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BACKGROUND: The California Outer Continental Shelf (OCS) Phase II Monitoring Program was a
five-year, multidisciplinary study designed to monitor potential environmental changes resulting from oil
and gas development in the Santa Maria Basin region of the California OCS. This program was initiated
in response to requirements under the 1978 OCS Lands Act Amendments (43 U,S.C.-1346) for MMS

(then BLM) to implement studies designed to evaluate environmental impacts of oil and gas development
activities on human, marine and coastal resources of the U.S. OCS. Three additional factors have

contributed to the decision to implement this particular study. These factors are: (I) the great potential
for extensive production of oil and gas from this region of the California OCS; (2) the concern that

development and production from a major new oil field on the U.S. OCS may result in cumulative, long-
term adverse impacts on the marine environment; and (3) the lack of previous oil and gas production
activities, or other major anthropogenic influences in the area.

OBJECTIVES: (1) To detect and measure potential long-term (or short-term) changes in the marine
environment in the vicinity of OCS oil and gas development and production activities; and (2) to
determine whether changes observed in the marine environment during the monitoring period were caused
by drilling and production-related activities or reflect natural processes.
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DESCRIPTION: Program objectives were addressed through time-series monitoring of a number of
environmental parameters before and after initiation of drilling at various monitoring sites throughout the

study area, including control sites and sites where environmental impacts were more likely to occur. An
optimal impact study design and a priori hypothesis testing were applied in the process of addressing
these objectives, allowing any conclusions regarding environmental changes to be stated within established
levels of statistical confidence.

The station design consisted of a series of regional stations and two additional arrays of site-specific
stations located in the vicinity of two existing, or planned, oil production platforms. Regional stations
consisted of three cross-shelf transects of three stations each and an additional station located

approximately 50 km west of Pt. Sal in a suspected offshore depositional area.

STUDY RESULTS: Drilling Operations and Discharges: Production drilling began in the Point Arguello
field in the southern Santa Maria Basin in November 1986 and ended in January 1989. During the study
period, 1.1 x 107 kg of drilling muds, including 5.7 x 106 kg of barille, were discharged. With the
exception of barium, the amounts of metals and hydrocarbons entering the Santa Maria Basin from
drilling activities were small compared to the average annual flux of material entering the region from
coastal run-off and hydrocarbon seeps in the Santa Barbara Channel.

Sedimentology: Sediments in the Platform Hidalgo region were characterized by very fine sands on
steeper slopes at deep stations and coarse silts on flatter slopes at shallow stations. Sediment total organic
carbon (TOC) content was positively associated with fine sediments and ranged from 0.3% to 1.4% of
the sediment dry weight. Depositional flux to sediment traps ranged from 25 to 49 g/m2/d; the highest
flux accurred at shallow sites. Flux was not significantly correlated to disposal of drilling muds. The
average percent cover of low-relief rocky habitats by sediment varied from 20 to 39% and was greatest
at deep sites. Sedimentation was lower on high-relief rocky habitats with average percent cover varying
from 3 to 5%.

Physical Oceanography: A strong annual surface temperature signal resulting in a seasonal thermocline
was observed. The temperature signal decayed with depth. The annual peak in temperature is
progressively later in the year with increasing depth, occurring around mid-July at shallow depths and
at the end of November near the bottom. Unusually high temperatures at surface and mid-depths were
observed in 1987. The measured wind stress in the region was directed equatorward throughout most
of the year. Surface currents were poleward throughout the year, reversing in the spring when
southwardly-directed wind stress was highest. Mid-depth and bottom-depth currents were directed
poleward throughout the year. Near-surface and mid-depth currents were strongly polarized along the
isobaths with less than 30% of the along-shelf current variability at periods longer than 1 d explained by
local wind forcing.

Satellite Imagery: Four years (Dec 1986 to Nov 1990) of l-km resolution satellite sea surface
temperature imagery covering a 280 km 2 region showed seasonally recurrent and shorter period
fluctuation consistent with moored current meter observations. Empirical orthogonal function analysis
identified a dominant coastal upwelling mode exhibiting a well-defined annual cycle coincident with the
annual cycle in alongshore wind stress. An additional modes may reflect ,coastal warming associated with
the wintertime Davidson Current.
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' Hydrocarbons and Trace Metals: Of the metals analyzed, only barium displayed a positive relationship
between sediment and sediment trap concentrations and drilling. During drilling, barium concentrations
in some surface sediments and sediment traps increased 30-40% and 200-300% respectively. After
drilling stopped, sediment barium concentrations decreased but, after 1.5 years, had not returned to
background concentrations. Sediment trap barium concentrations returned to background concentration
within 1 year after drilling had stopped. Hydrocarbon concentrations in sediments were occasionally
elevated, but generally were not consistent with drilling activities. Examination of the petroleum
hydrocarbon and PAH distributions indicated that a distinct petroleum signal was occasionally observed
in some samples. Natural petroleum seeps, rather than drilling discharges, may be responsible for the
randomly elevated hydrocarbon concentrations.

Hard-Bottom Epifauna: A rich epifauna, comprised of 263 taxa, was found on hard-bottom habitats in
the Santa Maria Basin. Suspended sediments and sedimentation were important factors associated with
the spatial patterns shown by the epifaunal assemblages. Taxa occurring at shallow stations must be
tolerant of sedimentation and high suspended sediment concentrations, whereas taxa associated with deep
high-relief stations may be relatively intolerant of these two factors. Strong negative correlation was
found between sediment flux and the abundance of the nine taxa significantly more abundant at deep high-
relief stations. Deep high-relief taxa that vary according to their orientation on high-relief rocks tend to
face into strong currents, whereas deep low-relief and shallow low-relief taxa that vary according to their
orientation on high-relief rocks tend to face into weak currents.

Drilling Particulate Deposition: Sediment depositional rates were measured at thirteen sites near the Point
Arguello field. During sampling in 1987 and 1988, over 40,000 m3 of drilling fluid was discharged.
The maximum flux of drilling solids at Platform Hidalgo, near 500 mg/m2/day represented less than 2
percent of the total particulate flux into the traps. A significant portion of these drilling solids originated
from the two distant platforms, Harvest and Hermosa, 3.5 and 6.8 km to the southeast, respectively.
particle trajectory computations indicated that ambient current flow carried discharges toward the
northwest. Cessation of drilling on platforms to the southeast accounted for the observed temporal
decline in drilling-solid flux measured near Platform Hidalgo which discharged at a nearly constant rate
over the sampling period.

Pro2ram Synthesis: Fluxes of drilling muds calculated from excess levels of barium in the traps
approximated those derived from trajectory modeling of the platform discharges, both indicating peak
fluxes of 400-500 mg/m2/day of drilling solids within 1.5 km of Platform Hidalgo. Four of 22 hard-
bottom taxa examined showed significant reductions in mean abundances at high-flux stations after drilling
began. Concentrations of chemical contaminants in suspended particles associated with the drilling
discharges were below toxic levels, suggesting that any biological changes due to the drilling muds were
related to physical effects of the increased particle loading. The ability to detect changes related to future
drilling activities was evaluated. At a relatively high power of 0.80, small to moderate changes (below
50%) in 12 of these variables could be detected with the present sampling design.

STUDY PRODUCTS: Battelle. 1991. California OCS Phase II Monitoring Program. Final report to
the U.S. Department of Interior, Minerals Management Service, Pacific OCS Region, Camarillo, CA.
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1. INTRODUCTION

i
i WILLIAMSTEINHAUER

Battelle

i 397 Washington Street, Duxbury, Massachusetts 02332
EIJI IMAMURA

i Marine Research Specialists
3639 E. Harbor Blvd., Suite 208, Ventura, California 93001

I JEFFREYHYLAND

i Marine Science InstituteUniversity of California, Santa Barbara, California 95060

i
BACKGROUND AND PURPOSE OF THE STUDY

I The CaliforniaOuterContinentalShelf (OCS) Phase II MonitoringProgram(CAMP) was a five-year,
multidisciplinarystudy designedto monitorpotential environmentalchanges resulting from oil and gas

i developmentin the Santa MariaBasin off the coast of southern California. This program, which was
sponsored by the Minerals Management Service (MMS) of the U.S. Department of the Interior,

I originated in response to requirements under the 1978 OCS Lands Act Amendments (43
U.S.C.-1346) for MMS (then the Bureau of Land Management) to implement studies designed to

I valuate environmental impactsof oil- and gas-development activities on human, marine, and coastal
resourcesof the U.S. OCS.

!
Three additionalfactors have contributedto the decision to implementthis particular study. These

i factorswere
1. The great potential for extensive productionof oil and gas from this

region of the California OCS.

I 2. The concern that developmentof, and production from, a major new
oil field on the U.S. OCS may result in cumulative, long-term

I adverse impacts in the marine environment.

3. The lack of previous oil- and gas-productionactivities or other major

I anthropogenicsources in the area.
1-1
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Recommendationsfrom two panels of experts (one sponsored by the National Research Council of the ]l

National Academy of Sciences; the other sponsored by the Interagency Committee on Ocean Pollution

Research, Development and Monitoring) have played a part in the scope of CAMP. The panels 'l
recommended that monitoring of offshore oil and gas activities focus on evaluation of long-term

effects on the marine environmentof developmentof a major oil field in a frontier area of the U.S. I
OCS (NRC, 1983; Boesch and Rabalais, 1987). During development of a field, much larger

volumes of materials (mainly drilling muds and cuttings) are discharged over a longer period of time i
than during exploratory drilling. Although extensive monitoringof exploratory drilling has revealed

few adverse environmentalimpacts, the long-term cumulative impacts of field development (including I
I

drilling and production) can be predicted with much less confidence. Long-term studies also were

recommended to gain knowledge about the basic chemical, physical, and biological processes i
ill

controlling the ecosystems of concern. In summary, the panels recommended long-term studies in

order to separate natural ecological variability and long-term natural cycles from those changes I
Sactually caused by oil development and production.

This Phase II Monitoring Program extended the pre-drillingbaseline sampling conducted in the same 41

1

study area during the earlier 1983-1984 Phase I Reconnaissance Survey (SAIC, 1986). The Phase I _
study was conducted to characterize biological, chemical, and geological conditions over a broad I[

region of the Santa Maria Basin and the western Santa Barbara Channel. Results of the Phase II 1

study expanded upon this information, in the process of providingthe basis for a definitive evaluation I

of long-term spatial and temporal impactsof discharges from oil development and production in the I

southern Santa Maria Basin. I

The Phase-ll program will provide valuable information for the use in decision-making in the
California OCS for years to come. Results from the study will be useful in post-sale steps for

existing leases (e.g., approval of development and productionplans) and for various pre-sale steps for i
future sales (e.g., preparation of draft and final environmental impact statements, development of

lease conditions or stipulations). In June 1990, President Bush canceled Proposed Lease Sales 91 _1
(Northern Planning Area), 119 (Central California Planning Area), and 95 (Southern California

Planning Area). Lease sales in these Planning Areas will not be considered until after the year 2000 i
I

except for 87 lease blocks withinthe SantaBarbara Channel and the SantaMariaBasin which will not

be considered until 1996. Results of the Phase-II Study also will be useful in the EPA-NPDES Im
permitting process.

1-2 .- !
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I Furthermore, the results of this study have expanded our knowledge of basic oceanographic processes

and ecological conditions of the Santa Maria Basin region and will provide information to help

I interpret results of future offshore monitoringprograms conducted in other planning areas.

i
STUDY OBSECTIVES

Specific objectives of the Phase-ll program were as follows:

1. To detect and measure potential long-term (or short-term) chemical,

I physical, and biological changes around oil and gas platforms in thesouthern Santa Maria Basin.

I 2. To determine whether the observed changes are caused by drilling-related activities or whether they are the product of natural
processes.

i These objectives were addressed through time-series monitoring of a number of environmental

parameters before and after initiation of drilling at Various monitoring sites throughout the study area,

_9 including control sites and sites where environmental impacts were more likely to occur. An optimal

impact study design (Green, 1979) and a-priori hypothesis testing were applied in the process of

j addressing these objectives so that any conclusions regarding environmental changes could be stated

within established levels of statistical confidence. The long-term nature of this program was a unique

t allowing investigators to comprehensive assessments structure the regional
feature make of the of

ecosystem and the dynamics of physical, chemical, and biological processes over a time series

I encompassing both seasonal and annual scales. As from these
repeated a result, knowledge gained

assessments was used to accomplish the important objective of separating natural background variation

I from potential low-level cumulativeenvironmental impacts caused by drilling-related activities.

This study focused on examining effects of platform discharges on the benthos. The emphasis has
been placed here for two reasons: (1) benthic environments are suspected sinks for the accumulation

I of discharged drill materials; and (2) because of their relative immobility, benthic organisms should
be more susceptible to impacts from exposure to any drilling-related materials that may accumulate on

I the bottom. Although potential effects of drilling on planktonic and pelagic systems should not beignored, the temporal and spatial variability in these more ephemeral assemblages, relative to the

i benthos, make hypothesis testing for effects much more difficult (Boesch and Rabalais, 1987).

I 1-3
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Specific parameters addressed as part of the time-series monitoring effort consisted of biological i

community indices and species abundances for hard-bottom and soft-bottom benthic assemblages;
Iconcentrations and distributions of trace metals and hydrocarbons in bottom sediments, suspended

particulates, animal tissues, and pore waters; water currents and other physical oceanographic IB
IIfeatures; and various sedimentological properties (e.g., sediment grain size, total organic carbon and

carbonate content, sediment shear strength, distribution of mineral types, and redox conditions). II

Synoptic measurements of these various parameters were taken to permit examination of biological i

changes in relation to concomitant chemical or physical changes linked to specific drilling events. 4b

Additional companion studies focused on sediment-transportprocesses and animal-sediment-pollutant D

interactions (which will be reported elsewhere in the literature).

I
SAMPLING DESIGN AND RATIONALE i

The station design for this programwas comprised of a series of regional stations and two additional
mm

arrays of site-specific stations located in the vicinity of two planned oil development/production _,
platforms off the coast of southern California, in the southern Santa Maria Basin, from Point San Luis

(35°06"N) to northof Point Conception (34°28'N; see Figure 1-1). The regional stations consisted of i
three cross-shelf transects of three stations each (encompassing water depths of about 90 to 410 m)

and an additional station located approximately 50 km west of Point Sat in a suspected offshore '1

depositional area. Regional stations were selected with two major objectives in mind: (1) to provide

an opportunity to compare ecological conditions and potential responses to drilling-related impacts Im
over bi'oad regional areas and bathymetric zones; and (2) to revisit, wherever possible, previous

sampling stations (e.g., sites from the Phase I survey) to provide historical datasupport. Results of i

the Phase I Reconnaissance Survey (SAIC, 1986) showed that all regional stations are characterized la

by soft-bottom benthic assemblages inhabitingsand and mud substrates. 'l'

One of the two site-specific sampling arrays was located in unconsolidated substratesoffshore of Point

Sal, at the anticipated site for Shell Western's Platform Julius. The; site-specific study at Platform ][

Julius together with the regional stations comprised the soft-bottom monitoring component of CAMP. iIISampling at the regional stations and at the Platform-Juliusarray was conducted on the following

occasions: October 1986, January 1987, May 1987, October 1987, January 1988, May 1988, t_
|October 1988, and May 1989. Typically, the 9 regional stations and 19 site-specific stations were _

sampled on the first three cruises. Because of delays in the installationof PlatformJulius, the number

1-4 i
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I
of site-specific stations was reduced to three on the October-1987 cruise, and finally to one station

beginning with the May-1988 cruise. With the news of indefinite delays in the installation of

,I Platform Julius, sampling of the soft-bottom benthos was discontinued after May 1989. The Year-3

Annual Report (Steinhauer and lmamura, 1990) summarized the technical activity and results of the

i soft-bottom monitoring componentof CAMP.

I The second located offshore of Point in the ofsite-specific sampling array was Arguello, vicinity

Chevron's Platform Hidalgo. Monitoring efforts at this site focused on rocky substrates inhabited by

I hard-bottom benthic assemblages. Sampling at the hard-bottom stations was conducted October 1986,
May 1987, October 1987, October 1988, May 1989, October 1989, and October 1990. There were

'i two important features of these stations: (1) stations consist of both "high-relief' substrates (defined
I

operationally as substrates higher than 1 m) and "low-relief" substrates, so that assemblages of

a epifaunal organisms inhabiting both types of substrates could be monitored to compare their relative
susceptibilities and sensitivities to potential impacts; and (2) for each type of substrate, stations were

I positioned at several distances away from the platform so that effects could be monitored along' possible "dose-response" gradients.

i: The sampling design incorporated four major features providing important foundations for statistical

_1 and other interpretive analyses. First, replicate sampling was performed at all monitoringsites. Thereplication approach was selected for several reasons: (1) to support statistical analysis of the data

i (i.e., variation among samples within sites was used as an error term for testing hypotheses); (2) toenhance within-station coverage (e.g., sampling at a site provided a comprehensive record of species,

i increasing the probability of encountering rarer species); and (3) to provide a means of revealing anyanomalous results within a given station, and thus avoiding the possibility of basing a conclusion on a

single outlier. Second, synoptic measurements of a number of biotic and abiotic variables from

I replicate samples were taken so that within-site variability of the biotic community could be explained

as a function of within-site variability of the physical and chemical environment. This approach was

particularly important in testing for dose-response relationships between variables representing

possible drilling impacts. Third, the replicate samples from each hard-bottom site represented

i depth,time, height.Thus,a appropriatestatistical
factorial combinations of and substrate number of

models (e.g., unreplicated three-way ANOVAs) were employed to test for the significance of

i any given response variable (e.g., epifaunal abundances) in relation to
observed differences in

relevant temporal and spatial factors (e.g., main effects of time, depth, low-relief, or high relief

i 1-5
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location) and their interactions. Lastly, an optimal-impact study design (sensu Green, 1979), with a Ill

basis for accommodating pre-impact and post-impact sampling at both impact and control sites, was

established. This sampling design provided the spatial-by-temporalframework requiredfor powerful I

and robusttesting of impact-relatedchanges in the environment.

!
The positions and other relevant field data for the various monitoring stations and instrument

deployments comprising the hard-bottom monitoring surveys are presented in a series of tables, il
Table 1 provides information on hard-bottom photosurvey sites; Table 2 provides information on

hard-bottomsediment grab stations; Table 3 provides information on ]hard-bottomanimal-trap stations; I
Table 4 provides information on instrument-deploymentsites for the physical oceanography task; and

Table 5 provides informationon the sediment-trapstations, j

FORMAT OF THE FINAL REPORT t!

The format of the final report is designed to foster publicationof results in a series of peer-reviewed i_aa
manuscripts. Therefore, this final report does not follow the standard guidelines for an MMS final

report. Instead, what follows is a series of related manuscripts by the principal investigators of the _

Phase-II program that discuss the natural physical processes that control the structure and organization

of hard-bottom communities and how drilling discharges influence that structure and organization. I[
These manuscripts have been or will soon be submittedfor publication in the scientific literature.

The results and synthesis of findings of the soft-bottom components of the Phase-If program have /I

been reported earlier in the Year-3 Annual Report (Steinhauer and Imamura, 1990) and are not I_

|repeated here. Multiple manuscripts or presentations from the soft-bottom study, the special task on

sediment transport, or other CAMP-related activities have already been published, or are in the II
process of being published. These documents are summarized in Table 6. It is the intention of the I

MMS that all the manuscriptsresulting from the Phase-II program be compiled in a single volume of

publishedworks. I

!
i
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I This program was conducted by a team of scientists and advisors from Battelle; Kinnetic

__ Laboratories, Inc.; University of California, Santa Barbara; Marine Research Specialists; University

of Texas; Woods Hole Oceanographic Institution; U.S. Geological Survey; University Maine;
of

Louisiana State University; Louisiana Universities Marine Consortium; University of Western

i' Lawrence Livermore Arthur D. and Institution of
Ontario; Laboratories, Little, Scripps

Oceanography. Several independent consultants also were involved. Principal Investigators

i responsible for various task areas as primary authors in the manuscriptsthat follow.
appear
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Table 1. Reference Coordinates of High- and Low-Relief Hard-Bottom Photosurvey Sites. i1

Latitude UTM Depth Relief 'i
Station Longitude Coordinates (m) Type _-

qF

".3

PH-E 34"30.26'N N3820250 119 Low I
120°42.76'W E710000

Ill
PH-F 34 *30.81 'N N3821285 105 Low I

120"42.36'W E710580
m

PH-I 34 *29.96'N N3819735 107 Low 'l
120°41.68'W E711665

PH-J 34029.82'N N3819480 117 Low I
120°41.82"W E711450

PH-K 34029.37' N N3818635 160 High a !1
120042.26'W E710795

PH-N 34 °29.21 'N N3818345 1166 Low _l
120"42.05'W E711125

PH-R 34°29.11 "N N3818140 213 High/Low 1
- 120"42.67'W E710180

34"31.48'N N3822480 ]L13 Low ,iPH-U
120"43.51 'W E708800 m

PH-W 34*31.52'N N3822480 195 High/Low 1
120°45.86'W E705200 g

a High relief is greater than 1 m I

I
'i
!
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_1i Table 2. Reference Coordinates of Hard-Bottom Grab Stations.
I

U Latitude UTM Depth
Station Longitude Coordinates (m)

i PH-E 34°30.19'N N3820125 119
120°42.68'W E710125

PH-F 34 °30.79'N N3821250 105
120°42.52'W E710350

l PH-I 34 °29.30'N N3819805 107
120°41.73'W E711593

ii PH-J 34°29.83'N N3819495 117
120°41.86'W E711399

I PH-K 34°29.41'N N3818700 160
120°42.29'W E710750

i PH-N 34 °29.24' N N3818399 166
120042.10'W E711045

i PH-R 34029.18'N N3818266 213
120°42.45'W E710518

I PH-U 34°31.41'N N3822370 113
120°43.47'W E708870

i PH-W 34°31.58'N
N3822591 195

120°45.68'W E705464

i
I
1
I
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Table 3. Reference Coordinates of Hard-Bottom Animal-Trap Stations. i

iLatitude UTM Depth
Station Longitude Coordinates (in) Location

i
PHA-1 34°29.89'N N3819592 150 500 m N.W. of

120°42.37'W E710611 Platform Hidalgo j

PHA-2 34°30.08'N N3819938 140 1 km N.W. of

120°42.60'W E710249 Platform Hidalgo I

PHA-3 34°31.23'N N3822011 140 4 kin N.W. of

120°43.99'W E708080 Platform Hidalgo I

!
i

!
I
i
i
I
I
!
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I Table 4. Reference Coordinates of Current-Meter Moorings.

