, large areas of the north- 
western Gulf have become heavily industrialized. As a result, large-scale 
population increases have occurred in these coastal areas. There have 
been proportional increases in municipal and industrial effluents and in 
the use of coastal areas for residential, resort, and recreational purposes. 

Twelve ocean ports are located on the Gulf. Nine of these are 
located on or west of the Mississippi. The latter include New Orleans and 
Houston, which are the nation's second and third largest ports (U.S. 
Army Corps of Engineers 1977). The heavily used Intracoastal Waterway 
interconnects the complex of ports and extends from Florida to the U.S.- 
Mexico border. Numerous branch canals interconnect with the waterway. 
This is particularly true in Louisiana, which has some 5,000 miles of 
inland waterways (Weidie et al. 1969). This vast transportation network 
is one of the major uses made of the coastal and continental shelf area in 
the northwestern Gulf. In addition to being a source of effluents, coastal 
modifications for transportation and those designed for flood control 
purposes have caused large-scale changes to the coastal zone. 

Agriculture in the northwestern Gulf coastal area is highly produc- 
tive (Wright et al. 1976). Discharges of agricultural chemicals have in- 
creased as more land has been used for this purpose. Also, hydrological 
modifications associated with a large amount of irrigation, particularly in 
the "rice belt" of southeast Texas and southwest Louisiana, have 
resulted in significant local changes in fresh water influx. These local 
influences are superimposed on those resulting from the westward flow 
of the Mississippi River discharge. 

The Texas and Louisiana coastal areas have been major producers 
of oil and gas throughout this century. In 1977, the offshore areas of the 
Gulf of Mexico produced 10.1% of U.S. domestic crude oil and 22.6% 
of our natural gas (American Petroleum Institute 1978). This region now 
contains the world's largest concentration of offshore oil and gas wells. 

Through these massive multiple uses of the northwestern Gulf 
estuarine and continental shelf areas, a very strong regional economy has 
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been developed. There are many incentives to maintain that economy. 
There are equally strong incentives to maintain the quality of the 
ecosystem and its abundant renewable resources. Despite the heavy 
municipal, industrial, and transportation usage and the exploitation of 
both renewable and nonrenewable resources, the northwestern region 
remains one of the most biologically productive areas in the Gulf 
(National Academy of Sciences 1975). One must be concerned, however, 
with the reduction in the muskrat population and shifts in the oyster 
populations (National Academy of Sciences 1975), the near disap- 
pearance of the brown pelican, and other evidence of ecological change 
to which petroleum operations may have contributed. 

Effective and ecologically sound management of the northwestern 
Gulf ecosystem is of great importance to the region, to the nation, and 
to Mexico. Uninformed management decisions could result in irreversible 
or prolonged damage to the ecosystem. Similarly, unnecessarily restrictive 
decisions could produce severe penalties to the regional and national 
economies, and thus to the security and quality of life of the nation. 

The Offshore Ecology Investigation (OEI) and the series of post-OEI 
studies reported herein have been a systematic effort to learn basic facts 
and to develop basic understanding relative to the management of coastal 
and continental shelf resources as they pertain to  one major human 
activity: offshore petroleum drilling and production. The study of this 
practical problem has led to the development and preliminary evaluation 
of quantitative methods and principles applicable to its solution. The 
methods and principles developed appear t o  have broader application in 
improving the scientific evaluation process as applied to multiple-use 
management. 

TRANSIENT EFFECTS OF PETROLEUM IN THE MARINE ENVIRONMENT 

Concern about the effects of petroleum on coastal, continental shelf, 
and ocean ecosystems has resulted primarily from the highly visible 
effects of massive oil spills. Since the Torrey Canyon and the Santa 
Barbara spills in the late 1960s, the effects of large spills have been 
studied intensively. The literature on this aspect of petroleum in the 
marine environment is abundant. Oil spill conferences (American 
Petroleum Institute 1977; American Institute of Biological Sciences 1978) 
are now held regularly to report the findings of multi-year retrospective 
studies of major spills and related laboratory and microcosm studies. 

As a result of this intensive interest, the transient effects of large 
concentrations of petroIeum in the marine environment are reasonably 
we11 understood, at least for tropic and temperate climates. As would be 
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expected, ecological damage from spills is generally a direct function of 
the concentration and types of hydrocarbons and of the duration of 
exposure. In general, then, transient effects from spills are most severe 
when the spill is contained within a limited ecosystem and conditions 
promote mixing of the spilled product into the water column and 
sediments. Extensive damage is usually associated with refined products 
or with the light fractions of crude oil (National Academy of Sciences 
1975). Unless there is containment and rapid mixing, however, light 
fractions in a crude oil spill are usually rapidly dispersed (e.g., by 
evaporation) so that ecological impacts are reduced unless the spill is very 
large. 