/I

.! Latitude UTM LORAN Depth
Station Longitude Coordinates Time Delays (m) Equipment

,,|

I PJ-13A 34°56.20'N N3867974 27792.5 140 Primary120°49.94'W E,697983 41844.3 Current-meter
Array

|
Hidalgo 34°30.27'N N3820267 27812.8 132 Primary

_11 120*43.07'W E709524 41844.3 Current-meter
! Array

!
I
1
!
!
I
1
11
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Table 5. Reference Coordinates of Sediment Traps Deployed at the Hard-Bottom Stations. I

Latitude UTM Depth i
Station Longitude Coordinates (m)

PH-Est 34°30.19'N N3820125 119 '1
120°42.68'W E710175

PH-Fst 34 o30.79' N N3821250 105 I
120°42.52'W E710300

N3819770 107 1PH-lst 34o29.98"N
120°41.76'W E711579 '_

PH-Jst 34°29.83'N N3819550 I17 B
120°41.86'W E7114(_ 'l

PH-Kst 34°29.41'N N3818700 160 _
120°42.29'W E7107(_ J

PH-Nst 34 °29.24'N N3818400 166 II
120°42.10'W E711000 n

PH-Rst 34 °29.17'N N3818250 213 -_

120°42.46'W E710550 l
PH-Ust 34 °31.42'N N3822370 113 El

120°43.47'w E708920 I!

PH-Wst 34 °31.58'N N3822591 195 il
120 °45.69'W E705514 |

PHAR-ST 34028.30'N N381677'5 213 m

120 °41.12'W E71263,0 II

PH-STI 34°30.44'N N3820767 120 dlb

120°43.00'W E709451 I
J

PH-ST2 34°30.02'N N3819959 163

120°43.36'W E708912 'l
P

PH-ST3 34 °29.68'N N3819337 212

120°43.65'W E708461 I

1-12 !
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I
t Table 6. Summary of Publications Resulting from CAMP Phase-l] Study.

I
Published:

Brewer, G.D., J. Hyland, and D.D. Hardin. 1991. Effects ofoil drilling on deep-water reefsoffshore California. Amer/can Fisheries Society, Symposium 11:26-38.

I Butman, C.A. and R.J. Chapman. 1989. The 17-meter flume at the Coastal ResearchLaboratory. Part I: Description and user's manual. Woods Hole Oceanographic
Institution Technical Report WHOI-89-10. CRC-89-2. 31 pp.

I Chapman, R.J. and R.E. Galat. 1988. Cooling the waters of the 17-meter flume at the
Coastal Research Laboratory. Woods Hole Oceanographic Institution Technical
Report WHOI-88-62. CRC-88-1. 15 pp.

i Crecelius, E. A. 1988. Detecting contamination or trends in the concentrations of trace metals
in marine environments. Journal of Research of the National Bureau of Standards

i 93(3):321-323.
Fiefs, F. 1991. Three new harpacticoid copepods from the Santa Maria Basin off the

i Californian Pacific coast (Copepoda, Harpacticoida). Beaufortia 42(2): 13-47.Grassle, J.P. and C.A. Butman. 1989. Active habitat selection by larvae of the polychaetes,
Capitella spp. I and l], in a laboratory flume. Pp. 107-114 In, J.S. Ryland & P.A.

I Tyler (eds.) Reproduction, genetics and distributions of marine organisms. 23rdEuropean Marine Biology Symposium.

Hyland, J., D. Hardin, E. Crecelius, D. Drake, P. Montagna, and M. Steinhaner. 1990.Monitoring long-term effects of offshore oil and gas development along the southern
• California outer continental shelf and slope: Background environmental conditions in

the Santa Maria Basin. Oil & Chemical Pollution 6:195-240.
II

1 Hyland, J., J. Kennedy, J. Campbell, S. Williams, P. Boehm, A. Uhler, W. Steinhauer.

1989. Environmental effects of the Pac Baroness oil and copper spill. Proceedings

i of the 1989 Oil Spill Conference (Prevention, Behavior, Control, Cleanup). SanAntonio, Texas. Pp. 413-419.

i Trowbridge, J.H., W.R. Geyer, C.A. Butman, and R.J. Chapman. 1989. The 17-meter
flume at the Coastal Research Laboratory. Part l]: Flow characteristics. Woods
Hole Oceanographic Institution Technical Report WHOI-89-11. CRC-89-3. 37 pp.

I Webb, C.M. 1989. Larval swimming and substrate selection in the brittle star Ophiodermabrevispinum. Pp. 217-224 In, J.S. Ryland & P.A. Tyler (eds.) Reproduction,

genetics and distributions of marine organisms. 23rd European Marine Biology

_ Symposium.

I
I 1-13

I



l

Table 6. (continued)

!
Manuscripts in press:

Hyland, J., E. Baptiste, J. Campbell, J. Kennedy, R. Kropp, and S. Williams. ms. !
Macroinfaunal communities of the Santa Maria Basin on the California outer l

continental shelf and slope. Marine Ecology Progress Series.
I

Kropp, R.K. ms. Repaired shell damage among soft-bottom molluscs on the continental shelf I
and upper slope north of Point Conception, California. The Veliger.

Montagna, P. 1991. Meiobenthic communities of the Santa Maria Basin on the California I
continental shelf. Continental Shelf Research 11.

Manuscripts submitted: i

Bachelet, G., C.A. Butman, C.M. Webb, V.R. Starczak, and P.V.R. Snelgrove. Sediment _1
selection by settling Mercenaria mercenaria (L.) larvae:: Fact or artifact? Journal of l
Experimental Marine Biology and Ecology.

Drake, D.E. and D.A. Cacchione. Wave-current interaction in the bottom boundary layer l
during storm and non-storm conditions: Observations and model predictions. Journal

llW

of Geophysical Research.
I

Drake, D.E. and D.A. Cacchione. Storm events on the California continental margin: Bottom I
boundary layer observations and model predictions. Continental Shelf Research.

iFindlay, R.L., S.L. Kim, and C.A. Butman. Colonization of freshly deposited barite and
silica sediments by marine microorganisms in a laboratory flume flow. Marine "

Ecology Progress Series. ,I,

,l
l
I•

i
I
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l
INTRODUCTION

I The Santa Maria Basin figures prominently in U.S. offshore oil and gas development plans. Located

i off the coast of Southern California, the Santa Maria Basin contains 43 of the 106 active lease tractsin the Minerals Management Service (MMS) Pacific Outer Continental Shelf (OCS) Region. Once

the necessary permits are obtained, and the offshore fields in these blocks and associated

transportation facilities are fully developed, oil production in the Pacific OCS Region is expected to

r increase from 78,000 to 178,000 barrels per day by the mid 1990s (MMS, 1987). Future

I development of the Point Arguello field in the southern Santa Maria Basin and the nearby Santa Ynez
Unit (in the western Santa Barbara Channel) is expected to account for a majority of the increased

I
2-1
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production. The Point Arguello field is one of the largest fields ever discovered in U.S. OCS waters '1

(Rintoul, 1985). The onshore Gaviota processing serving the Point Arguello field is currently

permitted for 100,000 barrels per day. However, issues concerning the transportation of oil and gas I

from the field have delayed the full development of these producing platforms. These issues have not

yetbeenresolved. !

The OCS oil and gas resources are managed by the MMS (part of the U.S. Department of Interior) as m
m.

mandated by the OCS Lands Act and its Amendments. As part of its overall management of the

region, the MMS has been conducting monitoring and process-oriented research in the Santa Maria m
mBasin [California Monitoring Program, Phase II (CAMP) and Effects of OCS Production Platforms on

Rocky Reef Fishes and Fisheries] to understand possible long-term environmental effects of oil and n
mgas development (see Hyland et al., 1990 for program overview). As part of CAMP, a site-specific

study region was established to determine effects of drilling-related discharges at Platform Hidalgo in tll
IIthe Point Arguello field. Part of the study included collection and review of platform discharge

records for Platforms Hidalgo, Hermosa, and Harvest. The discharge records were provided to the --II

U.S. Environmental Protection Agency (EPA) by the platform operators in accordance with National m

Pollution Discharge Elimination System (NPDES) permit conditions. The constituent composition of II

the drilling fluids was also obtained from the MMS (Santa Maria District Office). In addition, I

drilling fluids and drill cuttings were analyzed for metal and hydrocarbon content. This paper _m

summarizes all permitted discharges to date from the three platforms comprising the Point Arguello I

field, and compares contaminants from platforms and natural sources. Discharges from all three

platformsoccurredbetweenNovember1986andJanuary1989. I

ENVIRONMENTAL SETTING I

The Santa Maria Basin is a coastal and offshore geologic feature extending from Point Conception in

|the south to Monterey Bay in the north. The Point Arguello field is in the southern portion of the
-_J

basin between Point Arguello (34"34'N) and Point Conception (34"28'N, Figure 1). The Arguello

Canyon and adjacent sea valleys are prominent features of the Basin. However, the topography I

generally lacks the complexity of the southern California borderland south of Point Conception (e.g.,

Emery, 1960), more closely resembling that of the continental shelf and slope north of Point I

Conception. The shelf extends seaward to a depth of about 1I0 m (SAIC, 1986), and varies in width

from about 3.7 km in the Point Conception area to about 9.3 km between Point Conception and Point I
II

2-2 I
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I Arguello. In the Point Arguello area, the seabed rapidly drops to a depth of about 1000 m and is
incised by the Arguello Canyon.

!
There are four major coastal rivers draining into the southern Santa Maria Basin. The coastal rivers

from north to south include: (1) the Arroyo Grande Creek, (2) the Santa Maria River, (3) the San
Antonio Creek, and (4) the Santa Ynez River. Each drainage basin is distinct geologically and

I contributes sediments with a distinct mineral and trace elemental signature (Dibblee, 1950; SAIC
1986). The importance of the sediment contribution from these rivers is not known. However, the

I sediments from these sources combined with those from smaller streams and with suspended
sediments carried by littoral transport from the north, contribute to the nearshore and offshore

I sediments of the study area. Fine-grained sediments are also transported into the study area bycurrents flowing north from areas east of Point Conception (Parr et al., Chapter 3).

I Generally, sediments throughout much of the central and northern California continental margin grade

I from sands in shallow waters on the inner shelf to silt and clay substrates on the outer shelf andslope. Offshore (> 50 m water depth) substrates are fine sands to very-fine silts and become

i progressively finer with increasing water depth and distance from shore, however there are variationsof this general pattern (MMS, 1983; SAIC, 1986; Steinhauer and Imamura, 1990; Parr et al., Chapter

.- 3). Hard-bottom features are also located principally in shallow nearshore waters and in the offshore

I area between Point Arguello and Point Conception, at depths of about 100 to 300 m (Steinhauer and

lmamura, 1990; Hardin et al., Chapter 7).

The California Current system is a predominant oceanographic feature (Reid et al., 1958; Hickey,

I 1979; Chelton, 1984), as is seasonal coastal upwelling, caused by wind-induced Ekman circulation
(Reid et al., 1958; Brink et al., 1984). Upwelling occurs primarily during the spring and summer

I (March to June) response to increased winds from the northwest, bringing deep, cold, nutrient-rich
in

water to the surface along the coast. Coastal upwelling leads to significant increases in new primary

I biological production (Dugdale and Wilkerson, 1989). Currents near the Point Arguelio field
are

generally aligned with topography and show frequent flow reversals; there are periods of northwest-

I southeast flow and less frequent periods of south-southwest flow (Coats, Chapter 8; Savoie et al.,
Chapter 4). The local circulation has a variety of transient phenomena including eddies, swirls,

I filaments, meanders, and narrow jets that are obscured in time-averaged current data. Some of these

I 2-3
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features can be detected in satellite images (Bernstein et al., 1977; Bernstein et al., Chapter 5), and I
i

may be responsible for significant cross-shelf transport of heat, nutrients, and pollutants (Mooers and

Robinson, 1984). In addition, inter-annual variations such as the El Nifio/Southern Oscillation, can
II

obscure or alter the generalized circulation pattern. Thus, the region has a complex circulation,

generally consisting of currents that flow northwest or southeast parallel to the coastline with small i
m

time components that provide a cross-shelf component.

i

Natural petroleum seepage rates have not been estimated for the waters north of Point Conception, I

but, based on previous studies in neighboring Santa Barbara Channel, seepage may be a principal i

natural source of petroleum to the sediments. Hyland and Neff (1988) and Steinhauer and Imamura g

(1990) reported macroscopic tar particles in bottom sediments throughout the study region. The i

hydrocarbon chromatograms of sediments and sediment trap samples from the region display a _

prominent unresolved complex mixture (UCM) characteristic of petroleum hydrocarbons (Steinhauer I

|et al., Chapter 6). Additional evidence for seeps in the area is provided by reports of fouled fishing

gear, and sightings of oil slicks and tar mounds in the area (Danenberger, MMS, personal im

communication). Tar from natural seeps frequently washes ashore in this region of central California. I

Wilkinson (1972) cataloged approximately 20 oil and gas seeps along the coast south of the study m

area, between Point Conception and Coal Oil Point. Allen et al. (1970) estimate that seeps in the 'D

Coal Oil Point area alone introduce about 7600 to 11,400 liters of oil per day into surrounding waters

oftheSantaBarbaraChannel. 1

.HISTORY OF DRILLING AND OTHER HUMAN ACTIVITIES IN THE AREA ,I

Compared to other coastal regions, the OCS north of Point Conception is a relatively uncontaminated

(SAIC, 1986; Steinhauer and Imamura, 1990). Although 76 exploratory wells have been drilled i
area

V

in the Santa Maria Basin in the past 25 years, there had been no oil and gas development or

activities in the area until April 1986 when drilling started at Platform Irene in the !production

Pedernales field. There also are few cities and little industrial development along this part of the

California coast, so there is little domestic and industrial waste discharge in the region. Channel I
i

Islands National Park is located approximately 33 km to the south of the Point Arguello field. The

Channel Islands Marine Sanctuary extends 5.6 km into the waters surrounding the national park. The 1
W

relatively limited public access to the national park, and the marine sanctuary status of the

!
|
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! surrounding area further limit the amount of anthropogenic contaminants reaching the southern Santa

Maria Basin.

!
The first phase of drilling in the Point Arguello field commenced when the first well at Platform

I Harvest was drilled in November 1986, and ended in January 1989 when the seventh well was
completed at Platform Hidalgo (Table 1). Additional production wells are scheduled to be drilled in

1992 and 1993. Production of oil and gas began in the Point Arguello field in May 1991. Drilling at
Platform Irene, located approximately 12 nmi north of the Point Arguello field, began in April 1986

t and ended in October 1989. Production at Platform Irene commenced in April 1987, and continues.
Installation of Platform Julius, approximately 20 nmi north of the Point Arguello field, has been

I delayed indefinitely because of issues surrounding the permitting and construction of an onshore oiland gas processing facility in San Luis Obispo county, California.
roll

-I PLATFORM DISCHARGES AND NPDES PERMIT CONDITIONS

I A variety of solid and liquid wastes are generated during well drilling and production of oil and gas.
The NPDES permits may allow discharge of these wastes to the ocean. Deck washdown and sanitary

i waste discharges are relatively minor discharges that continue throughout the lifetime of a productionplatform. However, during drilling, large amounts of drilling-fluid and drill-cutting discharges are

i produced and are of most environmental concern and during production it is produced water that is ofconcern. Discharges at Platforms Harvest, Hermosa, and Hidalgo are allowed under a general

i NPDES permit issued by EPA Region IX on February 18, 1982, and reissued on December 8, 1983(Table 2, EPA, 1983). The permit covers both mobile exploration activities, and development and

production activities. Produced waters are included in the materials permitted for discharge (EPA,

1983) but there have been no produced-water discharges in the Point Arguello field as of this writing

and the portion of the NPDES permit concerning produced-water discharge is not presented in

Table 2.

I Drilling fluids are mixtures of natural clays or polymers, weighting agents, and other materials in

freshwater, seawater, or a refined petroleum (Neff et al., 1987). They are specially formulated for

I rotary drilling process (NRC, 1983). most important functions of drilling
functionsseveral in the The

fluids are to (1) transport cuttings to the surface, (2) balance subsurface pressures to prevent the

I influx of formation fluids (oil, and/or water) into the wellbore, or to avoid blowout and,
gas, potential

2-5
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(3) cool, lubricate, and support part of the weight of the drill bit and drill pipe. During drilling, the _l

drilling-fluid engineer on the platform continually evaluates the properties of the drilling fluid and

adjusts the fluid composition to match drilling conditions. Thus, the composition of the drilling fluid '1

on a platform changes continually during drilling and a variety of drilling fluids are produced.

the use of oil-based drilling fluids is allowed, their discharge to the ocean and the discharge 1Although

of cuttings produced with them is not permitted anywhere in U.S. territorial waters.

I
Table 3 summarizes drilling-fluid constituents contained in used drilling fluids discharged in the Point

Arguello field during drilling, as compiled from data provided by platform operators as a stipulation I
roll

of their NPDES permits. The major inorganic constituents discharged during the drilling process at --

all three platforms were barite (BaSO,) and bentonite clay (sodium montmorillonite). Large amounts I
,J

of potassium chloride, sodium chloride, and potassium hydroxide were also discharged at Platforms

Hermosa and Hidalgo, with lesser amounts discharged at Harvest. It must be emphasiszed that the I_
l!

relative consumption (discharge) of individual drilling-fluid constituents, particularly the amounts

commercial products, is a reflection of the drilling conditions met during drilling, but it is also a IIIreflection of the management philosophy of the platform operator. Many of the major constituents

and commercial drilling mud additives perform similar functions during the drilling process and can II
|be used interchangably. For example, a relatively large amount of Drispac', a polyanionic cellulose

polymer used to modify fluid viscosity, was discharged during the drilling at Platform Harvest, II

1!whereas a lesser amount was used at Platform Hermosa and none was used at Platform Hidalgo.

Chrome lignosulfonate, a drilling fluid additive of environmental concern because of potential I

chromate toxicity, was not used during the drilling process at any of the platforms. A complete 1

directory of commercial products used to formulate drilling fluids is ]presented in Offshore magazine ,m

|(1990). Data were not available for the amount of water used to formulate the drilling fluids at the

Point Arguello field. The amount of water may range from 76 % for a low-density fluid used at
:m

shallow well depths to 30 % for a high-density fluid used near well completion (NRC, 1983). I

The drilling-fluid circulation system allows the fluid to be cleaned of debris and recycled down the I

drill hole many times (NRC, 1983). Drilling fluid is pumped under high pressure from the drilling-

fluid holding tanks on the platform down through the hollow drill pipe. It is discharged at high I

pressure through nozzles on the drill bit and hydraulically removes cuttings produced by the grinding

action of the drill bit on the rock being drilled. Drill cuttings are pieces of crushed sedimentary rock I

!



!
l ranging in sizefrom clay to coarsegravel (Neff, et al., 1987). The drilling fluid, carrying cuttings

with it, then returnsto the surface through the annulus (the space between the drill pipe and the

I borehole wall or casing) to the drilling-fluid return line. The drilling fluid then passes through

several screens (shale shakers) and other devices that remove most of the cuttings from the fluid,

I before being returned to the fluid storage tank for recirculation down hole. Generally during drilling,/

the washed cuttings, still carrying some drilling-fluid solids, are discharged to the ocean more or less

l continuouslyat a rate.
low

I The summaries of daily NPDES drilling fluid discharge records for platforms discharging in the Point
Arguello field are presented in Figure 2. These records show that drilling fluid discharges into the

surrounding waters are intermittent and that volumes can vary from 0 to over 500 m3 (3100 bbl) in a
single day. Intermittent discharges are common during drilling and reflect the type of activity

I occurring on a given day. Periodically, when the composition of the drilling fluid is to be changed
substantially or when the volume of drilling fluid increases to the capacity of the fluid tanks, some

I drilling fluid may be discharged in bulk from the platform. Bulk discharges of fluids may occur
several times during the drilling of a well. The usual discharge is less than 50 m3 (310 bbl) although

I larger volumes are often discharged when fluid is changed substantially or when the volume ofdrilling fluid increases to the capacity of the fluid tanks. There were 19, 13, and 7 wells drilled at

i Platforms Harvest, Hermosa, and Hidalgo, respectively, resulting in an average of 220, 280, and 500metric tons of solids discharged per well. The amounts discharged from these wells appear typical of

i production wells drilled in the U.S. OCS (200 to 2000 metric tons of solids discharged per well, Neffet al., 1987).

CONTAMINANTS ASSOCIATED WITH DRILLING-FLUID AND

, DRILL-CUIWING DISCHARGEThe chemical contaminantsof environmentalconcern in discharged drilling fluids and drill cuttings

are metals and petroleum hydrocarbons. At Platform Hidalgo, the metals in composite samples of

I drilling fluid found at concentrations significantly higher than those found in surrounding marine

sediments include only zinc and barium (Steinhauer et al., Chapter 6; summarized in Table 4). All

I metals, except mercury and barium, were present in drill cuttings at concentrations higher than their

concentrations in drilling fluids from the same wells. However, only concentrations of lead, zinc,

, andbarium were significantly elevated in drill cuttings relative to concentrations in marine sediments.
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The higher concentrations of most metals in cuttings relative to drilling fluids is unusual and is I

probably an indication that the rock strata being drilled are naturallly enriched in mineral-derived

metals. Metals associated with natural minerals usually cannot be extracted from the mineral matrix !

except by strong acid digestion and, therefore, are considered biologically inert (Luoma and Bryan,

1982; Salomons and F6rstner, 1984). The high concentrations of lead and zinc in cuttings and zinc in I
I

drilling fluids probably are derived, in part, from pipe-thread compound (pipe dope) used to lubricate

the threads of the drill pipe. The metals in pipe dope are present as fine metal granules. Elemental I
!I

metal forms of lead and zinc dissolve readily in soft fresh water at low pH (Patterson, 1965), but are

only slightly soluble in seawater due to the presence, at pH _ 8.0, of high concentrations of I
I

carbonate, hydroxide, and sulfate in seawater (F6rstner and Wittmann, 1983). Therefore, metal

granules probably are relatively inert in marine sediments, unless ingested by animals with strongly •
Iacidic digestive processes (e.g., birds). Barium is derived from the mineral barite used as a

weighting agent in the fluid. Barite is highly insoluble in seawater (about 50 #g/L as barium; Chan et II
!1al., 1977). Except for barium, the metals showed no concentration differences with depth (Steinhauer

et al., Chapter 6). The barium concentration increased from 25,000 to 180,000 #gig in drilling fluids II
from surface to bottom. The increase in barium concentration reflects increased use of barite in I

drilling-fluidformulationswithdepth. I

Petroleum hydrocarbons were found in all composite drilling-fluid and drill-cutting samples analyzed I

(Steinhauer et al., Chapter 6; summarized in Table 4). The petroleum hydrocarbons detected in i

drilling fluids and drill cuttings may be derived from two possible sources: (1) refined oil added

intentionally to the drilling fluid and (2) crude oil from the geo]logic formations being drilled. !

Refined petroleum products may be added to the drilling fluid to lubricate the drill string, particularly

when drilling a slant hole, and to aid in freeing stuck drill pipe. Traditionally, diesel fuel (No. 2 fuel "1

oil) has been used for the latter. However, because MMS Pacific OC$ Region policy discourages use

of diesel fuel in drilling fluids, the oil industry has replaced the diese]t oil with a specially-formulated 'I

mineral oil. Mineral oil contains low concentrations of aromatic hydrocarbons and is much less toxic

than diesel fuel (Breteler et al., 1985). Although as much as 2 to 4 percent mineral oil may be added I
I

to the bulk drilling fluid to reduce torque and drag of the drill string (NRC, 1983), drilling-fluid

inventories show no such practice occurring at wells in the Point Arguello field. Also, our drilling- I
m

fluid analysis for petroleum hydrocarbons shows no indication that any significant concentrations of

petroleum products have been added to the fluid used in the Point Arguello field (Table 4). If the ,i
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I drill string becomes stuck in the hole, a pill of oil or an oil-based drilling fluid may be injected down

the drill string and spotted in the area of the annulus where the pipe is stuck. However, oil-based

I drilling fluids may not be discharged to the ocean and industry practice is to isolate the oil-based pill

from the bulk drilling fluid for subsequentonshore disposal.

I
In the final stages of drilling a development well or during work-over of an existing well, the drill bit

I concentrations of fossil fuel (the hydrocarbon reservoir).
penetrates geologic strata containing high

The cuttings generated during this phase may contain relatively high concentrations of crude oil. At

rI Platform Hidalgo, total petroleum hydrocarbon concentrations increased from 160 to 990 #g/g, and

polycyclic aromatic hydrocarbons (PAH) concentrations increased from 0.9 to 50/_g/g from surface

i to bottom in drilling fluids (Steinhauer et al., Chapter 6). The concentration of PAH in drill cuttings
also increased from 2.3 to 120 #gig from surface to bottom, but the concentrations of total petroleum

i hydrocarbons showed no correlation with well depth (600 and 525 pglg, respectively). Drilling fluid
and drill cuttings, containing small amounts of crude or refined petroleum, may be discharged to the

I ocean if they can pass the "bucket-sheen" test (i.e., no sheen of oil is visible at the surface of a
sample of the material collected in a bucket; EPA, 1985).

I' The average metal and hydrocarbon input to the marine environment from drilling-fluid and drill-

i cutting discharges at Platform Hidalgo and from natural sources are presented in Table 5. AlthoughSteinhauer et al. (Chapter 6) presents the concentrations of metals and hydrocarbons at several well

depths, depth-averaged concentrations are used here because the NPDES discharge information is not

I sufficiently detailed to relate discharges to depth of well penetration, making a more sophisticated

discharge analysis impossible at this time. This approach averages the well-to-well concentration

I differences (seven wells) and within-well depth concentration differences (four depths; surface, two

mid-depths, and bottom) and provides only a rough estimate of average metal and hydrocarbon

i concentrations in the actual discharges. For drilling-fluid constituents other than barium and

petroleum hydrocarbons, this approach appears reasonable because concentration differences with

I depth are small (Steinhauer et al., Chapter 6). However, concentrations of barium and petroleum

hydrocarbons in drilling fluid increased dramatically with well depth as more barite was used in the

I concentrations of found in the formation rock.
fluid formulation, and higher hydrocarbons were

Thus, the use of average concentrations of barium and petroleum hydrocarbons most likely

underestimated the total amounts of barium and hydrocarbons discharged in drilling fluids. For
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I
example, barium discharge, calculated from the drilling-fluid analysis and total discharge data, _is I

.Ig
370,000 kg, whereas barium discharge, calculated from the amount of barite consumed on the

platform, is considerably more (1,810,000 kg barite consumed at Platform Hidalgo = 1,070,000 kg
g

barium discharged, assuming all the drilling fluid consumed was discharged).

4__

Table 5 also estimates the amounts of metals and hydrocarbons reaching the Santa Maria Basin from I

riverine input and coastal petroleum seeps. Although significant amounts of metals and hydrocarbons Ill
lenter the marine environment as a result of drilling operations, except for barium, the amounts are

relatively small compared to the average annual flux of materials entering the southern Santa Maria II'

IIBasin from natural sources. At Platform Hidalgo, barium was released in amounts roughly

comparable to the average annual rate of input from coastal riverine sources (320,000 to 1,070,000 kg 4[

released over 14 months vs 650,000 kg/y from riverine input). The input of other metals, present at ._

only trace levels in drilling fluids, is low compared to the average annual input from natural sources. m

Concentrations of zinc and lead are relatively elevated in cuttings, probably reflecting high natural !

levels in the source rock. Because this region of the California coast was undergoing a drought

during the drilling period from 1986 to 1989, input of suspended matter from riverine sources was I

probably below the average low-flow discharge. However, riverine input during low-flow conditions

represents a benchmark against which to compare input from drilling activity, i
still

Although hydrocarbon input to the southern Santa Maria Basin has not been estimated, there are i

numerous hydrocarbon seeps charted in the nearby Santa Barbara Channel (Wilkinson, 1972; Allen et

al., 1970). If the Allen et al. (1970) estimate of 7600 to 11,400 liters/day entering the marine I

environment at Coal Oil Point is indicative of natural input to the southern Santa Maria Basin, then

the average annual input of total hydrocarbons and PAH from natural sources far exceeds input from I
m,

drilling operations in the Point Arguello field (Table 5).

CONCLUSIONS !

The discharge records and the drilling fluid inventories prepared by the operators for the EPA and the I
I

MMS summarize the amounts of drilling fluid constituents and drill cuttings discharged to the marine

environment. Further, from the analysis of drilling fluids and drill cuttings for metals and petroleum 8

hydrocarbons, the total amounts of these species associated with marine discharges can be estimated. If.

Comparison of the relative metal and hydrocarbon flux to the southern Santa Maria Basin from I
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I drilling operationsat Platform to that from natural sources shows that, for barium, the

Hidalgo except

relative amount of metals and hydrocarbons discharged at sea from drilling operations is small. The

I metal and hydrocarbon discharge was calculated for only one of the three platforms discharging
between 1986 and 1989 in the Point Arguello field. However, assuming concentrations are similar on

i the other platforms, the combined input of metals and hydrocarbons over the 3-year period is (except
m,

for barium) still low compared to the average annual flux from natural sources.

I However, comparison of time-averaged metal and hydrocarbon flux from drilling operations over

I wide spatial scales to that from natural sources does not address issues of localized or event-specificimpact to the marine environment (see Hyland et al., 1990). Drilling discharge records show that

i daily discharges in the Point Arguello field may vary dramatically, from 0 to over 500 nP per day.Drilling-fluid trajectory modelling has shown that most drilling mud is initially rapidly deposited.

i Initial deposition may cover a broad area, but is concentrated around the platform (Coats, Chapter 8).This deposition pattern is supported by the results of sediment-trap studies (Steinhauer et al., Chapter

6). Thus, although the overall flux of metals and hydrocarbons from drilling operations may be small

I compared to those from natural sources, there may be localized accumulations of some components of

the drilling-fluid and drill-cutting solids.

!
The California Monitoring Program, Phase lI, was designed to detect and determine whether there are

I localized environmental changes in hard-bottom benthic (reef) communities surrounding the Point

Arguello field during drilling, and to determine if any changes are caused by drilling-related activities

I or they are by processes. Results the program indicate that most species
whether caused natural of

observed did not undergo population changes during the period of drilling, but that small changes in

species abundance could be detected in some hard-bottom epifauna, and that these changes could be
related to discharge events in the field (Hyland et al., Chapter 9).

.!
- A follow-on program (California Monitoring Program, Phase III) will continue to monitor hard-

I bottom epifauna near the Point Arguello field for the next 3 years, during which time several more
wells at the existing platforms are expected to be drilled. In addition, the program will devote

I resources to (1) platform-specific monitoring to further define the area of impact and to refine
trajectory modelling; and (2) laboratory and field studies designed to resolve issues of natural

population change in hard-bottom communities, and (3) determine the toxicity of drilling fluids to
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I
indigenous species of marine animals. These studies will provide lolowledge on separating natural I

background variation from potential low-level cumulative environmental impacts caused by drilling-

related activities. 1
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Table I. Summary of Drilling Activities in the Point Arguello Field. I

Platform Drilling Number of Drilling Fluid Cuttings i
Period Wells Drilled Discharged" Discharged a

(m3) (m_) I
Harvest 11/86 to 05/88 19 16,340 NA b

Hermosa 01/87 to 09/88 13 16,373 3,114 I'

Hidalgo I I/87 to 01/89 7 7,963 2,294 I

aMultiply by 6.29 to obtain barrels. IbDatanotavailable.

i
I
I

I
II
l
I
I
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Table 2. Summary of the General NPDES Permit for Offshore Oil and Gas Operations on the

I ContinentalShelfOff SouthernCalifornia.
Outer

[Source: EPA, 1983]

I EffluentLimitations

I Drilling Fluids and Drill CuttingsNo discharge of free oil (visual analysis)
No discharge of floating solids (visual analysis)

No discharge of oil-based drilling fluidsNo discharge of toxic materials (concentration outside mixing zone will not exceed
0.01 of concentration shown to be acutely toxic [96 h LC50])"

I Well Completion and Tratment Fluids, Deck Drainage, and Produced Sands
No discharge of free oil (visual analysis)

I SanitaryWaste
Minimum of 1.0 mg/L residual chlorine (discharge to be maintained as close to this

concentration as possible)
Monitoring Requirements

I DrillingFluids and Drill Cuttings
Monthly monitoring of volume discharged
Bioassay of spent drilling fluids (procedure and schedule determined by Regional

I Administrator, Region 9)
" Annual analysis of barite used in drilling fluid formulation for arsenic, cadmium,

chromium, copper, lead, mercury, nickel, vanadium, and zinc

I Chemical inventory of all constituents and volume added downhole at each well

Well Completion and Treatment Fluids, Deck Drainage, and Produced Sands

I Monthly monitoring of volume discharged

I "The discharge of generic drilling fluid is preapproved. See following criteria for generic drilling
fluid.

I
II
II
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Table 2.(continued) Summary of the General NPDES Permit for Offshore Oil and Gas Operations I
on the Outer Continental Shelf Off Southern California.

[Source: EPA, 1983]

A generic drilling fluid is one which the components and the heavy metal concentrations do not I

exceed the following maximum values: I

Drilling Mud Components (Ib/bbl) Heavy Metal Concentration _g/g)

Barite 176.0 Arsenic 3.0 I
Bentonite 32.1 Barium 141,000

Chrome lignosulfonate 4 Cadmium 1.0 I
Lignite 5.0 Chromium 1.0

Polyanionic cellulose 1.0 Copper 26.0 I
Salt 10.0 Lead 24.0

Caustic 1.5 Mercury 1.0 !
Cellex 0.1 Nickel 8.0

Drillsolids 52.0 Vanadium 35.0 _I
Lime 1.5 Zinc 181.0

Extractable organics 0.6 (mg/g) B

Alternatively, a generic drilling mud may be defined as one which 96h LC_oconcentrations are equal Ito or greater than 53,000 ppm for suspended particulate phase, or 283,000 ppm for liquid phase.

Source: EPA (1983) I

i

!
II
!

2-18 I

I



!

I Table 3. Summaryof Products Used (kg) for Drilling Fluid Formulations on ThreePlatforms in the Point Arguello Field Between 1986 and 1989.

i, MAJOR MUD PLATFORM PLATFORM
PLATFORM TOTAL

CONSTITUENTS" HERMOSA HIDALGO HARVEST

I Barite 1,470,000 1,810,000 1,840,000 5,120,000
Bentonite Clay 1,230,000 549,000 1,700,000 3,479,000

I KCI 310,000 348,000 17,000 675,000
NaCI 170,000 57,700 12,700 240,400

I KOH 91,500 144,000 0 235,500
Lime 86,700 65,700 71,700 224,100

I Drispac" 31,000 0 158,000 189,000
Chrome-free 0 41,300 0 41,300

Lignosulfonate

I NaOH 7,210 0 33,400 40,610

Lignite 8,860 30,300 0 39,160am

J Drilling Starch 0 36,300 0 36,300

Lubra-Beads" 11,400 22,000 0 33,400

i X-PeI-G ® 25,500 0 0 25,500

Con-Tone" 14,900 9,000 0 23,900at

I Perma-Lose HT* 10,600 0 0 10,600

Uni-Cal" 6,910 0 0 6,910

I Drispac SuperLo ° 0 4,820 0 4,820

Total Mud 3,650,000 3,470,000 4,100,000 10,425,500

I Constituents b

"Drispac" and Drispac SuperLo" are polyanionic cellulose products, Lubra-Beads" is a solid

I polymer bead lubricant, X-PeI-G" is water-dispersible gilsonite, Con-Tone" is a mudconditioner, Perma-Lose H'I" is a non-fermenting polymerized starch, and Uni-Cal" is a
chrome-modified sodium lignosulfonate.

I b'l'otal mud constituents used at individual platforms contain some additives not listed on this
table.

!
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Table 4. Concentrations (pg/g dry weight) of Selected Contaminants in Composite Samples of g
Drilling Fluids and Drill Cuttings at Platform Hidalgo and in Platform Hidalgo

Sediments." I

Fluid/Cutting Drilling Drill Platform dl

Constituent Fluid b
Cuttingb Hidalgo ISediments c

Silver 0.3 0.6 0.1 N

Arsenic 6.3 10 8.4 I

Cadmium 1.2 2.3 0.6
I

Copper 30 48 15 I

Chromium 85 150 120 I
Wit

Mercury 0.13 0.10 0.07
IlL

Nickel 41 67 42 !

Lead 19 1900 15
M

Vanadium 71 110 57

Zinc. 290 1300 72 !

Barium 108,000 5200 840 I
THC a 390 490 69 M

_PAH" 25 39 0.11 I

i

"Data from Steinhauer et al. (Chapter 6).
bDepth averaged mean concentrations II
"Grand mean, all sediment samples from the Platform Hidalgo study region collected 1986 to 1990 U

(n=62)

q'otal resolved and unresolved hydrocarbons as measured by gas chromatography/mass spectrometry
(GC/MS). I
"Sum of naphthalene, fluorene, phenanthrene, and dibenzothiophene (unsubstituted and alkylated
homologs), and 4-5 ring PAH II

II

|
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I Total in the Santa Maria Basin From Operations at

Table 5. Contaminant Loading (kg/y) Drilling
Platform Hidalgo and From Natural Sources

I Mud/Cutting Drilling Fluid Drill Cutting Riverine and
Constituent Discharge" Discharge b Petroleum Seep Inputc

!
Silver 0.9 (1.0) 3.1 (3.6) 88

I Arsenic 19(22) 5.1(6.0) 6,700
Cadmium 3.6 (4.2) 11.7 (13.7) 460

I Copper 89 (104) 250 (290) 12,000
Chromium 260 (300) 780 (910) 99,200

I Mercury 0.3 (0.4) 0.5 (0.6) 56
Nickel 120(140) 340(400) 33,600

I Lead 57 (66) 9,400 (11,000) 12,000
Vanadium 210(250) 540(630) 45,600

I Zinc 860 (1000) 6,900 (8000) 57,600
Barium 320,000 (370,000d) 27,000 (31,000) 670,000

I THC 1,100 (1,300) 2,500 (2,900) 2,230,000I_PAH 74 (86) 200 (230) 18,500

I "Computed from the average concentration of analytes in composite drilling-fluid samples and totaldrilling fluid discharge data. Total amount of drilling fluids discharged (kg) are presented in parenthesis.
bComputedfrom the average concentration of analyte in composite drill-cutting samples and the estimated

I drill-cutting discharge. Assumed drill-cutting density of 2.6 g-cm'3;2,294 m3of drill-cuttings dischargedat Platform Hidalgo. Total amount of drill cuttings discharged (kg) are presented in parenthesis.
eEstimated flux of suspended sediment to southern Santa Maria Basin under low flow conditions is 8 x

I 10Skgyr"1(continental Shelf Associates, 1985). Based on 21°Pbdata and similarity between elementalcomposition of sediments and sediment traps, the concentrations of crustal elements in riverine-sourced
suspended sediment is assumed to be the same as the average concentrations in surface sediment in survey

I area (Creeelius, Battelle, personal communication). Flux of oil into region estimatedto be 7570 liter/day(Allen et al., 1970). Density of oi1=0.89 glee. Concentration of IIPAH in seep oil is 8,300 #g/g
(Battelle, unpublished data).

i _Barium discharge calculated from barite consumed on the platform during drilling is 1,070,000 kg.

!
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I INTRODUCTION

The offshore Arguelio Oil Field may be the largestever discovered in continentalU.S waters. Located

I in the southern Santa Maria Basin off southern California (Fig. 1), its production is likely to exceed

I00,000 bbl per day (Rintoul 1985; Hyland et al., 1990).

I
The U.S. Minerals Management Service (MMS) has been sponsoring multidisciplinary research and

I monitoring in the Santa Maria Basin since 1973 as described by SAIC (1986); Hyland and Neff (1988);
Hyland et al., (1990); and Steinhauer and Imamura (1990).

I
While examining broad-scale variability of the offshore environment to assess natural processes, MMS

I has emphasized localized monitoring to assess potential sublethal, chronic and cumulative impacts of
drilling muds upon benthic biological populations (Hyland et al., 1990). Discharged drill mud

I particulates sink and accumulate at the benthic boundary layer where immobile benthic populations are
susceptible to impacts from increased particulate deposition and exposure to contaminants.

I The thin-veneered sediments of the Arguello shelf-break region are characterized by intermittent rock

I outcroppings that host well developed and diverse attached invertebrate populations. These reefs typifydepths between 100 and 250 m and provide habitat for a number of commercially valued rockfish species.

!
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Since 1986, MMS monitoring and research efforts in the Arguello region have focused upon hard U

substrate communities in the vicinity of Platform Hidalgo (Fig. 2) where the benthic layer has been in

the downstream path of bulk drill mud dispersal from three clustered production platforms (Fig. 1). I

Platform drilling mud loading curves are shown in Figure 3.

!
Attached epifaunal invertebrates near Hidalgo are primarily suspension feeders (Hardin et al., 1990) and

may be distributionally controlled by hydrodynamic processes affecting deposition and resuspension of I
particulates at the sea-floor (see Jumars and Nowell 1984; Loya 1976; La Barbera 1984; Mullineaux

1988). Because of the importance of sedimentary processes to rocky reef communities, sediments have I
II

been monitored in the Platform Hidalgo vicinity, including physical and chemical properties of sediments

and particulate flux into sediment traps from soft bottom habitats, primarily adjacent to reef areas (Fig.
II2). Near bottom currents have also been recorded.