The OEI was concerned only with petroleum drilling and production 
activities as one of the multiple uses of coastal and continental shelf 
areas. It is pertinent, then, to note that most of the large spills have 
occurred during the ocean transportation of crude oil and refined 
products, not in drilling and production operations. For example, since 
offshore oil and gas operations began in the Gulf of Mexico, only one 
major blowout-related spill had occurred in U.S. waters (Danenberger 
1976). With modern control technology, the probability of blowouts, 
fires, and other causes of major spills has been reduced significantly. The 
recent Ixtoc I blowout, however, dramatically demonstrates that drilling 
technology is not infallible. 

CUMULATIVE EFFECTS OF  PETROLEUM IN THE MARINE ENVIRONMENT 

The transient effects of large oil spills can be investigated with a 
high degree of confidence even in the presence of the large natural 
variabilities that usually exist. Where the conditions do not result in the 
required concentration and duration of exposure, effects have been 
reported to be of little biological significance (Chan 1977; Lasday et al. 
1976; Kuhnhold 1978). These results, however, do not obviate concern 
regarding the more subtle effects on organisms that might result from 
exposure for long time periods to small concentrations of crude oil and 
other effluents related to offshore drilling and production. 

The cumulative effects of sublethal petroleum discharges from drill- 
ing and production appear to be insignificant when compared to other 
sources of contamination or  disturbance. Natural seeps of petroleum and 
natural gas have been reported in the Gulf of Mexico since the beginning 
of this century (ZoBell 1954), and recent comprehensive surveys confirm 
the wide distribution of seeps in the northwestern Gulf (Geyer 1979). 
Despite this continuing natural discharge of crude oil and natural gas 
into the environment over eons of time, the modern Gulf continues to 
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have a very high level of biological productivity. Similar situations exist 
in other locales where large seeps occur (Straughan 1977). 

Another pertinent comparison regarding contamination of the 
marine environment by coastal and offshore petroleum operations is that 
reported by the National Academy of Sciences (1975). That study at- 
tributes only 0.33% of the total hydrocarbons entering the world's 
oceans to  normal marine production operations. It attributes 0.66% to 
major oil spills associated with production operations, 26.2% to river 
runoff, 9.8% to natural seeps, and 34.9% to marine transportation, with 
the remaining 28.1% attributed to  diverse sources. For the Texas- 
Louisiana region, the actual amount that would be attributed to normal 
drilling and production operations should be higher than for the world's 
oceans. But these percentages are probably representative of this region 
also, since river runoff, seeps, and marine transportation in this area are 
also higher than world averages. 

Since the advent of modern pollution control technology, 
hydrocarbons entering the environment during normal driIling and 
production operations have been reduced significantly. Current 
regulations (Federal Register 1979) require that the hydrocarbon content 
of produced brines disposed into marine waters must be maintained at a 
monthly average of not more than 48 mg/l with a daily maximum of 72 
mg/l. During the decade preceding this specification, the regulatory 
agencies and industry attempted to maintain an average daily con- 
centration of 50 ppm (essentially 50 mg/l). The magnitude discharged 
into the Gulf by small accidental spills is indicated by a total of 51,421 
barrels being reported as "spills" in the four-year period ending 1975 
(Danenberger 1976). This amounts to  a spillage rate of 0.0028% of total 
production during that period. Such quantities appear small by com- 
parison with the discharge of hydrocarbons by the Mississippi River. At 
its average flow rate of 500,000 cfs (World Almanac 1979) and assuming 
a lower than actual hydrocarbon concentration of 1.0 ppm, the 
Mississippi River would discharge more than 2.8 million barrels of 
hydrocarbons into the Gulf annually. Thus the threat posed by either 
normal or accidental discharges from oil and gas drilling and production 
appears to  be relatively insignificant as compared to river discharge. In 
light of the small fraction of crude oil that may be ecologically damaging 
(Hodson et al. 1977) and the biodegradability of crude oil components 
(ZoBell 1954), hydrocarbons from petroleum operations appear even less 
important. 

Such perspective does not, however, preclude the possibility of 
cumulative ecological effects of hydrocarbon effluents from drilling and 
production. The possibility of gradual accumulation of hydrocarbons in 
the sediments to levels of biological significance must still be considered. 
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Questions regarding the possibility of bio-accumulation, bio-magnifica- 
tion, and bio-transformation remain largely unanswered. Biomagnifica- 
tion of hydrocarbons in marine organisms has not been demonstrated 
(National Academy of Sciences 1975). Bioaccumulation does occur 
through feeding in some organisms (National Academy of Sciences 1975; 
Lee 1977); where contamination levels are not maintained, however, de- 
puration usually occurs (Teal 1977; McAuliffe 1977; Koons et al. 1977). 
Studies of biotransformation of hydrocarbons indicate that biotrans- 
formation can produce metabolic products of higher toxicity than the 
parent hydrocarbons (Malins 1977; Stegeman 1977). 

Of concern at least equal to  that regarding hydrocarbons is con- 
tamination by drilling muds, antifouling paints, sacrificial electrodes, 
etc., involved in drilling and production operations. These materials 
contain trace metals that are considered ecologically important. As is true 
of hydrocarbon discharges, both total discharge and concentrations are 
low as compared with other sources. Again, however, trace metals from 
these sources might accumulate in the sediments or via biological pro- 
cesses to levels of ecological significance. 

It was not possible in 1972 (nor is it now) to address all questions 
regarding specific concerns relating to  petroleum operations, Should the 
cumulative effects of normal drilling and production resulting from the 
various processes be ecologically significant, however, they should be 
present in southern Louisiana, where operations have been most intensive 
for the longest period of time. As of December 31, 1973, cumulative 
production of crude oil from the Gulf of Mexico (principally Louisiana 
and east Texas) was 3.8 billion barrels, of natural gas liquids 0.71 billion 
barrels, and of natural gas 28.0 trillion cubic feet (American Petroleum 
Institute 1974). Therefore, when the OEI began in 1972, the several 
estuaries and offshore areas in southern Louisiana should have 
represented the end product of a real "model" of a marine ecosystem 
subjected to  several decades of maximum cumulative impact, of which 
the first 20 years or so predated the advent of modern environmental 
management and control technology. During the two decades preceding 
the OEI, drilling and production were very intensive. Should ecological 
damage under these conditions be undetectable, drilling and production 
may be ecologically insignificant over the normal 10-50 year life of a 
field, at least as compared with larger sources persisting for longer time 
periods. 

STATE OF KNOWLEDGE REGARDING CUMULATIVE EFFECTS 

Cumulative effects resulting from small discharges or disturbances to 
natural ecosystems are difficult to  detect and measure quantitatively. If 
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one defines such effects as those that might result from persistent ex- 
posure to sublethal concentrations or to  gradual irreversible changes in 
the environment, one might expect these effects to appear as small pro- 
gressive incremental changes in the biota. These subtle effects must be 
detected and quantified in the presence of generally much larger natural 
variations. Also, it must be recognized that many species will exhibit 
resistance, adaptability, or resilience (Odum 1971), which would tend to 
mask or delay small progressive changes for some period of time. An 
additional complexity is that temporary improvements in the habitat not 
only permit some species to depurate but may allow time for recruitment 
and recolonization, which would further mask an effect or confuse in- 
terpretation. Finally, nonlinear responses of the biota to both natural 
variables (Slobodkin 1961) and specific contaminants (Neff et al. 1976) 
have been reported, indicating that cumulative change may not in all 
cases consist of small progressive increments. Rather, the change might 
be precipitous following the habitat's reaching a saturation value for a 
single variable or synergistic combination of variables. These inescapable 
difficulties have made the positive detection, and especially the quan- 
tification, of cumulative effects exceedingly complex. 

The importance of knowing the natural variabilities of an ecosystem 
has long been recognized (Odum 1971). But developing a quantitative 
definition of the spatial and temporal variabilities of a coastal or con- 
tinental shelf ecosystem (both of which are highly variable as compared, 
for example, with the deep ocean) requires the acquisition of an extensive 
data base for the ecosystem of interest. The expense and time required to 
acquire adequate data for this purpose have been primary deterrents to 
the determination of natural variabilities. In recent years, massive data 
bases for coastal and offshore ecosystems have been developed. 
However, the synthesis of the data from large ecological programs has 
proven very difficult. Even more difficult is the correlation of all 
variables related in time, space, and function. Adding to these difficulties 
is the lack of any commonly accepted means for establishing the statisti- 
cal adequacy of ecological data and for defining statistical quantities 
needed for much of the interpretation process. So far, these deterrents 
have precluded quantitative determinations of variabilities, and thus 
quantitative measurement, of ecological damage or enhancement. 

Nonetheless, the need for quantitative measures of ecological effects 
remains the most pressing need for informed environmental management. 
In the absence of this type of information, managers are forced to 
substitute exceedingly time-consuming procedures. Such procedures divert 
larger numbers of scarce experienced people into environmental 
management roles thatl would be required were this information 
available. Furthermore, its lack forces managers to apply subjective 
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judgment, which is rarely either conclusive or convincing. This can lead 
to costly or socially disastrous mistakes in ecological management. 