A primary goal of the MMS monitoring program has been to 1) describe the natural variation in the hard I

bottom assemblages with time and between localities and attempt to assess causes of variation, and 2) Is
|determine whether variation in hard bottom assemblages is associated with the introduction of

contaminants from drilling discharges. Because of the importance of sedimentary processes to rocky reef as
communities, their sampling at Hidalgo has been conducted in conjunctionwith measurements of currents,

physical and chemical properties of sediments and particulate flux into sediment traps from soft bottom am

habitats, primarily adjacent to reef areas (Figure 2). MMS sediment program objectives were to 1)

describe temporal and spatial variations in sediments collected from the bottom and in boundary layer 1

sediment traps, 2) assess the flux rate of sediments into the traps, 3) determine whether sediment flux is I

affected by proximity to rock habitat, and 4) determine whether the above were related to either distance

from Platform Hidalgo or the periodicity of drill mud disposal. The relationship between sediment traps I

particulates and bottom sediments was not determined due to lack of coincident sampling (Figure 3).

!
Sampling locations and dates are shown in Tables 1 and 2 and Figure 2. Current meter measurements

were recorded from depths of 12, 54, and 126 meters above the bottom (130 m) at a site located I
approximately 1 km to the northwest of Platform Hidalgo.

!
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I RegionalEnvironmentalSetting

The Arguello shelf region makesup a sedimentarydepositionalunit of about400 square miles deriving

I its detrital(coastal)sediments fromriverine sourceswhich introducesediments to the coastal zone at rates

rangingfrom about I to 19 kgm/m:/yr, varying with episodic flood conditions (CSA 1985). Nearshore

I littoral drift is downcoast. Transport to the outer shelf is primarily through nearshore deposition and

offshore transport by bedioad resuspension. Sediments on the shelf are typically characterized by fine

I sands grading into silts offshore. The major rivers supplying coastal sediments are located upcoast of
Point Conception, with the Santa Ynez providing major inputs (Fig. 1). Each drainage unit has a distinct

I mineralogical signature. Common minerals include kaolinite, chlorite, illite and smectite. Regional
sediment overburden is not generally well developed and offshore areas near the shelf break and deeper

I are typified by rocky outcroppings.

I METHODS AND MATERIALS
Currents

I The current meter mooring, equipped with conductivity and temperature sensors consisted of three Neil
Brown Smart acoustic vector-averaging current meters located at the surface, middle and bottom of the

I water column. Extensive details of mooring configuration, telemetering and data analysis are reported
by Kinney et al., (1990). Sampling sites and schedules are summarized in Tables 1 and 2.

I Collection and Analysis of Surface Sediments for Sedimentology Measurements

I Sedimentologymethods are provided in detail by Kinneyet al., (1990a).

I Surface (0 - 2 cm) sediments were collected with a 0.1-m2 modified Van-Veen grab sampler. Threereplicate grabs were obtained from soft-bottom substrates adjacent to hard-bottom sites that were sampled

i by photoquadrattechniques. Subsamples for grain size, total organic carbon (TOC), and carbonateanalyses were taken from each of the three replicates at a station and pooled prior to analysis.

I Grain size variables were determined by a standard (EPA Method 2) combination sieve and pipette

analysis as described by Plumb (1981). TOC and carbonate concentrations in sediment samples were

I determinedby the procedures of Kolpack andBell (1968).

!
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Sediment Traps I

Sedimenttrap design and methods of deploymentand retrievalare detailed by Hardin et al., (1990).

I
With respect to baffling and height/diameter ratio (H/D), sediment traps were designed to minimize bias

in determiningdepositionalparticulate flux (Gardner 1988a,b). Cylindrical traps of 7:1 HID ratio and
6.6 cm internal diameter were constructedofbutyrate tubing. Hexeel baffles (1 cm opening) were

employed to minimize turbulence in the trap. Eachtrap monitoringarray (Figure 4) contained four traps I
connected to a concrete anchor by stiff stainless-steel springs which allowed them to lay over and return

upright if disturbed by passing fishing nets. Traps were positioned seven diameters apart. Arrays were
Ilowered to the seabed with a line from the surface vessel. A pelican hook released the array after

reaching the bottom. 1

Sodium azide (Knauer et al., 1984) was used as a preservative and was dispensed into each trap •
1throughout the deployment from a nalgene bottle, through a cellulose acetate 0.45 ttm filter (Bothner et

a/., 1986). Sodium azide does not interfere with the chemical analyses.

!
Each sediment trap array was retrieved with a remotely operated vehicle (ROV) equipped with video and

guided by surface shore-to-shipand underwater acousticship-to-ROVnavigation, supplemented by color- I
imaging sonar on the ROV. The ROV carried in its manipulator a snap-hook which was attached to a

reel of line on the ROV. The snap-hook was connected to a lift ring on each trap array. When the ROV 1

returned to the surface, the line was used to hoist the sediment trap array onto the vessel. Traps were

capped immediately upon their retrieval and frozen for laboratory analysis, i

At two selected sites each survey (Table 2), Aandera current meters without the vane assembly were I
deployed on sediment-trap moorings. The meters recorded current speeds versus time at a height 1 m

above the bottom. I

Data Analysis and Statistical Methodology I
Data were summarized by both sites and survey period. Tests for differences in sediment variables

between sites and surveys utilized procedures of analysis of variance (ANOVA); in particular, a Student INewman Keuls (SNK) testing procedures, by which significant sites or stations or homogenous groupings

can be delineated. SNK procedures are described by Sokal and Rohlf' (1969). To fit assumptions of I
3-4
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I linearity in the data, percentage estimates were arc sine transformed for ANOVA. Significance criteria

were set at the five percent level. Null hypotheses of no significant difference between sites and times

I (including drill mud dispersal) were tested. When significant differences were evident, appropriate a
posteriori tests (regression analyses) were utilized to further explore the source of the variation and

I examine correlations between sediment variables. Correlations with depth were also examined.
Regression analysis is a form of ANOVA (Sokol and Rohlf 1969; Snedecor and Cochran 1967).

I Hard Substrate Sedimentation

I Hard substrate biological assemblages and cover by sediments were sampled photographically with aremotely operated vehicle (ROV), which was equipped with a CMS0 video camera, a Photosea 70-ram

, still camera, a Photosea 1500S strobe light, two split-beam lasers, and a five-function manipulator.
| Navigation and laser methodology are detailed in Hardin et al., (1990).

n Approximately 80 photographic samples were taken at each station to allow for the analysis of 60 samples

per station. Some samples were rejected for having too little relief and some were rejected for having

I less than 30-percent cover of rock.

I Photographic samples were analyzed by a random point-contact method. Each photograph was projected

onto a screen upon which 50 points were randomly distributed. The species or substrate type under each

I point was noted and recorded.

I RESULTS AND DISCUSSION

The Hydrodynamic Regime

I Monthly means of current speeds from the period of mud disposal from mid-depth and near-bottom

(Table 3) ranged from 3-10 cm/sec near the bottom and from 1-15 cm/sec in mid-water. Motion was

n most frequently directed to the north and west in mid-water and to the west with a slight southerly

•direction near the bottom as indicated in Figure 5. Current speed frequencies from 4 m above the bottom

I were"

!
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cm/sec Frequency I

0-10 .348 I
10-20 .480

20-30 .147 I
> 30 .025

Currents recorded from station-survey rotated Aandera meters located on sediment traps 1 m above I

bottom showed comparative reductions in speed, with about 70% frequency in the 0-10 cm range, thus I
indicating that flow is significantly influenced by form drag adjacent to the boundary layer. Chriss and

Caldwell (1982) provided detailed evidence of this phenomenon over a similar textured bottom on the IOregon shelf. They attributed form drag, as opposed to skin friction from sediment grains, to textural

features such as mounds, depressions and furrows, irregularly spaced and having vertical relief of a few Icm or more. Hidalgo region slopes are typified by such features, especially near rocky habitats where

motile macrofauna such as the urchin (Allocentrotus) occur. I

Sediments

Sediment data from bottom grabs are summarized in Tables 4 through 7 and Figures 6 and 7. Two I

extremes of granulometry are evident (Table 4) as delineated by very fine sands on steeper (9* - 12")

slopes at the deeper stations (N, K and R) and by coarse silts from shallower depths on lesser inclined I

slopes (1.5* - 3°) from stations F, E, I, J and U. Platform Hidalgo occupies an intermediate position

near the shelf break. The far-removed station W is intermediate in grain character, and is located at I

about 5-10" slope near the sill of an Arguello finger canyon drop-off Orig. 2).

I
Grain Size

Platform Hidalgo regional sediments consisted of very fine sand and coarse silt with station averages I
ranging from 33 to 91 #. Coarser sediments typified the deeper stations. The positive correlation of

increased grain size with depth (r = .707, p < .0001) was evidenced by significant differences between I
deep and shallow site groupings as indicated by ANOVA-SNK results.

I
!

!



!
!

coarser sediments finer sediments

I Station N K R W U J E I F
depth(m) 160 166 213 195 113 117 119 107 105

I
Stations not underscored by the same line differ at the p < .05 level. Sediment fine fractions (silt +

I clay, < 62 #) also decreased significantly with depth (Table 7). There were no significant differences
in grain size or sediment fine fractions between survey periods. However, the clay fraction (<4 #)

I differedby a factor of about two between survey extremes (Fig. 6), ranging from 12.5 to 26.6 %.

I Clay content was significantly higher in the May, 1989 survey (3-4) and lower in the October, 1988survey (3-1) following a peak period of drill mud disposal (Fig. 3; Fig. 6), thus a signature of the heavy

i clays present in drill muds was not evident in bottom sediments following platform mud disposal.Temporal ANOVA-SNK patterns for clay are presented below. Surveys following disposal periods are

enclosed.

I Clay

I Lowest Highest

I 3-1 ] I-1 [ 1-3 2-3 5-1 4-1 3-4

10/88 I0/86 5,7/87 11/8710/90 10189 5/89

!
Percentage silt and clay was significantly greater at shallower depths (Table 7). The phenomenon of

I increased coarseness and reduced fine fractions with depth indicatesthat surface waves do not routinely
dominate boundary layer resuspension over the sampling depth range.

I
Total Organic Carbon (TOC) and Carbonates

I TOC values ranged between 0.3 and 1.4 % of sediment dry weight (Table 6). These levels are similar

i to those summarized tbr southern California island and mainland shelves (Emery 1960). TOC waspositively associated with sediment fines and clay (Table 7) and therefore was higher in the shallower

i sediments as indicatexlby ANOVA-SNK results. The TOC values decreased with depth.
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!



!
Lowest TOC Highest TOC I

Station N K R W J U E I F

depth (m) 166 160 213 195 117 113 119 107 105 I

Carbonate values did not differ significantly between stations, ranging from 2.2 to 3.4 percent dry wt. I

Sediment dispersion values were similar between stations; station meat_ ranging between 1.81 and 2.33.
u

Sediments were better sorted from the deeper more steeply inclined sites, as evidenced by a correlation i
I

with depth of r -- -.393 (p = .018).

m

Sediment Trap Estimates of Deposition 1

Sediment depositional flux estimates and sediment trap granulometry, TOC, and carbonate are I

summarized in Tables 8 and 9. Significant sediment trap correlations are shown in Table 7. Sediment |

flux station averages (Table 8) ranged from 25 to 49 gm/m:/day and were greatest at the shallower Ill
IIstations where bottom sediments are finer (depth correlation, r = -.483; p = .001) Flux rate was

positively associated with trapped fine fraction and clay (Table 7). F_ux to traps on isolated sediment

habitat did not significantly differ from sites ST1, ST2, and ST3, adjacent to reefs. ANOVA-SNK results 0

examining site differences in the Platform Hidalgo vicinity revealed the following: I
ul

Lowest Flux Highest Flux

Station R K ST3 W N ST2 STI E J F I U I

Depth (m) 212 160 212 195 166 163 120 119 117 105 109 113 I
A significant infusion of clay particulates occurred after the May, 1989 trap deployment when average II

clay content from all sites nearly doubled from 10 to 19 percent by October, 1989 (Table 8). This

condition persisted through two more trap retrievals, ending in May, 1990. The phenomenon was not i

site or depth restricted and was probably related to regional downslope transport processes, as opposed
II

to mud disposal, since it was not evident four months after the cessation of disposal and appeared more i

than one year after the peak disposal period (Fig. 3).

The particulate flux to traps at one meter elevation above the seabed iis significantly greater than flux I

recorded in the overlying water column from sites in the Santa Barbara Channel (Dunbar and Berger iii

1981; Dymond et al., 1981). They measured deposition into traps elevated 190 m or more above a 570 I_
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I
I m bottom and flux from six at of 162 to 381 as ranging from 0.2 to 2.1

reported traps placed depths m,

gm/m2/day. This represents only 0.4 to 8.4 percent of flux recorded from bottom traps at Hidalgo. Thus

I a significant resuspension fraction into Hidalgo bottom traps is indicated. This has been substantiated by
Coats (in prep) who utilized downwelling barium from drill muds as a tracer to show that resuspension

I accounts for more than 98 percent of flux to traps located a meter above the seafloor.

I The recorded flux at the Hidalgo site is about half of that recorded from near-bottom traps at four
shallower sites (25-60 m) off southern California by Hendricks (1986).

I TOC in Hidalgo traps was consistent between sites and surveys with station averages ranging from 1.9

I to 2.4 percent dry wt. (Table 9). Dymond et al., (1981) recorded values between 3 to 4 percent fromthe Santa Barbara Channel water column, indicating a relatively greater contribution from primary

i production and organic detritus, primarily in the form of fecal pellets (Dunbar and Berger 1981).Hidalgo bottom trap carbonates all exceeded 3 percent, representing sedimentary contribution, whereas

column carbonates (Dymond et al., 1981) did not exceed 1 percent.

I
Sedimentation of Hard Substrates

I Observations of sedimentation of hard substrates are summarized in Table 10.

I Low Relief. Percent sediment cover of low relief rock ranged from site averages of 20 to 39 percent and

was greater at the deeper sites (W,N,R). ANOVA-SNK results are shown as follows:

I
Lowest Highest

I Sediment Cover Sediment Cover
I E J F R N W U

I Correlation with depth was significant (r=.338, p=.01). This pattern is counter-intuitive in relation to

i observed reduced sediment trap flux and coarser bottom sediments at the deeper sites (Table 7).Unknown factors including rock inclination and reef topography may explain the observed differences.

i Differences between surveys were not significant.

!
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High Relief. High relief showed comparatively little sedimentation, averaging 3-5 percent for all surveys I

at the three sites. Differences between sites and surveys were insignificant. The lower levels of

sedimentation on higher relief substrate may be attributed to their more vertically exposed surface and I

to the possibility of resuspension from the acceleration of currents as they are forced onto the reef areas.

This latter phenomenon has been noted over large seamounts where coral distributions are enhanced in I

regions of accelerated flow (Genin et al., 1986) At the Hidalgo site, where suspension feeders are more

prevalent on high relief (Hardin et al., 1990), photoquadrats of epifauna have revealed that high relief I

fauna are positively associated with directional exposure to highest-energy currents while the low relief

fauna tends to be associated with directional exposure to lower energy currents (Hardin et al., in prep). I

CONCLUSIONS I
Platform Hidalgo region sediments between depths of 105 to 213 m are characterized by very fine sands

and coarse silts. Sediments containing 60 to 70 percent sand typify deeper sites on steep (9* - 12") slopes I
offshore of the shelf break. Nearshore sites on more gradual (1.5" - 3")slopes are typified by sediments

consisting of 60-70 percent silt. Higher levels of TOC characterize finer nearshore sediments. I

Grain size patterns appear to be patterned by localized effects from hydrodynamic forces associated with l1
g

inclination of exposure topography and slope in coupling with larger-scale episodic introductions of fine

sediments. A region-wide deposition of clay occurred in Spring 1989, indicating that episodic bed-load

resuspension transport had occurred. This was evident from both trap and bottom sediment clay

signatures. Increases in sediment clay levels were not significantly influenced with drill mud disposal. I

Depositional flux to sediment traps ranged up to 49 gm/m2/day with highest flux occurring at the finer •
IIgrained shallow sites. Flux was not significantly influenced by proximity to rocky reef habitat. Flux

levelswerenot significantlyrelatedto drillmuddisposal. Im

Average percent cover by sediment of low-relief rocky habitats ranged from 20 to 39 percent between II

sites, and was counter-intuitively greater at deeper sites characterized by coarser sediments and reduced

flux into traps. Temporal changes were not evident. High relief sedimentation averaged 3 to 5 percent. m

Accelerated current flow and greater vertical exposure may limit deposition on elevated surfaces. I

!
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I Sediments, flux and habitat sedimentation did not provide evidence of a lasting depositional imprint from

drill mud disposal. Water column advection (typically kms per day) and boundary layer resuspension

I transport are primary factors in dissipation of platform particulates.
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Table2. Samplingperiodsforsedimenttrapsandcurrentmeters Imountedonsedimenttrapassemblies

I
SedimentTraps i

Survey Retrieved Numberof Days Numberof
Deployed Stations I

2-5 May17-25,1988 115-117 10

3-1 October6-18,1988 140-144 12 I
3-4 May12-22,1989 216-220 9

4-1 October-- 1989 163-167 9 i

4-2 May--- 1990 192-195 13 I5-1 October-- 1990 170-173 13

I
BottomMountedCurrentMetersonSediment-TrapAssemblies I

Deployment Recovery Station

. Jan26,1988 May21,1988 ST3 I
Jan26,1988 May21,1988 R

May22,1988 Oct9, 1988 ST2 IMay22,1988 Oct12,1988 K

Oct10,1988 May15,1989 ST2 IOct13,1988 May16,1989 K

May15,1989 Oct29,1989 ST1 IMay16,1989 Oct28,1989 J

I
!
|
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I
I Table 3. Monthlycurrent speeds and directions from mid-water

and near-bottom current meters near Platform Hidalgo (bottom depth = 130 m).

!
Bottom(126m) MidWater(50m)

I Year Month MeanSpeed Direction MeanSpeed Direction
(cm/s) (degrees) (cm/s) (degrees)

I 1987 Feb 5.0 299 1.4 312
Mar

i Apt 3.2 244 _May 13.4 136
June 6.4 110 2.9 348

I July 10.5 98 9.8 318Aug 8.4 98 10.2 321
Sept 13.1 318

I Oct 3.8 312Nov 6.8 257 15.4 79
Dec 6.4 249 10.8 309

I 1988 Jan 6.8 263 7.0 322
Feb* 5.9 264 15.0 317

i Mar* 5.3 244 5.6 333Apr* 4.2 229 2.9 2
May*

I Jun 3.5 209Jul 4.7 263
Aug 3.0 240

I Sept 6.4 276Oct 15.2 320
Nov 5.8 271 4.4 332

I Dec 5.4 286 11.8 326
1989 Jan 11.4 281 18.0 321

I * = peakdisposalperiods

!
I
I
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Table4. StationgroupsforsedimentsinthePlatformHidalgovicinity. I

I
RangeofValues

StationGroup (sevensurveys,Oct86toOct90) I
Depth,Location,Slope MedianGrain Percent

Size(p.m) Sand Silt Clay I
SHALLOW STATIONS (E,F,I,J,U)

m=

Depths:105- 199m I
33-39

19-26 60-68 13-15
Location:North,East,West CoarseSilt •
0.5- 3.8kmfromPlatformHidalgo

Slopes:Est.1.5-3% I
DEEPER STATIONS (K,N,R)

Depths:160-213m I
71-91 60..66 27-32 6-8

Location:SouthandWest VeryFineSand •
0.6- 1.1kmfromPlatformHidalgo

Slopes:Est.9-12%
g

DEEPSTATION (W)

Depth:195m I

Location:Northwest,farthestremoved 56 44 44 11
6.4kmfromPlatformHidalgo CoarseSilt

Slope:Est.5% I

NearsillareaofArguello- fingercontour

I
I
I
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Table5. Mediangrainsize,fine fraction(silt + clay)andclay inbottomsediments

I fromthePlatformHidalgovicinity.