The need for quantitative measurement of ecological impact has led 
to a great deal of research. Because of the difficulty of developing 
quantitative cause-and-effect relationships in natural ecosystems, how- 
ever, particularly as they relate to cumulative effects, most of the 
research has been conducted in laboratories or in microcosms. A large 
part of this work deals with investigation of the effects of single contami- 
nants on single species. Although there has been excellent research 
carried out in natural ecosystems (Diaz et al. 1973), these too have been 
confined generally to the study of the effects of single contaminants. 
Both types of single-contaminant investigations have been encouraged by 
the need to obtain government permits relating to  specific products or 
activities. 

In summary, a great deal of useful information has been developed, 
particularly of the single-contaminant type. Given quantitative knowledge 
of the natural variabilities of an ecosystem, much of this information 
could be put to sound scientific use. Natural variabilities dictate the 
configuration and schedule for monitoring an ecosystem. Laboratory 
data relating to specific contaminants and species can then guide the 
selection of these variables for inclusion in the monitoring system. 
Implementing such a system should then permit development of realistic 
environmental control requirements as determined in the natural eco- 
system. 

The research effort on ecosystems has lacked a concerted attack on 
problems that are pertinent to ecological management. In general, the 
research effort has been diffuse and spread over a large number of 
ecosystems, and divided among an aImost limitless number of possible 
cause-and-effect relationships. How can such entities as spatial and 
temporal variability, ecological health, ecological stability, significant 
biological levels, or biological similarity be meaningfully defined in 
scientifically reproducible terms? Some of these critical questions have 
been addressed to a small degree in carrying out the post-OEI studies 
reported in section 111 of this report, "Re-examination of the Offshore 
Ecology Investigation." While the evidence is preliminary, the results 
support the concept that cumulative effects can be determined quan- 
titatively once statistically adequate variabilities are established. Perhaps 
of equal importance, the results indicate that the amount of baseline and 
monitoring data required for useful (not necessarily optimum) im- 
plementation of the method is considerably less than was expected. 
Indeed, it appears that sufficient data are being generated or have been 
generated through baseline, impact, and monitoring efforts to design and 
establish useful assessment and monitoring criteria. 
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THE OEI CASE STUDY 

The OEI Case Study is a composite of three successive phases of 
investigation covering the period from 1971 through 1979. The specific 
purpose of the study was to determine the possible cumulative ecological 
effects of prolonged and intensive offshore oil and gas drilling and 
production. An underlying scientific purpose of the study was the in- 
vestigation of methods whereby such effects can be determined quan- 
titatively, and the development and evaluation of these methods as a 
basis for sound multiple-use management. 

The phases of investigation and their successive objectives were: 

Phase 1. Field Studies (the Offshore Ecology Investigation). The 
objective of the field studies was to acquire and interpret 
the minimum set of correlatable interdisciplinary data 
considered necessary to detect and identify any cumulative 
ecological effects resulting from normal offshore drilling 
and production operations. The studies consisted of two 
reconnaissances followed by eight seasonal synoptic field 
investigations. The 23 principal investigators interpreted 
and reported their individual findings. The total data and 
results were reviewed and overall conclusions were drawn 
by a group of four scientists charged with the design, 
implementation, and interpretation of the field studies. 
This phase is described in the following section of this 
volume, "Design of the Offshore Ecology Investigation," 
and the individual reports are collected in section IV. 

Phase 2. Method Development and Evaluation. The objective of this 
phase was to  develop and evaluate computer-assisted 
methods by which (a) interdisciplinary environmental data 
bases can be efficiently and comprehensively synthesized and 
analyzed by groups of scientists to arrive at consensus 
conclusions, and (b) the results of such analyses can be 
documented and displayed for effective communication with 
environmental managers. Software developed during 1971- 
1976 was used for data synthesis, selective retrieval, 
correlative anaIysis, and display. These methods were then 
employed to support 10 specific studies of OEI field data as 
the basis for evaluation of the efficiency and utility of the 
methods. The hundreds of map displays, graphs, horizontal 
and vertical cross sections, histograms, etc., that were 
generated provided rapid orientation to data distribution and 
content for scientists participating in Phase 3. 
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Phase 3. Retrospective Scientific Appraisal and Method Application. 
The objective of this phase was to obtain an independent 
appraisal of the OEI data and of the original conclusions, 
and the use of the methods developed in Phase 2 to evalu- 
ate methods for quantitative ecological assessment and 
monitoring. The investigations included numerous statisti- 
cal appraisals and comparisons essential to the re- 
appraisal. Methods employed in these appraisals were then 
evaluated as to  their applicability to quantitative assess- 
ment and monitoring. The results of these investigations 
are presented in the third section of this volume, "Re- 
examination of the Offshore Ecology Investigation." 
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