Stations

I PHF PHI PHU PHI PHE PHK PHN PIN/ PHR
Dep(h 105 109 113 117 119 160 166 195 212

I Distance 2.1 0.8 3.8 0.5 1.2 0.6 0.9 6.4 1.1Date Sun'ey Median(jim) Mean Std.Error

0ct68 1-I 34.94 35.11 33.58 36.05 35.44 70.94 121.35 48.05 67.54 53.78 9.72

I May-Jui87 I-3 33.11 37.09 34.66 35.15 35.64 99.61 91.39 40.85 73.65 53.40 8.99
Nov87 2-3 17.34 29.34 39.48 43.37 37.47 72.16 92.12 64.86 75.13 52.36 8.23
Oct68 3-1 37.50 35.73 33.76 36.02 38.80 87.27 82.29 64.52 72.82 34.30 7.40
May89 34 31.21 28.76 55.65 32.35 32.16 86.91 79.05 33.25 66.67 49.54 7.66

I Oct89 4-1 37.93 37.50 37.44 39.41 41.07 92.41 82.02 65.44 71.85 58.45 7.38
OcBO 5-1 37.52 38.65 38.51 41.33 38.64 91.20 90.65 69.05 72.35 57.57 7.74

Mean 32.79 34.63 39.03 37.68 37.18 65.79 91.28 55.56 71.43

I StandardError 2.75 1.51 2.90 1.46 1.07 4.01 5.40 5.53 1.19Date Survey %Fine(Silt+ Clay) Mean S_.Error

0Ct86 1-I 92.65 65.55 95.08 86.38 87.91 46.58 13.95 61.65 44.61 68.64 9.48

I May-Ju187 1-3 65.14 81.30 64.43 7"7.64 74.95 33.20 37.92 65.52 33.66 64.31 7.21
Nov87 2-3 80.06 64.41 67.22 67.40 81.18 45.31 33.81 47.80 35.68 60.32 6.66
Oct33 3-1 84.13 81.19 82.42 76.86 77.29 37.09 38.96 47.80 37.73 62.39 7.23
May89 3-4 77.19 78.94 53.19 70.70 75.43 39.99 39.68 80.91 48.68 62.44 5.83
Oct89 4.1 71.65 67.16 72.27 71.52 68.11 35.56 38.67 43.84 40.08 56.56 5.46

I Octg0 5.1 78.29 74.64 76.21 68.88 76,02 35.29 33.25 43.10 38.80 58.39 6.67
" Mean 81.38 79.46 75.83 74.35 77.28 39.08 33.49 55.83 40.18

StandardError 2.55 2.62 5.09 2.44 2.30 1.96 3.38 5.33 1.38

I Date Survey %Clay Mean Std.Error
Oct86 1-1 5.76 5.79 5.44 9.71 5.33 2.87 0.75 2.96 15.63 6.03 1.46

i May-Ju187 1-3 15.35 4.05 15.07 17.15 16.05 2.68 2.63 19.23 2.33 10.50 2.44
Nov87 2-3 16.17 13.96 18.12 11.21 9.11 18.10 2.99 11.92 4.50 11.60 1.73
Oct88 3-1 3.26 3.87 11.30 10.82 3.53 1.80 4.33 5.05 2.08 5.12 1.17
May89 3-4 24.27 27.40 16.81 24.71 25.78 14.79 13.37 20.26 15.30 20.30 1.79
0Ct89 4.1 14.41 18.19 15.76 13.41 13.78 9.01 11.40 10.42 10.07 12.95 0.99

I Octg0 5-1 15.72 15.79 13.95 14.87 15.92 8.96 8.02 9.78 9.08 12.46 1.13Mean 13.56 12.72 13.49 14.65 12.78 8.32 6.22 11.38 8.47

StandardError 2.68 3.30 1.51 1.95 2.87 2.40 1.62 2.47 2.14

I
I
I
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Table6. Dispersion,totalorganiccarbonandcarbonateinbottomSediments i
fromthePlatformHidalgovicinity.

... !
PHF PHI PHU PHJ PHE PHK PHN PHW PHR m

Dep_ 105 109 113 117 119 160 105 105 212 !
i

Dislance 2.1 0.8 3.8 0.5 1.2 0.6 0.9 6.4 1.1

Date Survey Dispe_on(4,) Mean Std.Error i

O¢t98 1-1 1.13 1.15 1.17 1.35 1.14 1.89 1.14 1.22 2.34 1.39 0.14
May-Ju187 1-3 1.90 1.35 1.89 2.37 2.27 1.87 1.84 ;2.80 1.07 1.93 0.17
Nov87 2-3 2.13 1.79 2.64 1.88 1.45 3.78 1.71 1.87 1.04 2.03 0.26
Oct98 3-1 1.07 1.27 1.49 1.66 1.24 1.76 1.71 1.21 0.97 1.37 0.10 •
May89 3-4 3.15 3.40 2.61 3.31 3.36 2.89 2.37 ;2.70 2.17 2.88 0.15
Oct89 4-I 2.26 2.84 2.26 1.89 1.99 2.16 2.09 1.48 1.29 2.03 0.15
0c190 5-1 2.14 2.22 1.89 2.16 2.20 2.00 1.64 1.38 1.17 1.87 0.13

IBmZ

Mean 1.97 2.00 1.99 2.09 1.95 2.33 1.79 1.81 1.44 i
i

StandardError 0.27 0.32 0.21 0.24 0.29 0.26 0.15 0.26 0.22

Date Survey %TotalO_anicCad=on Mean Std.Error •

gOcB6 1-1 0.03 0.74 0.79 0.85 0.90 0.41 0.32 0.03 0.52 0.68 0.06
May-Ju187 1-3 0.86 1.07 1.09 0.64 0.92 1.15 0.93 0.92 0.95 0.05
Nov87 2-3 1.22 1.03 0.75 0.73 1.05 0.30 0.26 '1i00 0.79 0.79 0.11
Oct88 3-1 1.04 1.17 1.07 1.20 1.12 0.78 0.75 0.59 0.63 0.93 0.08 •
May89 3-4 1.07 1.09 0.99 1.19 0.99 0.88 0.75 0.69 0.65 0.92 0.06 gOCl89 4-1 1.15 1.06 1.06 0.63 0.87 0.74 0.74 0.73 0.76 0.86 0.06
OcIg0 5-1 1.37 1.19 1.17 1.18 1.30 0.92 0.95 0.79 0.64 1.08 0.07

Mean 1.05 0.98 0.95 0.90 1.00 0.67 0.59 0.71 0.68 B

StandardError 0.08 0.08 0.08 0.08 0.06 0.12 0.10 0.07 0.07

Date Survey % Carbonate(CaCO) Mean $td.Error am

Oct86 1-1 0.38 0.38 0.31 0.37 0.39 0.51 0.35 0.32 0.38 0.35 0.02 i
May-Ju187 1-3 3.14 3.43 3.01 3.40 2.93 3.50 2.85 2.22 3,06 0.15 m

Nov87 2-3 1.27 3.94 2.78 3.32 3.41 5.30 3.63 ;!147 1.94 3.12 0.39
Oct88 3-1 2.87 3.07 3.30 2.93 2.93 3.52 2.42 4.53 3.22 3.20 0.29 i
May89 3-4 2.34 3.20 2.68 3.76 2,99 3.80 2.10 4.98 3.31 3.24 0.29 IOct89 4-1 2.57 3.98 3.51 4.17 4.02 3.84 2.53 3.94 2.70 3.47 0.23
Oct90 5-1 3.1"1 3.22 3.71 4.13 3.37 3.19 1.40 4.24 2.92 3.25 0.28

Mean 1.83 2.44 2.21 2.54 2.31 2.74 1.78 2..64 1.94 i
StandardError 0.41 0.53 0.49 0.56 0.49 0.59 0.41 0.73 0.42

I
I
I
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Table7. Signi_ant(p_<0.05)correlationsbetweensedimentvariablesin bottomsedimentsandinsediment_'abs

I fromthePlatformHidalgoRegion.Correlationcoefficient(r)andprobabilityvalue(parentheses).
BottomSediments

I _ Peseta Pe_e_ Oirmnae

P_n=nt -._7
Si_,.,_ay (<0.001)

Permm -.S21 .433

I C_y (.001) (.One)
i

.900
DU_m (c001)

i .,(_ .685 .334
TOC (<001) (<..001) (.Od6)

Carbonam

i .7'07 -.Tt_ -.375 -.3_ -.796
Oep_ (,..ool) (<.ool) (.024) (.Ole) (<.ool)

I

Dis_ bt=m .4dg J
t,[_aJQo (.OO7) I

i SedimentTraps

Median Perwnt Penni Distanm

I Flux Gm,n Sill/Clay C_ay Dispersion TOC Carbonate Depth fm_Hida_oFlux

i Median -.231
Grmn 1.ool1

Percent .190 -.710
S_U:_,_/ (.=X) (<.001)

i Po_rrt .228 -,421 .186Ctay (.001) (<.001) (.007)

.315 -.2?9 .433
D=_en (<.ool) (.OOl) (<.ool)

.169

i Cazt:o_m (.014)-.4_3 -.155 .;56
0_0e (<.o01) (.o2s) (¢ool)

Oisanw .163 -.1_ 260

I fi'omHidaJOo ¢018) (.ou) (<.OOl)

a
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i: Figure1. TheCAMPregionandbathymetry.Thethreepetroleumproductionplatforms
lieapproximately12kmoffshoreofPointConception.
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I
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I
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i 307 Washington Street, Santa Cruz, CA 95060

INTRODUCTION
am

I Four years (December 1986 - October 1990) of physical oceanographic time-series observations were

collected as part of the interdisciplinary California Outer Continental Shelf Phase II Monitoring Program

I (CAMP) which was sponsored by the Minerals Management Service (MMS) of the U.S. Department of

Interior. This study was designed to assess the long-term impacts on benthic biological communities

i resulting from oil and gas development in the Santa Maria Basin off the coast of Southern California.

Site-specificoceanographic sampling was conducted at two locations: one between Points Conception and

I, Arguello (34°30.3'N 120°43.1'W) a water depth of 130 m, and another offshore of Point Sal
in

(34°56.2'N 120"49.9'W), 43 km to the north in a similar water depth (Figure 1). A single mooring was

i located at each site and consisted of three vector-averaging current meters (near-surface, mid-depth, and
bottom) and a bottom pressure recorder. Data were obtained from December 1986 - October 1990 at the

i southern-most mooring (Hidalgo) and from December 1986 - September 1988 at the northern mooring

i 4-1
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I
were augmented with satellite sea su_ce temperature (SST) imagery, I

data(Julius). Site-specific

meteorological buoy data, and coastal sea level data to define the spatial scales and forcing mechanisms
.ram

of the observed
sampling were to quantify, low-frequency variability in the l

currents. Objectives of the

flow field at each site on scales of days to seasons and to document episodic events that may influence

the biology. I

BACKGROUND I

The four years of moored current-meter data that were collected in support of the CAMP study represent

the longest time series of direct measurement of flow on the Point Conception continental shelf. Because l
W

of the record length, it was possible to quantify the long-term character of individual flow events

identified in previous field investigations. Three floW regimes have been identified in past studies. First, I

there is a poleward-directed coastal jet that dominates much of the long-term surface flow field.

Superimposed are intermittent events of cross-shelf and equatorward flow associated with propagating i

meso-scale features such as transient eddies and jets. Finally, persistent upwelling is driven by local

winds in the region between Points Arguello and Conception. This investigation characterizes the il

occurrence of these flow features for comparison with biological and chemical variability over the long

term. In the process, it also provides insight into local and remote forcing mechanisms responsible for l[
flow variability on time scales of weeks to months. II

A sustained poleward flow over the central California continental slope has been identified in i
\

climatological maps of geostrophic velocity determined from hydrographic surveys of the California I

Cooperative Oceanic Fisheries Investigations (CalCOFI) (Wyllie, 1966). Designated the Davidson I
Current, the poleward surface flow normally reverses in spring and summer, responding to increased II

equatorward wind stress (Chelton, 1984). Farther offshore, seasonal cycles in the California Current I

have been described by Hickey (1979). At distances beyond 100 km from shore, the california Current

is southward throughout the year, increasing in strength in spring and summer and weakening in fall and I

winter when equatorward winds are weakest.

!
Chelton et al. (1988) obtained direct current observations at 70-m depths on the Point Conception

continental shelf and slope as part of the array of moorings from the Central California Coastal 1

Circulation Study (CCCCS). They found that poleward flow was largely sustained throughout the first

!
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!
half of 1984 when a flow reversal was normally expected. As will be shown in this study, reversals in
the poleward shelf flow are relatively brief and restricted to surface currents.

I Poleward flow near Point Conception may be related to outflow from the Santa Barbara Channel which

I lies to the southeast of the study region (Figure 1). Waters transported from the Santa Barbara Channel
are warmer, more saline, and less oxygenated than waters carried southward by the California Current

i farther offshore (Reid, 1965). Consequently, the frequency and intensity of poleward flow events affectsite-specific water chemistry and by extension, the local biology. Point Conception marks the transition

between the Southern California Bight and the Central California Coast with a coastline that executes anearly right-angle change in direction (Figure 1). The westward jet exiting the northern reaches of the

Santa Barbara Channel often appears in satellite imagery to separate from the coast and recirculate to thesouth (e.g., Sheres and Kenyon, 1989). An analysis of drift bottles from 1955 through 1971 also

i suggested a flow separation at Point Conception, with water exiting the Santa Barbara Channel often• recirculated to the south (Crowe and Schwartzlose, 1972). Nevertheless, Santa Barbara Channel outflow

that follows isobaths to the northwest has been observed in acoustic doppler velocity profiles during the

I 1983 Organization of Persistent Upwelling Structures (OPUS) field program (Barth and Brink, 1987) and

during the same year with current meter measurements (Brink and Muench, 1986).

!
Upwelling is another physical process for which the study region is well known. Infrared satellite

I imagery reveals a cold-water plume extending offshore from an upwelling center located between Points
Conception and Arguello close to the southern-most current-meter mooring of CAMP (e.g., Svejkovsky,

I I988). The OPUS study revealed that the cold-water plumes emanating from this upwelling center
generated new primary production over large areas of the shelf (Dugdale and Wilkerson, 1989). Spatial

analyses of SST patterns along the northern California coast indicated similar cold water plumes extending
from wind-driven upwelling centers anchored to coastal promontories (Kelly, 1985).

t

I Another feature which is evident in the low-frequency coastal flow is a southward-directed coastal jet

I associated with the California Current that occurs mainly during the summer _upwelling" season. In this
paper we document the possible existence of meso-scale eddies that are advected through the region by

the California Current. The two moorings from this study, which were situated on the inshore edge ofthese warm-core anticyclonic eddies, documented counter-clockwise rotating velocities during these

i southwardflow events.

4-3
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I
In recent years there has been increased interest in the interaction of the pressure field with local and 1

regional wind stress forcing and flow measurements on the continental shelf. As part of the Coastal

Ocean Dynamics Experiment (CODE) along the northern California shelf, Brown et al. (1987) found that mI
the cross-shelf pressure gradient was in geostrophic balance with the alongshore currents and transport

and highly coherent with the regional wind stress. At low frequencies of 0.05 cycles per day (cpd), the i
U

alongshore pressure gradient was more important than the local winds in driving the currents, while at

higher frequencies (0.2 cpd), local winds were more coherent with the currents. Reid and Mantyla (1976) I_
II

analyzed coastal tide gauge and steric height data and found that seasonal variations in the California

Current were highly correlated with sea level response and that the long-term mean sea level slopes ill
ldownward toward the north along the southern and central California coast to about 38"N. Enfield and

Allen (1980) and Chelton (1980) analyzed a 25-year period of mean monthly sea level anomalies along
|the entire west coast and found high correlation of anomalies both between stations and with wind stress.

Correlations between sea level and wind stress were found to be lowest along the southern California '1/
coast with no significant correlation at San Diego (Enfield and Allen, 1980). !U

High coherence has been found between wind stress, currents, and sea level records along the California I

Coast, and sea level records have shown the existence of both forced and free continental shelf waves

propagating along the shelf (Halliwell and Allen, 1987; Hickey, 1984; Huyer et al., 1975; and Osmer .I

and Huyer, 1978). Poleward propagation seems to dominate the coastal sea level response in all seasons

of the direction of the wind stress (Halliwell and Allen, 1987). Hickey and Pola (1983) found Iregardless

good agreement between observations and the barotropic models of Csanady (1978) and Enfield and Allen "-

(1980) north of Point Conception and a lower correlation to the south extending down to San Diego. I
'm

Chelton (1984) found the poleward semi-annual varying pressure gradient on the slope to be unrelated

to the seasonally-varying wind forcing off Point Conception. The semi-annual pressure gradient was I
g,

found to be highly coupled with the currents inside the Southern California Bight. In this paper we -.

examine the coupling of the flow near Point Conception and a mooring 43 km to the north with the wind 'l

stress forcing and adjusted sea level gradients.

MEASUREMENTS ,I

Continuous measurements of currents, bottom pressure, temperature, and conductivity were made at two I
W

sites using moored instrumentation (refer to Figure 1). The Hidalgo mooring was in place from _._

December 1986 through October 1990. The Julius mooring was only deployed during the first two years [I

4'4
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I of the program (December 1986 through October 1988). The Hidalgo mooring was located just south

l of a series of submarine canyons and was in a region of fairly uniform bathymetry (130-m water depth)• with an offshore slope of 1:50 out to the shelf break at the 150-m isobath, then increasing to a slope of

I:10. The Julius mooring was located 43 km to the north along the same depth contour and at the shelf

break with a slope of 1:100.

I The continuous time-series measurements were obtained from one mooring at each site. Each mooring

consisted of three Neil Brown Smart vector-averaging current meters (top, middle, and bottom), equipped

I with conductivity and temperature sensors, and a SeaData bottom pressure equipped
635-1 1 recorder with

a high-precision Paros Scientific 'Digi-Quartz' pressure transducer (Figure 2). To ensure maximum data

I and to monitor the of the mooring instrumentation, data from the current meters were
recovery integrity

telemetered to shore via an ARGOS-satellite link. The data were also internally stored by each meter.

I Currents were sampled at 0.5-s intervals, vector-averaged over a 5-min period, and recorded every 30
rain. One instantaneous reading of temperature and conductivity was taken every 30 rain. Bottom

pressure data were recorded every 7.5 rain for tidal and subtidal information, with a burst averaging
every 6 h at 1-s intervals with 1024 samples/burst for long- period (z > 8 s) wave information. Bottom

t pressure data were obtained at the Julius mooring during only the fourth mooring deployment period
(May 1988 through September 1988), at which point the instrumentation was lost as a result of

I commercial fishing activities.

Moorings were picked up and redeployed at six-month intervals over the four-year program. During eachof these cruises, supplemental hydrographic information was obtained at each mooring location with a

conductivity, temperature, and depth (CTD) meter equipped with pressure, temperature, conductivity,

I pH, and transmissivity sensors.

I. Satellite SST imagery was obtained for each day of the four-year period when weather conditions allowed

and correlated with the site-specific measurements to better define the spatial extent of water movement.

I Detailed analyses of the satellite SST anomalies are presented in Bernstein et al. (1991). Measurements

collected as part of this study were augmented with local offshore atmospheric and oceanographic buoy

l data and coastal sea level data obtained from the National Oceanic and Atmospheric Administration

(NOAA); surface atmospheric pressure field information was provided by the National Marine Fisheries

I Service (NMFS) as determined by the Fleet Numerical Weather Central.
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DATAANALYSIS I

Current and wind velocity time series were pre-processed by application of filters to eliminate high- _/

frequency noise.
low-pass Fourier-transform filter described by Forbes (1988) and Elgar (1988) was .!

A

used. Three optimal tapering coefficients were selected from results of' iterative analyses performed by

Rabiner et al. (1970). Low-pass filtering was utilized to eliminate frequencies above 0.333 cph (cycles I
per hour) or periods greater than 3 h. Spectral energy at the higher frequencies was substantially lower

than at other frequencies; consequently, the signal-to-noiseratio was lower. To eliminatethese potentially I

unreliable data, only frequencies below the low-pass filter were retained! for further analyses; thus, fine-
Ul

scale turbulence was removed from the data while still retaining motions associated with internal waves, I
I!inertial motion, and tides.

To examine flow-field events, the time series of wind, current, and temperature were further filtered with I

a subtidal low-pass filter having a cutoff near the frequency of 0.025 cph or a period greater than 40 h.
tThe vector velocity analyses that were low-pass filtered to eliminate tidal-inertial motions retained the

long-period flow variability and were designated as subtidal flows. I

Wind stress was examined to determine the influence of winds on current dynamics and sea level !/

variations. Wind speed and direction were obtained from three National Data Buoy Center (NDBC) l

buoys located in the study region (Buoys 46011, 46023, and 46025; refer to Figure 1). Winds were I

adjusted to a common 10-m level above the sea surface to conform to the standard frequently used in W

nondimensionalization of wind parameters. The formalism applied follows that of Liu and Schwab i

(1987), Liu et al. (1979), and Liu and Blanc (1984) and employs an estimate of the Monin-Obukhov I
stability length.

!
Bottom pressure and coastal sea level data were processed to obtain the adjusted sea level (ASL, or

alternately called synthetic subsurface pressure) for each location after the detailed methods described by !

Brown et al. (1987). Bottom pressure was first pre-processed to correct for the temperature sensitivity

of the pressure sensor itself by utilizing the external temperature recorded by the bottom pressure gauge. I
Density anomalies were calculated for each of the three current meters from the temperature time series

and a constant salinity of 33 parts per thousand (ppt). Conductivity time series were not utilized to I _

calculate density anomalies due to the low precision and biofouling of the sensors. The internal pressure

was then calculated by integrating the density anomalies over the depth of the mooring assuming the i
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density derived from each of the three current meters was representative of the depths surrounding the

current meters (top: 0-40 m; middle: 40-80 m; bottom: 80-130 m). The total internal pressure differencem

m anomaly contribution to the bottom pressure was then removed from the bottom pressure time series to

obtain the ASL.

I
Coastal sea level data were processed by first converting to an equivalent pressure utilizing a constant at

m (25.0) for each of the three coastal stations (Monterey, Port San Luis, Island).
and Rincon The ASL for

each station was then determined by adding the atmospheric pressure variation to remove the inverted

m barometer effect. The ASL time series derived for the bottom and coastal sea level stations were
pressure

low-pass filtered with a Doodson tidal filter and decimated to 6-h intervals.

l
Satellite images consisted of a square, 280 l_ on a side, centered on 35°N 121°W and encompassing

I the western portion of the Santa Barbara Channel, Points Conception and Arguello, and the area
northward to Point Sal. All advanced very high resolution radiometer (AVHRR) data from the NOAA-

I satellite afternoon overpasses (overpass time approximately 1330 PDT) were examined using available
quick-look imagery to select those images having sufficiently cloud-free views of the sea surface. For

those overpasses selected, three of the five spectral channels of the AVHRR were extracted, namelyChannel 2 (1.0 #m) to identify clouds, and Channels 4 (11 #m) and 5 (12 #m) for SST. A detailed

description of analyses and results of the satellite SST data obtained by this study is contained in Bernstein

et al. (1991).

I RESULTS AND DISCUSSION

i Seasonal VariabilityBecause of the four-year durationof the time series at Hidalgo, seasonal flow cycles on the continental

m shelf can be quantified. Previous seasonal analyses have relied on hydrographic measurements collectedfarther offshore as part of CalCOFI. Past direct measurements of flow on the Point Conception

continental shelf, including CCCCS and OPUS, have been too brief to adequately resolve the seasonal

I variability. In addition to specifying the flow on annual time scales, determination of seasonal cycles is

important for defining shorter-term meso-scale variability. For example, the amplitude of annualm

I near-surface temperature fluctuations is comparableto the meso-scale variability (Figure 3). Thus, the

presence of these fluctuations masks variability associated with upwelling events which are also of interest

I in this study. Also, if the seasonal cycle is not removed, adjacent observations are not statistically

4-7

!
I



I,

|
independent and the degrees of freedom must be reduced along with the statistical reliability of

time-seriescorrelations. I

Harmonic analyses similar to those used to process tidal records (Dennis and Long, 1971) were utilized II
I!/to quantify the large-amplitude annual cycle in temperature and weaker seasonal cycles in flow and wind

fields. This is necessary because of the uneven temporal distribution of data and the limited realizations II
Iof seasonal cycles in the four-year data set. Because of data gaps, frequency-domain analysis cannot

resolve this longer-term variability. Similarly, the few realizations prevent determination of the seasonal -I

signal by monthly averaging, an approach applied to much longer-term CalCOFI data sets (Wyllie, t

1966). Instead, we perform a multiple regression with a model of the form:

IN

_(t) = .40 ÷ EAI ¢_:_(j_t-I_i) (1)

1-1 I

where: B

t is time in days;

N is 1 for annual and 2 for semi-annual regressions;
tl

fj are discrete frequencies given by 2_¢j/365.26 radians per day;
i

Ao is the regression coefficient for the mean amplitude, and Aj is the regression J
" coefficient for the annual and semi-annual amplitude, wherej is 1 or 2, respectively.

_ is the phase regression coefficient in radians for annual and semi-annual regressions, I
wherej is 1 or 2, respectively.

established on the amplitude coefficients serve to test the statistical significance of I
Confidence limits

annual and semi-annual signals in the time series. If 95-percent confidence limits on all coefficients are

significantly different from zero, then the full regression with N=2 defines the long-term seasonal cycle. I

If the regression is not statistically significant, then a purely annual cycle is fit to the time series with

N= 1 in (1). I

As discussed above, the presence of a strong seasonal cycle reduces the statistical reliability of correlation E

estimates. Similarly, narrow-band processes in the residuals of (1) reduce the number of purely

independent observations and increase the effective size of confidence limits. To account for this, we 1'
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I define an equivalent number of degrees of freedom (Davis, 1977) based on the number of independent

observations. These are established from the ratio of total record length and correlation time scale

I following Beardsley et al. (1985).

I Table I presents the results of the regression analysis. The strong annual signal in surface temperature

decays with depth and generates the seasonal thermocline (Figure 3). With the summer increase in sea

l surface in late and fall are coupled to theinsolation, higher mixed-layer temperatures summer early

developing thermocline. Some of this seasonal downwardflux of heat reaches the bottom, since a small

I but statistically significant annual variation is evident there. Although the signal amplitude is reduced
by a factor of 3 at the bottom, it is consistent with the monotonic increase in time lag. Thus, the annual

I peak in temperature is progressively later in the year with increasing depth. At the shallowest buoy
depth, peak annual temperatures are achieved around July 22, whereas temperatures at the bottom of the

I mooring reach their maximum at the end of November.

I The pattern of annual temperature maxima during the October to November time period and minima
during the April to May time period is substantially different from that seen on the shelf of Washington,

I Oregon, and Northern California. Strub et al. (1987a) found the annual temperature maxima and minimaoff Washington and Oregon to lag those in the south by 2-3 months. The temperature structure in the

I CAMP study region more closely follows the annual heating and cooling cycle (since the currents arepoleward throughout the year except for short periods of reversal), whereas in the more northern

latitudes, currents exhibit an annual cycle of reversal with equatorward flow during the summer months

I as seen by Lentz and Chapman (1989) and Strub et al. (1987a). This annual cycle results in southward

advection and upwelling of colder water onto the shelf during the summer months causing a temperature

l minima 2-3 months later than that seen offshore Point Conception.

I The lack of statistically significant semi-annual variability in the temperature and wind time series

contrasts with currents (Table I). This probably is a result of the low signal amplitude rather than an

I artifact of the lower equivalent degrees of freedom. The F-distribution used to establish the confidence

limits is not particularly sensitive to changes in the degrees of freedom across the range reported in

I Table 1. these differences into the different time scales associated with
Nevertheless, provide insight

temperature and flow fluctuations.

I
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With nearly identical record lengths, the differences in equivalent degrees of freedom arise from n

differences in time-lagged correlation functions (Figure 4). Temperature variability has a much longer

time scale (- 24 days); nearly four times longer than along-shelf flow (- 6 days) and eight times longer I

than cross-shelf flow (-3 days). These along- and cross-shelf time scales of flow match those

determined by Davis (1985) from moored current meters on the inner-slaelf off northern California. The I
m

similar time scales for shelf flow suggest similar eddy field statistics for the two regions. In this study,

time-lagged correlation of temperature indicates that m_o-scale temperature features are much i_

longer-lived than the flow field features, i
|

Some low-frequency departures from the annual harmonic are evident in the temperature field (Figure 3). I

This inter-annual variability is primarily reflected by anomalously high temperatures in the summer and I

fall of 1987. These departures may be related to the mild El Nifio conditions that induced global climate _

variations at that time (Kousky and Leetmaa, 1989). Because of larger meso-scale variability in I
Jalong-shelf winds and currents, similar inter-annual variation is not clearly evident in Figure 5.

Low-frequency winds (r<40 h) are nearly always directed equatorward. A phase lag of 341 days I

indicates that the weakest winds are observed near the beginning of December, and the strongest winds im

are observed in June. This variability is consistent with canonical views of the wind variability in the 1

region (Hickey, 1979). This annual variability in wind stress approximately corresponds to the variability lira

in along-shelf surface currents (Figure 5). In the spring and early summer when equatorward winds are !

strongest, the largely poleward surface currents reverse for about two months. Although currents at
I

mid-depth (126 m) do not exhibit a clear reversal, they do weaken around the I(54m) and at the bottom

same time. In contrast to other time series, along-shelf current velocity exhibits a weak but statistically

significant semi-annual variability (Table 1). The addition of the semi-annual component serves to !

extend the duration of poleward surface currents and limit the reversal time. At the bottom, only the

annual signal is resolved. ,HIm

Four years of adjusted sea level variations are presented in Figure 6 for the three coastal stations '1

(Monterey, Port San Luis, and Rincon Island) and the Hidalgo mooring at Point Conception, along with

the Hidalgo internal pressure, along-shelf ASL variations, and the atmospheric pressure at Point
m

Conception (NDBC Buoy 46023). Seasonal fluctuations of approximately 0.1 dbar ( - 1 m) can clearly

be seen in all of the ASL records. Adjusted sea levels were lowest during the period of March through I
g
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I June during all four years of the study, corresponding to the annual relaxation in the poleward shelf flow

and southward flow reversals due to strengthening of the southward alongshore wind stress along the

Ii California Coast and at Point Conception (Figure 5). Adjusted sea levels were highest during the August
through January period, corresponding to a relaxation in the equatorward alongshore wind stress and

I poleward flow on the shelf as evidenced in the current meter and local wind stress records (Figure 5).
The seasonal ASL cycle is consistent with the general pattern of poleward flow on the shelf with

I southward flow reversals and upwelling events along the California Coast during the spring as reportedby Chelton (1980), Enfleld and Allen (1980), Hickey (1979), and others.

i Annual internal pressure fluctuations due to changes in water density were small: < 0.01 dbar and 180°

out-of-phase with the ASLs as a result of the annual heating and cooling cycle (Figure 6). This annual

I signal is consistent with steric heights being in-phase with ASLs near the coast as seen by Reid and

Mantyla (1976). Seasonal atmospheric pressure variations at the Hidalgo mooring at Point Conception

I. were highest during the period of December through February and lowest during July through September,

lagging the annual ASL signal by approximately three months. A similar pattern was seen by Reid and

I Mantyla (1976) at La Jolla in the long term record (1950-1969).

Seasonal variations in the alongshore pressure difference were determined by subtracting the ASL

variations between the coastal sites (Figure 6). No attempt was made to determine the absolute pressure

I gradient between sites due to the unknown height alongshore
of each tide station. The annual difference

signal between Monterey and Port San Luis was found to be highest during the months of December

I April and lowest during June through September, similar to that found by Hickey and Pola
through

(1983) between Port San Luis (Avila, 35°N) and San Diego (33°N). Long-term mean steric height data

I from Reid and Mantyla (1976) indicate a downward slope between Port San Luis and Monterey of
approximately 0.04 dbar (4 dyn cm) on the shelf, which would result in a poleward-directed pressure

I gradient for most of the year that would accelerate the poleward shelf flow. The alongshore pressure
difference between Port San Luis and Rincon Island exhibited only small annual variations.

I SpringTransition

I Oceanographic conditions on the shelf off the coast of Washington, Oregon, and Northern California
change rapidly from winter to summer conditions as temperatures and sea levels drop and currents shift

I from northward to southward corresponding to a shift in wind stress from northward to southward (Strub
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I
et al. 1987b). This "spring transition" was found to be less pronounced south of 37°N where wind stress I

was southward throughout the year except for short periods of reversal. Strub et al. (1987b) found the

sea level to decrease more gradually at the southern sites near Point Conception with the drop in sea level I

progressing from south to north for the periods of 1971-75 and 1980-8:3.

!
Adjusted sea levels at Monterey, Port San Luis, and Rincon Island exhibited noticeable decreases (10-15

mb) during the years of 1987, 1988, and 1990, but not during 1988 during the period of March through I
J

May (Figure 6). Water temperatures at Hidalgo and at NDBC Buoy 46023 dropped 1-20C during the

same time periods (Figure 3). Local wind stress and currents at Hidalgo did not exhibit any noticeable il
W

"spring transition" other than a general increase in southward wind stress and a decrease in poleward

currents during the spring time frame (Figure 5). During the Northern California Coastal Circulation
IIStudy (NCCCS) pilot experiment, Magnell et al. (1990) found that during mid-March of 1987, the

northward wind stress reversed to southward and the adjusted sea level decreased dramatically along the

Northern California Coast. Decreases in adjusted sea levels during 1987 corresponding to the "spring _-.__

transition" at Monterey, Port San Luis, and Rincon Island preceded the northern NCCCS sites by 2-3 II
days (Figure 6). Based on the low correspondence between local winds and sea level response with

respect to the spring transition and the high correlation with the Northern California spring transition I

during 1987, it would seem that the spring transition in the Point Conception region is being remotely I

forced by large-scale weather systems with alongshore length scales of 500-1000 km.

I
Upwelling

meso-scale wind variability occurs at 2-S-day periods offshore Point Conception. This I
Considerable

contrasts with coastal regions in the Santa Barbara Channel which are dominated by diurnal variability

(Caldwell et al., 1986). These fluctuations in the weather band that drive persistent upwelling in the i

region between Points Arguello and Conception were also seen by Atkinson et al. (1986). This upwelling

increases rates of new biological production (Dugdale and Wilkerson, 1989) and affects the distribution !

of water-mass properties (Reid, 1965). One obvious manifestation of upwelling is locally depressed sea

surface temperature. Upwelling often causes the formation of cold-water plumes extending offshore from I
Point Conception (Svejkovsky, 1988).

I
In this study, we quantify the degree of coupling between the local wind field and upwelling over the

long-term with cross-spectral analysis of sea surface temperature and wind stress. As described above, J
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I the strong seasonal signal in temperature can mask low-frequency variability associated with upwelling

events. Consequently, the annual signal specified in Table 1 is removedprior to cross-spectral analysis.

!
Results for both the NDBC meteorological Buoy 46023 and near-surface Hidalgo mooring temperatures

i are similar (Figure 7). In addition to at diurnal and semi-diurnal tidal frequencies,coupling temperature

and wind stress exhibit statistically significant coherence at periods longer than about two days (three days

I for mooring temperature). Negative phase lag indicates that the wind variability leads the temperature
variability as expected for a physically realizable linear system. Phase lags for NDBC buoy temperatures

I near 60* at 4-day periods ( -0.01 cph) indicate that wind perturbations precede temperature changes
by about 17 h. Maximum transfer function amplitudes, near 0.6, indicate that a 1 dyn cm2 pulse in

I equatorward wind stress induces a 0.6°C decrease in sea surface temperature. Figure 8 shows a typical
wind-induced upwelling event. The time lag is close to one day and the temperature response is on the

t order of 1*C, in approximate agreement with the cross-spectral analyses.

i Remotely-ForcedFlowNear-surfacecurrentvelocitiesatsubtidal(r>Iday)periodsarestronglypolarizedalongisobaths.This

isevidentfromthestatistically-significantmeasuresofdirectionalstabilityderivedfromrotational

I auto-spectra (Figure 9). At the Hidalgo mooring, principal directions are stable across a broad subtidal

frequency band. Principal directions are measured clockwise relative to true north and there is a 180°

I ambig_uityin their specification. Consequently, Point Conception current directions near 150° (330°T)

closely correspond to the along-shelf orientation of local isobaths near 324°T. Similarly, subtidal

I currents at the Julius mooring at Point Sal are consistently directed toward 0°T (180°) and aligned with
the north-south orientation of the coastline and shelf.

|
Rotary cross-spectral analysis (Mooers, 1973) provides a convenient approach for quantifying rotational

I. areanticipated a vigorouseddy Energetic near
motions that in field. meso-scale features Point

Conception are evident in satellite imagery (Sheres and Kenyon, 1989) and direct measurements (Barth

and Brink, 1987). Rotary auto-spectra (Figure 9) and cross-spectra (Figure 10) summarize the energy

distribution of these transient phenomena over the long-term at the two mooring locations. There is a

I considerably higher fraction of rotational energy (-40%) at subtidal periods at Hidalgo than at Julius.

This additional rotational energy arises from clockwise motions as indicated by elevated clockwise

I. spectral levels. The additional clockwise energy at Hidalgo is the result of eddies being formed on the
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lee side of Point Conception during Santa Barbara Channel outflow events as seen by Bernstein et al.

(1991). At Julius, the clockwise rotational energy is nearly equivalent to counter-clockwise motions.

l
It is the counter-clockwise rotating components, however, that are coherent between the two mooring

sites. Figure 10 shows that clockwise co-rotating components are not significantly coherent except i
lib

perhaps at the lowest frequencies. In contrast, counter-clockwise co-rotating components exhibit

significant coherence across a broad subtidal frequency band at periods longer than 100 h. The negative
phase associated with this subtidal rotary cross-spectrum indicates that the counter-clockwise motions

at Julius lead the motions at Hidalgo. The 45* phase at periods of 500 h implies a time lag Of 2.6 days, }'t
Over the 43-kin separation distance between moorings, the inferred propagation speed is approximately

20 cm s"1. This propagation speed is somewhat faster than the 2-4 cm s"1determined by Davis (1985) {
for a single cold-core eddy in the CODE region. Also, the counter- clockwise rotation is more

suggestiveofsouthward-propagatingwarm-core eddies. Motions reminiscent of a southward-propagating
1onshore meander or frontal eddy begin at Julius with southwestward flow that rotates around to the east,

eventually dissipating along a northwestward direction. The process is repeated a few days later at |
IHidalgo to the south.

Coastal ASL Variability i

Subtidalvariability in ASLs was examined by spectral and cross-spectral analyses over the four-year

period of record. Seasonal signals were removed prior to analysis. Auto-spectra and autocorrelations i

for each of the three coastal ASL records are presented in Figure 11. Peaks in the'individual spectra are

evident at frequencies of 0.016 cpd (r=62 days) and 0.073 cpd..(r=13.7 days) with most of the energy

at frequencies < 0.4 cpd (r > 2.5 days). Time-lagged auIocorrelations indicate time scales of -20

days, which is 3-4 times longer than along-shelf flow and similar to that found for the temperature

variability (Figure 4). Cross-correlations between coastal ASLs were relatively high: 0.75 for Monterey

vs. Port San Luis and 0.68 for Port San Luis vs. Rincon (Figure 12). Coastal ASLs were found to be

highly coherent at frequencies < 0.1 cpd (r> 10 days) with significant but less coherence at higher

frequencies. A large peak in the coastal ASL coherence spectra is evident at 0.07 cpd which probably

corresponds to the lunar fortnightly tidal constituent (_-=13.66 days), since wind stress forcing was not

evident at that frequency (Figure 12). Port San Luis and Rincon ASLs were found to be in-phase (0 lag)

at maximum cross-correlation. Monterey lagged Port San Luis by 6 h, indicating a northward

propagation.¢. The northward propagation speed (680 cm s"1) is approximately 40% higher than the
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propagation speed of a free-first mode shelf wave (490 cm s"1,Brink, 1982) but consistent with speeds

found b), l-lickey (19_84)for the Pacific Northwest.

/

The maximum cross-correlation between the alongshore differences was low (0.2) with the Port San Luis-

Rincon difference leading the Monterey-Port San Luis difference by 1.75 days (Figure 13). The

coherence between the two along-shelf pressure differences was only marginally significant at periods

greater than 15 days. The coherence levels at periods between 1.2 and 5 days ranged from 0.2 to 0.7

and were for the most part 180" out-of-phase.

t

Wind-Driven Flow

In additionto remoteforcing, a portion of surface-currentis linearly relatedto local winds at Hidalgo.

Along-shelf winds and surface currentsexhibit statistically significant coherence levels across a broad

subtidal frequency band (Figure !4)..:,.-I-fowever,coherence levels are rather low, near 0.2, and it is only

- because of He long record length that the coupling can be resolved. This may account for the apparent

lack of couplingbetween winds and currents offshore Point Conception determined from shorter duration

i time series of the CCCCS (Chelton et al., 1988). Cross-shelf flow is not significantly coherent with

cross-shelf wind stress at any subtidal frequency.

At periods between 30 and 300 h, phase is largely negative and wind stress variability leads along-shelf

currents. The -60° phase for 4-day oscillations implies a 17-h time lag between winds and currents,

identical to the relationship between wind stress and temperature. At periods longer than 300 h

(12.5 days), the phase is positive and inconsistent with a simple physical relationship between local wind

and current. Instead, it is possible that remotely-forced propagating coastally-trapped waves are

responsible for current variability at the lowest frequencies. Because of large-scale coherence in the wind

field, it is difficult to separate local wind forcing from long-wave modes in the site-specific analysis

described here. Based on an analysis of along-shelf current velocity in CODE, Denbo and Allen (1987)

have suggested that remote forcing becomes incre,3singlyimportant at lower frequencies (r> 170 h).

The coherence between along-shelf wind stress and mid-depth (54 m) currents is, however, not

t statistically significant in this lowest frequency band (Figure 15). In the weather band, between 1 and
12 days, transfer function amplitudes and phase lags are similar to cross-spectra between wind-stress and

surface currents. In contrast, the coupling between wind stress and bottom currents is only marginally
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significant over a narrow portion of the weather band (Figure 16). As with the cross-spectra at other J

depths, the cross-shelf flow doe,s not exhibit any clear relationship to the wind stress. It is more likely Is

that cross-shelf exchange is driven by remotely forced eddies and jets that are responsible for the large I

fraction of rotational energy at Point Conception (Figure 9).

~

Alongshore winds and ASL variations at Port San Luis had a maximum cross-correlation of 0.5 with

winds leading the ASL by 6 h (Figure 12). The coherence for period,,; greater than 35 days was low. I

At periods of 3-30 days, coherence levels were about 0.5. The low coherence between Port San Luis

ASL and wind stress at lower frequencies is similar to that seen between the wind stress and currents, I

which would suggest that remotely-forced winds or propagating coastally-trapped waves may be driving

the currents at the lower frequencies, m

Cross-Shelf ASL Variations and Flow HI'
re.

The five-month period of December 1987 through April 1988 was examined to determine the degree of

forcing between currents and ASL variations at Hidalgo (Figure 17). Two low pressure systems that
l

passed through the area are highlighted in the time-series plots. The first occurred during mid-December

1987 causing strong poleward flow at the surface and mid-depth for Julius and Hidalgo respectively, and _
m

a corresponding increase in the cross-shelf ASL difference between Hiidalgo and Port San Luis. The -

second low pressure system had the opposite effect, currents were directed equatorward and ASLs II
IIdropped along with a decrease in the cross-shelf ASL difference.

Mid-depth (54 m) currents at Hidalgo were found to be highly coherent with the cross-shelf ASL I

difference between Port San Luis and Hidalgo across a fairly broad band of frequencies except for a -I!

narrow band at 0.3-0.5 cpd (2-3 days) and at frequencies < 0.065 cpd (r > 15 days) (Figure 18). The

maximum correlation was 0.4 at 0 lag with most frequency bands being in-phase. In contrast, the

coupling between the cross-shelf ASL difference and Hidalgo bottom currents was only marginally U.

significant except at low frequencies > 0.65 cpd, which correspond with those frequencies where

coherence with the mid-depth currents was low. Thus, it would seem that the cross-shelf ASL difference _[

at Hidalgo accounts for much of the low-frequency signal in the bottom currents but not in the mid-depth

currents. I
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I The cross-shelf ASL difference was also highly correlated with the near-surface (12 m) currents at the

Julius mooring with a cross-correlation of 0.63 (Figure 18). Coherence between the alongshore currents

I at Julius and ASL difference was found principally at the lower frequencies ( < 0.4 cpd) or periods

greater than 2.5 days. In contrast, the coupling between the bottom currents and cross-shelf ASL

! differences was only marginally coherent at any frequency.

t CONCLUSIONS
The measured wind stress in the Point Conception region is directed equatorward throughout the year

i with short periods of reversal. Wind stress is strongest in the spring and weakest in the fall,only

exhibiting annual but no semi-annual signal, whereas Strub et al. (1987a) found evidence of a semi-annual

I signal in the measured wind stress at the same latitude. Surfacecurrents are poleward throughout the
year, reversing in the spring when southward-directed wind stress is maximum and exhibiting both an

annual and semi-annual signal of similar magnitude. Mid-depth and bottom-depth currents were also
directed poleward throughout the year, with the annual signal four times as strong as the semi-annual

I signal at mid-depth and only an annual signal in the bottom currents. A strong seasonal thermoclineII
developed each year during late summer and fall, 1-2 months earlier than that seen off the coast of

Washington and Oregon. Anomalously high (-2"C) surface and mid-depth temperatures were observedin 1987, reflecting the mild E! Nifio conditions during that year as seen by Kousky and Leetmaa (1989).

i The Point Conception region is well known as an area of persistent upwelling. In this study, a 1 dyn cm2

pulse in equatorward wind stress induced a surface temperature response of approximately -1*C with a

i lag of almost 1 day. Coherence between local wind stress and temperature was statistically significant

at periods longer than 2-3 days.

|
Near-surface and mid-depth currents were strongly polarized along the isobaths with local wind forcing

I accounting for less than 30% of the along-shelf current variability at periods longer than 1 day. In

contrast, the coupling between wind stress and bottom currents was only marginally significant across a

I narrow portion of the weather band. Coherence between local winds and ASLs was higher than that

observed for the currents but still only accounted for less than 50% of the ASL variability at subtidal

I with wind the ASL 6 hours. The low coherence between local wind stress andfrequencies, leading by

currents and between local wind stress and ASLs suggest that remotely-forced winds or propagating

|
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coastally-trapped waves may be driving the currents at the lower subtidal frequencies in the Point

Conception region.

Remote forcing of currents was examined through rotary spectral analysis at the two current mooring

locations. At Hidalgo (Point Conception), there is a considerably higher fraction of rotational energy

(-40%) at subtidal periods than at Julius (Point Sal). The additional rotational energy at Hidalgo arises

from clockwise motions which are believed to be caused by eddies being formed on the lee side of Point

Conception during Santa Barbara Channel northward-outflow events. Counter-clockwise motions for the

two sites were similar in magnitude and highly coherent across a broad subtidal frequency band at periods

longer than 4 days, withJulius leading Hidalgo by 2-3 days. It is hypothesized that this southward-

propagating counter-clockwise motion is due to southward-propagating warm-core eddies or onshore

meanders of the California Current.

Coastal ASLs between Monterey and Rincon Island were highly coherent with Port San Luis leading

Monterey by 6 hours, indicating a northward propagation of 680 cm s1 which is consistent with speeds

found by Hickey (1984) for the Pacific Northwest. Near-surface and mid-depth currents were found to

be highly coherent with the cross-shelf ASL difference between Hidalgo and Port San Luis at periods of

3-15 days. In contrast, the coupling between bottom currents and cross-shelf ASL difference was only

marginally coherent at the two sites.
. t

A clear "spring transition" as described by Strub et al. (1987b) was seen in the ASLs for Monterey, Port

San Luis, and Rincon Island during the years of 1987, 1988,_and_ 1990, but not during 1988. Surface.

temperatures at Hidalgo and the NDBC Buoy 46023 dropped i-2°C during the same time periocls. Local |
0wind stress and currents at Hidalgo did not exhibit any noticeable spring transition. ASL data from the

NCCCS pilot experiment (Magnell et al. 1990) showed a spring transition during mid-March of 1987 i

Iwhich lagged that seen at Monterey, Port San Luis, and Rincon Island by 2-3 days. Based on the low

correspondence between local winds and sea level response with respect to the spring transition and the |
high correlation with the Northern California spring transition during 1987, it would seem that the spring |

transition in the Point Conception region is being remotely forced by large-scale weather systems with !

alongshorelengthscalesof500-1000km. |
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I

Table 1. Results of the multiple regression on the seasonal model (1). 95% confidence

I limits are also shown.

1

Mean Annual _mi-.Aanml Annual
Temperature f'C)

i NDBC Buoy
46023 (5 m) 14.04±0.05 '1.63±0.10 029±0.10 270 71 45

Hidalgo
Moonng (12 m) 13.18±0.05 130±0.11 NS1 298 NS 34

I HidalgoMooring (54 m) 11.23±0.04 0.99±0.08 NS 330 NS 36

Hidalgo

I Mooring (126 m) 9.50±0.02 0.54±0.04 0.06±0.04 331 27 38
Along-shelf Wind Stress (dyn cm"2)

I NDBC Buoy
46023 -0.91±0.03 0.25 ±0.07 NS 341 NS 230

Along-shelf Current Velocity (crn s"1)

I HidalgoMoonng (12 m) 3.93±0.81 6.17±1.67 5.07±1.52 317 25 128

Hidalgo

Moonng (54 m) 730±0.60 5.20±1.22 1.26±1.16 289 14 113137
Hidaltl_o
Moonng (126 m) 1.40±0.30 1.21±0.61 0.75±0.58 342 174

Pressure(millibars)

NDBC Buoy

46023 NS 3.10±0.30 0.73±0.30 21 180 --
(Atmospheric)

Point Conception •
(ASL) NS 2.79±0.27 1.69±0.25 276 42 --

NS 4.87±0.55 1.07±0.54 307 40
Monterey (ASL)

Port San Luis

(ASL) NS 5.40±0.50 1.30±0.50 293 31 --Rincon (ASL) NS 4.54±0.48 1.01±0.47 301 22 --

I t Not statistically significant.
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Figure 1. CAMP study location map of the Point Conception region with instrument locations I
and detailed bathymetry.
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Figure 2. Current and bottom pressure mooring with surface ARGOS-satellite transmission buoy.
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Figure 4. Time-lagged auto--correlation of surface currents and temperature recorded at the

Hidalgo mooring. Along-shelf velocity is directed toward 324*T.
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Figure 17. Time series of atmospheric pressure at NDBC Buoy 46023, alongshore currents (era/s)

measured at Hidalgo and Julius, cross-shelf adjusted sea level difference (Port San ILuis - Hidalgo), and ASLs from Hidalgo and Port San Luis for the 5-month period
of November 1987 through March 1988.
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I Figure 18. Cross-spectral analysis between the cross-shelf ASL difference (decibars) and

alongshore currents (era/s) at Hidalgo and Julius.
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I INTRODUCTION

Four years (December 1986 - November 1990) of satellite sea surface temperature (sst) imagery were

I collected and produced, as part of the California Outer Continental Shelf Monitoring Program (CAMP),

sponsored by the Minerals Management Service (MMS) of the U.S. Department of the Interior. This

I study, designed to examine the impact on benthic biological communities of oil and gas development in

the Santa Maria Basin off the centralCalifornia coast, included a physical oceanographic component

I consisting of multi-year surface wind measurements, currents measured at two sites near Point
Conception, and I km resolution satellite sst imagery covering a 280 km square region, derived from the

i AVHRR (Advanced Very High Resolution Radiometer) of the NOAA series of polar-orbiting satellites.
The objective of the imagery collection component was to provide a spatial context to the essentially

single point time series of current and wind measurements.

!
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This

paper focuses on the method used to derive the sst imagery, and an analysis of the principal modes m

of sst variability, using empirical orthogonal functions, which are then interpreted in terms of the

dominant larger scale patterns of flow occurring in the region around Point Conception. The paper is m
m

intended to serve as a companion to Savoie et al. (Chapter 4), which discusses the four-year CAMP time

series of in situ wind, current, temperature,and sea level observations, m

A rather complete discussion of previously published work on the regional winds and currents and their mm
seasonal variation is discussed in Savoie et al. (Chapter 4), and therefore only briefly summarized here.

', Surface winds are persistently directed toward the southeast, seasonally strongest during late spring and

early summer, and weakest during late fall and early winter (Figure 1). The four-year CAMP time series .-_

of wind stress, derived from a NOAA meteorological buoy located just 20 km off Point Conception, m
m

shows a 1.5 dyn/cm 2 long-term mean along-shelf component of wind stress (Figure 2). Superposed on

this is a 0.5 dyn/cm 2seasonal modulation. Higher frequency fluctuations, in the band 2 - 10 days, create

1 to 2 dyn/cm: fluctuations on this seasonal pattern, but only rarely does the along-shelf stress reverse !1

towardthenorthwest, m
[]

Surface and subsurface temperatures also describe a seasonal variation. From the NOAA buoy four-year -[]

measurements of sst, an annual mean temperature of 14 °C is modulated with seasonal variation of !.8 m

°c, withminimumtemperaturesoccurringin thespring. II
[]

These patterns of wind and temperature are consistent with the classical ]picture of coastal upwelling, and m

southeasterly coastal surface currents would be expected. However, the four-year CAMP time series m

(Figure 2) of flow at 12 m depth shows a seasonal variation having a southeastward component only for

two months of the year, when winds are strongest in that direction. The remainder of the year, poleward m

flow occurs. CAMP time series of flow at 54 and 126 m depth show consistently poleward seasonal

currents. This tendency for sustained poleward flow is referred to as the Davidson Current; it is I
m

associated with larger scale patterns of coastal sea level, which decreases poleward, and larger scale wind

patterns, particularly in the positive curl of the wind stress field along the California coast, as discussed I
m

by Hickey (1979) and Chelton (1984).

!
Poleward flow is particularly persistent at all depths along the mainland portion of the Santa Barbara

Channel (Lagerloef and Bernstein, 1988), and is associated with the westward advection of warmer water m

5_2 I
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I toward Point Conception. When this flow passes Point Conception, there are occasions where it retains

its westward orientation and separates from the coast to form a jet-like feature (Sheres and Kenyon,

I 1989). At other times, the coastal flow exiting the western portion of the Santa Barbara Channel remains
attached to the coast, or only partially separates, thus carrying warmer water north into the Santa Maria

I Basin.

I The oceanographic flow patterns in the region surrounding Point Conception thus reflect three apparent
modalities: (i) a strong tendency for persistent upwelling through local wind forcing; (ii) a tendency for

I persistent poleward coastal flow and its associated advection of warmer water from the south; and (iii)
the interaction of these dynamical factors to create a detached jet at the western exit of the Santa Barbara

I Channel. The satellite sst imagery will be examined with this background in mind.

I Imagery Production MethodologyDuring the four-year period 1 December 1986 - 30 November 1990, the NOAA-9 (and then NOAA-11)

i polar orbiting weather satellites provided twice-daily overpasses of the U.S. westcoast, at 0130 AM andPM local time. Each satellite carries an AVHRR sensor, making nominally 1.1-km resolution radiometric

measurements at five different channels in the visible and thermal infrared portions of the spectrum. Only

I data from the daytime (1:30 PM) overpass, for which visible channel data is available, was used to

produce sst imagery, because of the superior cloud detection and screening afforded by visible data. For

I the first three years, the data were obtained from analog tape telemetry recordings provided by a National

Weather Service receiving station located at Redwood City, California; the first year of data were derived

I from a local reception antenna installed at SeaSpace in San Diego, California.

I Each daily overpass was inspected for cloud cover, and days with heavy or complete cloud cover were

eliminated from further consideration. Also, overpasses with poor viewing geometry were ignored. The

I remaining overpasses having some or all of the ocean area around Point Conception free of clouds were
subjected to the following processing steps, for the region centered about 35°N, 121°W and enclosing

a 256 x 256 array of 1.1132 km2 pixels: (1) radiometric calibration and earth location and (2) cloud
screening and atmospheric corrections. The portion of each pass encompassing the above area was

i extracted, radiometrically calibrated using AVHRR internal calibration information, and earth-located
using satellite ephemeris data, using procedures developed at SeaSpace. Earth location was checked, and

I adjusted by a few kilometers, if necessary, using Point Conception or other local points of reference.

i 5-3
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The AVHRR channels 2 (1.0 um), 4 (11 um) and 5 (12 um), respectively in the reflective (Channel 2)

and thermal infrared (channels 4 and 5), were used to determine those over-ocean pixels that were free

of cloud. Several sequential cloud tests were employed, following procedures described in McClain et I

al. (1985):

(a) gross cloud checks - pixels with channel 2 albedo values exceexling those determined by visual I

inspection; and (b) local cloud checks - each pixel surviving the above test was compared against its

immediate neighbors in a 3x3 array. Local variations within the 3x3 array in excess of 0.25% albedo I

(channel 2), and 1.5 *C (channel 4) were screened out. Screened-out pixels were set to a designated

"bad" value and surviving cloud-free pixels" thermal infrared brightness temperature measurements were !
lira

linearly combined using weighting coefficients to give the best estimate of sea-surface temperature. The

weighting coefficients were those determined by NOAA/NESDIS to give best agreement against a global i
m

set of in situ sst measurements (Pichel, pers. comm.). The coefficients included terms dependent upon

thelocalviewingangle. I

As described in McClain et a1.(1985), these cloud/atmospheric procedures are expected to yield satellite n

sst accuracies of about 0.7 °C, although the original sensor radiometric resolution, retained in the final

results, is 0.1 °C. For a selected set of similar satellite sst results, coinciding with about 30 high-quality []
[]in situ sst measurements (CTD at l-m depth), satellite-CTD agreement was at the 0.4 °C rms level.

Finally, the resulting array of cloud-screened sst pixels was spatially mapped to a fixed rectangular map I

projection, as defined above. The digital arrays were saved for subsequent analysis, and also

photographed onto 35-mm slides, and annotated with coastline and latitude-longitude grid, date/time, and

a color/temperature calibration wedge. I
II

Over the December 1986- November 1990 period, a total of 551 images were obtained, distributed in
m

time as indicated in Table 1. Averaged over the four years, the percentage of retained images varied I

between about 25 and 50%, depending primarily upon cloud cover.

!
Examples of satellite sst imagery appear in Figures 3 and 4. In Figure 3a, taken during the period of

minimum seasonal wind stress, the warm poleward coastal flow of the Davidson current is apparent, i

Several weeks later (Figure 3b), the warmer water exiting the Santa Barbara Channel separates from the

coast and moves west of Point Conception. Several months later (Figure 3c), with the buildup of I
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alongshore wind stress, cooler water brought to the surface by upwelling processes, appears along the
entire central California coast. These three images illustrate the three apparent modalities of flow and

i associated sea surface temperature distribution for the region.

i Similarly, Figure 4 illustrates how the upwelling pattern can quickly relax, during a period of weakeningwinds, with westward flow again exiting the Santa Barbara Channel. This one week transition in late

June/early July 1988 appears as a significant wind and current reversal event (Figure 2).

I
Empirical Orthogonal Analysis

I While examination of individual images, and short sequences of images, is useful and informative,

statistical methods must be applied for a study of the variability contained within an sst imagery data set

I of this size. Empirical orthogonal function (EOF; also known as principal component) analysis is the

appropriate statistical tool. For California coastal sst imagery, this method was first employed by Kelly

I (1985), subsequently by Lagerloef and Bernstein (1988). The spatial EOF procedure is described
and

in detail in the latter paper. In this procedure, the spatial mean is first removed from each image, and

I image decomposed a weightedsequenceof orthogonalmodal amplitude
the residual for each is into

functions. The complete time-series of images thus provides a time-series of each of the modal weights.

!
The method for determining the modal functions and weights is based upon solving for the eigenfunction

I and eigenvalue matrices of an autocovariance matrix derived from the de-meaned original image set.
Most of the original 551 images were cloud-obscured over half or more of their ocean pixels. Best

I results in determining a reliable autocovariance matrix thus require images that are mostly cloud-free.
A subset of 76 images (Table 2) with minimal cloud obscuration was extracted from the full set, while

I also attempting to keep approximately 20-day time separation between images. Finally, for computation
efficiency, the 256 x 256 arrays were subsampled by a factor of two, to 128 x 128 arrays having 2.2264

i km pixel resolution.

i The overall four-year time-mean of the 76 images listed in Table 2 appears in Figure 5, with the CAMPmoorings, NOAA weather buoy, and bathymetric contours superposed for reference. The mean field

portrays the persistent upwelling with coolest temperatures along the central coast north of Point

I Conception. Warmest temperatures are located inshore along the eastern portion of the Santa Barbara

Channel, with a strong gradient occurring just at Point Conception. The cooler water upwelled along the

!
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central coast extends southeast (parallel to the prevailing wind) to the western Santa Barbara Channel i
islands, with a portion actually entering the channel along the north shore of these islands. The mean

fieldspansa 5 *Ctemperaturerange;12to 17*C. i

As noted earlier, the average temperature of each of the above 76 images was computed and subtracted i
III

to produce a de-meaned image data set. The variance of these residual temperature values is depicted

in Figure 6. Note that variances are higher for all areas south and east of Point Arguello. Within the 1
II

lower variance region west (and north) of Point Arguello is a smaller subarea of slightly higher

variability. This appears to correlate with upwelling jet-like plumes that can originate along the central •
!11coast north of Point Arguello, as were seen in the individual images of Figure 4. These plumes grow,

decay, and shift laterally, and thus increase the local variability of sst in this region, i

The next step in examining the image set is to group it into four 90-day seasons centered on days 1, 90, •
1180 and 270 (winter, spring, summer, fall). The mean sst for each season (Figure 7) show a large scale

pattern similar to the annual mean of Figure 5, but with seasonal offsets. Note that a wider temperature i

rangespanning11to18°Cisusedhere.

Attention is focused on the winter mean, where spatial gradients are weaker. Figure 8 presents the mean 1

sst for this season, using an appropriately narrowed 3 *C range of temperature spanning 12 to 15 °C.

The tendency for warmer water to advect west out of the Santa Barbara Channel and then north beyond I

Point Arguello appears in the winter mean distribution of sst.

I
Spatial EOF Modes

The EOF decomposition of sst variability across the 76-image data setyields the results displayed in i
Figure 9. Note that the first EOF mode, which accounts for nearly half of the sst variance, strongly

resembles the four-year mean (Figure 5). Since it assumes the pattern associated with upwelling along i
the central coast, it will be referred to as the upwelling mode.

I
The second EOF mode, accounting for 14% of the variance, resembles the pattern of warmer water that

appears along the coast during the periods of weaker wind, and especially during the winter when the i
Davidson Current is present at the surface. For this reason, the second mode will be referred to as the

Davidson mode. i

!
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I The third EOF mode, accounting for only 4.7% of sst variance, is less distinct, but in the vicinity of

Point Conception bears some similarity to those situations where flow detaches from the western exit of

I the Santa Barbara Channel, to form a westward flowing jet. While this may be an arguable distinction,
this third mode will be referred to as the Channel jet mode.

I The fourth and fifth modes respectively account for 2.6 and 2.4% of the variance, and all higher modes

i individually correspond to less than 2% of variance.

The EOF analysis provides a decomposition of each of the 76 images in the above data set into a

I" weighted sum of all modes. Figure 10 presents the time sequence of these weights for modes 1, 2, and

3. Note that the weights are expressed as dimensionless quantities, which the modes themselves are

I expressed in °C, consistent with the formalism adopted in Lagerloef and Bernstein (1988).

I The time sequence of the mode 1 (upwelling mode) weights are separately replotted in Figure 11, along

with the 4-year time sequence of alongshore wind stress. From this figure, it is clear that the annual

I cycle in upwelling mode weights corresponds well with the seasonal cycle in buoy-measured wind stress,
with weakest modal amplitude coinciding with periods of weakest alongshore windstress.

I
Examination of the time sequence of mode 2 and 3 weights reveals no clear annual variation, although

I it may be noteworthy that mode 3 (Channel jet mode) peaks sharply around mid-year in 1987, 1988,
1989,'and to a lesser degree in 1990. While this may be without significance, this peaking occurs at a

I time of year where a longshore wind stress has peaked and is beginning to relax. From inspection of
Figure 2, this corresponds to a period of poleward acceleration in surface flow at the CAMP Hidalgo

I mooring. There may also be a tendency for semi-annual variations in the mode 2 and 3 weights.

I CONCLUSIONS
In the vicinity of Point Conception, seasonally recurrent, as well as shorter period fluctuations, in a

i four-year set of sea surface temperature satellite imagery, demonstrate some consistency with moored insitu single-point observations of wind and current over the same multi-year interval.

I Empirical orthogonal function analysis, when applied to a selected subset of this imagery spanning the

i four-year period, identifies a dominant coastal upwelling mode, accounting for nearly half of the total
5-7
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variance and exhibiting a well-defined annual cycle coincident with the annual cycle in alongshore wind !

stress. The next two modes appear to emulate patterns of coastal warming associated with the wintertime

Davidson Current, and the jet-like behavior of flow exiting the Santa Barbara Channel and separating i
I

from the coast at Point Conception.
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I
I Table 1. SST Image Distribution

I Year D J F M A M J J A S O N Total

I 86/87 14 14 15 16 14 8 6 14 12 5 3 10 13287/88 13 8 18 22 11 14 14 19 18 22 8 12 179
88/89 10 I6 11 10 9 14 11 14 5 5 14 16 135

I 89/90 15 11 5 8 19 8 6 4 4 5 8 12 105
Total 53 49 49 56 53 44 37 51 39 37 33 50 551

I
I
I
I
I
I
I
I

!
I
I "
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i
Table 2. EOF 76-1mage Subset i

(year; day of year; % cloud-free)

I
yr.day % yr.day % yr.day %

I
1. 86.275 91 26. 88.045 95 51. 89.182 95 II
2. 86.298 73 27. 88.069 99 52. 89.200 78 H!
3. 86.313 96 28. 88.086 98 53. 89.213 97

4. 86.336 96 29. 88.099 99 54. 89.242 78 II
5. 86.351 98 30. 88.123 98 55. 89.262 84 II
6. 87.010 98 31. 88.141 93 56. 89.277 98

7. 87.031 96 32. 88.188 99 57. 89.299 92 i
8. 87.050 97 33. 88.197 93 58. 89.320 95 II
9. 87.068 78 34. 88.218 83 59. 89.338 96

I0. 87.086 97 35. 88.236 75 60. 89.363 99 i
I1. 87.110 98 36. 88.271 96 61. 90.004 83 |
12. 87.122 97 37. 88.282 99 62. 90.025 98

I3. 87.150 88 38. 88.309 99 63. 90.045 84 II
14. 87.168 82 39. 88.325 93 64. 90.065 72 |
I5. 87.184 96 40. 88.335 99 65. 90.079 94
16. 87.210 95 41. 88.343 98 66. 90.102 88 it

17. 87.231 75 42. 89.002 99 67. 90.120 93 !1
I8. 87.249 86 43. 89.017 94 68. 90.144 89

i

19. 87.276 96 44. 89.042 70 69. 90.155 98

20. 87.278 98 45. 89.062 85 70. 90.183 98 i
21. 87.311 95 46. 89.076 99 71. 90.228 91 i

22. 87.331 97 47. 89.096 98 72. 90.242 91

23. 87.347 85 48. 89.121 98 73. 90.267 90
24. 87.359 92 49. 89.145 72 74. 90.282 98 II
25. 88.023 99 50. 89.164 96 75. 90.309 98

76. 90.326 97 II
l

!
!
I
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I Figure 1. Climatological mean wind stress and stress curl along California; annualvariation of
same at a point just offshore Monterey (from Chelton, 1984).
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I
I Figure 3a. Satellite sst imagery from 2 Dec 85, illus_ratin_

temperature patterns associated with the Davidson Current.

I
I

I
I

I

I
I
I

I Figure 3b. Satellite sst imagery" from 21 Dec 86, i]iustratln=
temperature patterns associate,9 with the Santa Barbara jet.
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I
I Figure 3c. Satell_te sst imagery from 30 May 8'1, illustratingtemperature patterns associated with upwel!ing along the California

central coast.
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I Figure 5. Four-,year mean of 76 selected sst images
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I
I Figure 6. SST variance derived from four-year set of 76 selected

sst images
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I
I Figure 8. Winter mean image of Figure 2, enhanced over narrowe_

temperature range.
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INTRODUCTION

I The California Outer Continental Shelf (OCS) Phase II Monitoring Program (CAMP) was designed

and conducted to monitor potential short- and long-term environmental changes resulting from oil and

I gas development activities off the coast of Southern California. The 4-year multidisciplinary study,
conducted between October 1986 and October 1991, was sponsored by the Minerals Management

i Service (MMS) of the Department of the Interior and focused on (1) detecting physical, chemical, and
biological changes around oil and gas platforms and (2) determining whether observed changes could

I be attributed to drilling-related activities or to natural processes.

i
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One element of the monitoring program was conducted near Chevron's Platform Hidalgo, a high- I J

energy hard-bottom (rocky-substrate) region located off Point Arguello in the western reaches of the

Santa Barbara Channel in southern California. The sampling design consisted of an array of nine I

stations at varying distances (0.5 km in the nearfield to --6 km in the farfield) from the platform
[]

(Fig. 1). Because the strategy of the sampling design was to monitor drilling-related effects on hard- •

bottom benthic communities, monitoring dose-response gradients was limited by the geographic i

distribution of the hard substrate. Drilling of the first well at Platform Hidalgo began in November i
n1987 and drilling activities at the platform continued until January 1989. Over the 4-year field

program, samples were collected before, during, and after drilling operations at this platform.

During the period of study, drilling activities were also being conducted at three additional platforms I

(Hermosa, Harvest, and Irene) in the vicinity of the study area. Figure 2 illustrates the location of m

the CAMP study areas, platforms in the immediate region, and CAMP sample collection surveys in I

relation to drilling/discharge periods at all four platforms.

I
A second component of CAMP included a 3-year monitoring study at a site proposed for the location

i

of Platform Julius. Environmental
concerns about onshore facilities associated with the proposed i

Platform Julius have delayed its installation. Therefore, because the platform has not been installed,

all data collected from the Platform Julius site represented predrilling ]background conditions and were i
i

used for comparison with data from the Platform Hidalgo site. The proposed Platform Julius site is

located on the continental shelf approximately 30 km northwest of Platform Hidalgo (see Fig. 2), and i

is in an area not likely to be affected by discharges from other plattbrms or by anthropogenic
i

contaminants, i

A comprehensive 3-year report of the overall monitoring program has been published (Steinhauer & In

Imamura, 1990). The background environmental conditions of both the Platform Hidalgo and

Platform Julius monitoring areas have been described by Hyland et al. (1990) and Hyland et al. i

(Chapter 9). This paper discusses the hydrocarbon and trace metal chemistry of sediments at the
[]

Platform Hidalgo site, and examines natural variability and the effects of drilling operations on •

changes in sediment chemistry. Results of other elements of the study are discussed by Brewer et al. II

(in press), Coats (Chapter 8), Hardin et al. (Chapter 7), Hyland et al. (Chapter 9), Montagna (in i

press), Parr et al. (Chapter 3), Savoie et al. (Chapter 4), and Steinhauer et al. (Chapter 2). !1
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1
I METHODS

As shown in Fig. 2, three sampling surveys were conducted to collect predrilling background data

from the Platform Hidalgo site and to examine annual seasonal variability in chemical parameters.

I Surface sediments were sampled during several cruises: October 1986 (CAMP 1-1), May 1987

(CAMP 1-3), and October 1987 (CAMP 2-3). Although sediment traps were deployed at all stations

! in October 1986, prior to drilling the first well at Platform Hidalgo, fouling prevented recovery of the

traps from all but two stations (PH-I and PH-U) in May 1987 (CAMP 1-3). During the period of

I_ drilling activities at Platform Hidalgo (November 1987 through January 1989), sediment traps,

deployed in January 1988 and May 1988, were sampled in May 1988 (CAMP 2-5) and October 1988

I_ (CAMP 3-1), respectively. Surface sediments were also collected during the October 1988 survey.

Four additional sampling surveys, conducted in May 1989 (CAMP 3-4), October 1989 (CAMP 4-1),

May 1990 (CAMP 4-2), and October 1990 (CAMP 5-1) conducted collect
were to postdrilling and

seasonal-variability data. Surface sediments were collected during all tour postdrilling surveys;

t sediment traps were sampled in May 1989, October 1989, and retrieved in October 1990, at the end
of the field program.

!
Paired samples for chemical and sedimentological analyses were collected from each station sampled

I during the 4-year field program. Analyses were performed on surface (0-2 cm) sediments, material
collected in sediment traps, and samples of drilling muds and cuttings. In addition, samples of oil

I from a production well, the lsla Vista seep, and representative tar balls were analyzed for
hydrocarbon content and composition.

I Sample Collection

I A Kynar*-coated 0.1-m 2 modified vanVeen grab sampler was used to collect surface sediments from
soft-bottom substrate adjacent to hard-bottom rock features at each station during each sampling

survey. The 0- to 2-cm surface sediment of three replicate grab samples was subsampled for
hydrocarbon, trace metal, total organic carbon (TOC), and sediment grain-size analyses. Sediment

i samples for hydrocarbon and trace metal analysis were frozen (-20 °C) in solvent-rinsed glass
containers. The three replicate subsamples, collected at each station for each type of analysis, were

I
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pooled prior to laboratory analysis. Chemical and sedimentological analyses were conducted on the I

pooled replicate sediment samples from each station.

l
Material collected in sediment traps was used to estimate sediment flux and to determine chemical

dose of drilling-related contaminants. Three replicate time-integrated (-- 5-6 months) samples were i
II

obtained from cylindrical sediment-trap arrays deployed 1 m above the seabed at each Platform

Hidalgo station and from a station near Platform Harvest, a production site approximately 3 km _1

southeast of Platform Hidalgo (Fig. 1). Material collected in the trap.,; was preserved in the field with _

sodium azide. Immediately after retrieval, sediment-trap samples were frozen at -20 °C until _ll

analysis. Chemical and sedimentological analyses were conducted on each replicate sample from each _

station. 1

Five wells at Platform Hidalgo were sampled for drilling muds and drill cuttings at depths between I

400 and 4000 m. At each well, duplicate samples of drilling muds were obtained from four depth _,

intervals: near-surface (= 500-550 m), midwell (= 800-1000 m), near-bottom (= 2300-3300 m),

and bottom (-_ 2600-4000 m). Drill cuttings from a shale shaker were collected in duplicate from the I

near-surface (--400 m), midwell (--- 1200-1800 m), and bottom (-.- 2400-3700 m) of each well.

Aliquots of samples collected at the same depth from all five wells were pooled before analysis. Drill i

cuttings were also obtained from a desilter at the midwell depth of some wells and aliquots of these

samples were also pooled prior to analysis. All samples of drilling muds and cuttings were collected 'i'

in plastic containers and frozen at -20 *C until analysis. "

!
Oil samples from a production well were obtained from MMS. Petroleum samples from the Isla

Vista seep, located southeast of the Platform Hidalgo study area off Coal Oil Point near Santa I

Barbara, were provided by Dr. Robert Spies of Applied Marine Sciences, Inc., Livermore, CA. Tar

balls and fragments, removed from surface sediments obtained from the study area, were collected for ml'
analysis.

Quality Assurance/Quality Control (QA/QC) I

The hydrocarbon and trace metals analytical program for this study was conducted under a rigorous I'

laboratory-wide QA program (Steinhauer & Steinhauer, 1990; Crecelius, 1990). Internal QC

included initial and ongoing determinations of analytical precision and accuracy through analysis of I

l
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I control materials. Approximately 15% of all analyses were QC samples and included method blanks,

spiked matrix blanks, standard reference materials, certified reference materials, and duplicates.
r."x.

I Analysis of Grain Size and Total Organic Carbon (TOC)

I Sediment grain size was analyzed by using sieve and pipette methods described by Plumb (1981).

Sediment particles >62 #m in diameter were separated into eight size classes by mechanical wet

I sieving through clay particles (<62/_m) were by
nested sieves. Silt and fractionated pipette analysis

based on Stokes' Law correlating settling velocity with particle size.

,|
Concentrations of Toe in surface sediments were determined with a LECO carbon analyzer

according to the methods of Bandy & Kolpack (1963) and Van Andel (1964). Measured
concentrations of total carbon and carbonate carbon were used to calculate TOC (Kinney et al.,

I 1990).

I Analysis of Hydrocarbons
Samples were prepared for analysis of saturated and aromatic hydrocarbons by solvent extraction

i followed by column chromatography cleanup. From the pooled homogenized sample replicates, a 50-
g (wet weight) subsample was extracted with 100 mL methanol to remove water. After

i centrifugation, the methanol was decanted and 10 #g each of the quantification internal standards
(QIS), androstane and ortho-terphenyl, was added to the sample. Samples were extracted three times

with dichloromethane (DCM)/methanol (9:1, v/v). The combined extracts were acidified with 100
mL 0.1M HCI. After separation, the aqueous phase was back-extracted with DCM and the extract

I was combined with the original solvent extracts. The combined extracts were dried with anhydrous
II

sodium sulfate and concentrated by Kuderna-Danish (K-D) techniques to -- 4 mL. Stilfur was

i removed from the concentrated extract with 0.5 g activated copper. The DCM extract was exchangedfor hexane and concentrated to -- 4 mL with a stream of nitrogen gas. Total extractable lipid was

i determined gravimetrically to ensure that the amount of extract applied to the chromatography columncontained no more than 50 mg lipid. A silica gel/alumina (11:1, w/w) column was charged with the

i extract, and the Ft saturate and F2 aromatic hydrocarbon fractions were eluted with 18 mL hexane and21 mL DCM/acetone (1/I, v/v), respectively. The eluates were combined and concentrated to 10 mL

i: by K-D techniques, and further reduced to 500 #L by nitrogen gas evaporation. For samples of tar

i 6-5
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I
balls, concentrations of saturated and aromatic hydrocarbons were also determined gravimetrically by II

ii
separately weighing the F_ and F2 fractions. Prior to analysis, 10 #g of each recovery internal

standard (RIS), cholestane and chrysene-dl2, was added to the extract, j,

Extracts were analyzed for saturated and aromatic hydrocarbons by coupled gas chromatography/mass l1
IIspectrometry (GC/MS) using a Hewlett-Packard model 5970 GC/MSD and companion computer-

based data system. Specific operating conditions of the GC/MS system, and identification and "'ill

quantification of analytes are described by Steinhauer & Steinhauer (1990). The saturated _

hydrocarbon compounds determined for this study included the straight-chain hydrocarbons, n-Clo to I[11_

n-C3,, and the branched-chain hydrocarbons, pristane and phytane. Saturated hydrocarbons were •/J

quantified relative to their response to 5-t_-androstane, a pentacyclic sterane. Polynuclear aromatic i

hydrocarbon (PAl-l) compounds included (1) the parent compound and alkylated homologs of '1

naphthalene, fiuorene, phenanthrene, and dibenzothiophene, and (2) fluoranthene, pyrene,

benz[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, _1_

benzo[e]pyrene, and perylene. The PAH compounds were quantified relative to their response to

ortho-terphenye. The concentration of total resolved (i.e., GC/MS peaks) plus unresolved I

(chromatographic "hump") saturated and aromatic hydrocarbons is referred to as total hydrocarbons

(THC; see Table I). '!

Analysis of Trace Metals j
m

Surface sediments, material collected in sediment traps, and drilling muds and cuttings were also

analyzed for I1 trace metals, including barium. Samples were freeze-dried and blended. Surface I

sediments were additionally ground in a ceramic ball mill and drill cuttings were sieved through a
tlb

1.5-mm-mesh screen to remove large panicles. I

For sediments analyzed by energy-dispersive x-ray fluorescence (XRF), a 0.5-g aliquot of ground jII

sediment was pressed into a 2-cm-dia pellet (Nielson & Sanders, 1983). For analysis by atomic

absorption spectrometry, a 0.2-g aliquot of sediment was digested with HNOJHCI04/HF in a Teflon _1

bomb. Drilling muds and cuttings, and material collected in sediment traps were digested using

microwave techniques modified from Nakashima et al. (1988). '1

|
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i chromium, copper, nickel, lead, vanadium, and zinc in surface sediments were

Arsenic, barium,

analyzed by XRF. Cadmium and silver were analyzed by Zeeman graphite-furnace atomic absorption

spectrometry (ZGFAA) with a matrix modifier of ammonium In
phosphate (Bloom, 1983). drilling

muds and cuttings and in material collected in sediment traps, silver, cadmium, nickel, lead, and

i vanadium were analyzed by ZGFAA; copper, chromium, and zinc were analyzed by flame atomic
absorption spectrometry. Neutron activation was used to analyze barium in drilling muds and cuttings

/1 and in material collected in sediment traps. Mercury was analyzed by cold-vapor atomic absorption
spectrometry similar to the method described by Bloom & Crecelius (1983).

[_ Analysis of Data

i Data for individual hydrocarbon analytes and trace metals, acquired from instruments, were
electronically transferred as ASCII files to a Digital Equipment Corporation VAX TM 11/750 computer

i for data reduction and for storage in a permanent database. The data set for each survey was reduced
and summary statistics were calculated. Hydrocarbon data were reduced to selected diagnostic

i arameters and ratios (see Table I). Reduced data were transferred to spreadsheet software to
produce tables and graphics.

1 One-way analyses of variance (ANOVA) were conducted to determine statistically significant temporal

i and spatial trends, and patterns in the concentrations of chemical parameters. Both hydrocarbon andtrace-fiaetal data sets were analyzed by identical statistical routines because chemical analyses for both

i were performed on the same samples (i.e., splits of each replicate collected). ANOVAs wereconducted using the general linear-model procedure in Statistical Analysis System (1985). A value of

i ct = 0.05 was selected.

i Power analyses, using two-tailed t-test comparisons, were performed according to proceduresdescribed by Green (1989) and are described more thoroughly by Hyland et al. (Chapter 9). Percent

.. detectable change was examined at a sample size (n) of three and at/_ = 0.20 (t_ = 0.05).

!
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RESULTS/DISCUSSION i

Characterizationof SurfaceSediments ,_1

Surface sediments adjacent to most hard-bottom substrates in lhe study area were generally

characterized by a high percentage (72% + 9%) of fine material (<62 #m). At three stations (PH- I

K, PH-N, and PH-R) along an offshore transe_t southwest of Platform Hidalgo, grain size was

consistently coarser, averaging only 36% + 6% fine material. Figure 3 illustrates the mean percent /

fine sediment and the ranges measured over all surveys at individual stations. Over time, grain size

varied by approximately 20% at all stations except at the farfield sl_tions PH-U and PH-W, where 1_
mj

fine material varied by 40%.

Concentrations of TOC in study area sediments varied narrowly at individual stations, and ranged '!

between 3.0 and 13.7 mg/g dry sediment (Fig. 3). Averaged over all stations and sampling times, the
• It

TOC concentration was 8.8 mg/g dry sediment. Overall, TOC concentrations were generally within

ranges reported by SAIC (1986) for sediments in the same offshore region. As shown in Fig. 3, /

!particularly at stations PH-K, PH-N, and PH-R, TOC was weakly correlated (r = 0.53 at et = 0.05)

withthesedimentfinefraction. "

l
Hydrocarbon Chemistry

Saturated Hydrocarbons i"

The GC/MS-determined total hydrocarbon (THC) concentrations in surface sediments around Platform i
Hidalgo are shown in Fig. 4. At individual stations, the temporal mean THC concentrations ranged

between 24 and 180 #g/g dry sediment and averaged 69 + 13 #g/g over all stations and sampling i
IlK,

surveys (n = 62). The range and grand mean for Platform Hidalgo sediment THC concentrations are

very similar to the 3-year (n = 137) range (22-193 #g/g) and grand mean (62 + 48 #g/g) measured ,/11
at the proposed Platfi_rm Julius control site (Steinhauer & Steinhauer, 1990), and are also within the J

range reported by SAIC (1986) for sediments from the same offshore region and by Reed et al. i
I

(1977) for the basins of the southern California borderland.

!Concentration ranges for THC were similar in sediments from both nearfield and farfield stations. ...

Normalizing THC concentrations to the fine sediment fraction did not reduce spatial variability that I
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I may have been attributed to a difference in sediment grain size. Instead, normalizing THC

i concentrations to the fine sediment fraction increased the variability in THC concentrations by a factorof _ 1.5-4 over THC concentrations that were not normalized. Pearson's correlation coefficients

_ revealed that THC was not highly correlated (r = 0.36 at ,v = 0.05) to the fine sediment fraction or

I to TOC concentrations (r = 0.26 at _ = 0.05). These results suggest that hydrocarbons in surface

sediments of the study area are not specifically associated with silt/clay particles or with TOC. The

i occurrence of discrete small tar particles originating from natural seepage would be consistent with
our results.

I
Examination of the hydrocarbon data over time (Fig. 5a) shows that TttC concentrations increased

i two- to three-fold in sediments from all stations, including the farfield control stations PH-U and PH-

W, sampled in October 1988 (during drilling). Although this short-term area-wide increase in THC

i concentrations may appear to reflect low-level input related to drilling activities at Platform Hidalgo,
it more likely represents variability related to natural input (e.g., seep-related materials) to the region.

i Several features of the GC/MS total-ion and extracted-ion (m/z 57) chromatograms of the sediment

i extracts revealed evidence Of petroleum input throughout the study area. The largest component of
the THC concentration was consistently the unresolved complex mixture (UCM). The UCM, which

i is an elaborate mixture of branched, cyclic, and partially degraded hydrocarbons that cannot beindividually identified by the chromatography techniques employed, generally reflects a petroleum

i input (Farrington & Tripp, 1977; Reed et al., 1977; Wakeham & Farrington, 1980; Kennicutt et al.,1987;) and is a feature of most weathered oils (Farrington et al., 1973; Farrington & Meyers, 1977;

i_ Reed et al., 1977). Generally, UCM comprised 50% or more of the THC concentration of thesediments from all Platform Hidalgo stations and, in samples collected during October 1988,

i accounted for 80% or more of the THC (Fig. 5b). A large UCM component is not an unusualfeature of sediments from the southern California offshore environment and is characteristic of

sediments from a large region of the Southern California Bight (Reed & Kaplan, 1977; Reed et al.,

i 1977; Simoneit & Kaplan, 1980), and from the Santa Maria Basin and western Santa.Barbara Channel

(SAIC, 1986). In the region of the lsla Vista marine oil seep, Stuermer et al. (1982) reported that the

I UCM was a dominant feature of not only the seep oil, but also of the sediment near the seep as well

as sediment from a control station _ I mile from the seep.

I
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Total resolved alkane (n-C1o through n-C_) concentrations, which reflect both biogenic and petrogenic '!

input to the sediments, varied between 0.44 and 2.8 #gig dry sediment, a relatively small proportion f,

!of the THC concentration (1-3%, except May 1987 samples that averaged 10%; Fig. 5c). Based on
J

analyses performed by Reed and Kaplan (1977), the n-alkane component of seep oils from offshore

Santa Barbara represents only 2-3% of the total hexane extract; the branched and cyclic "1

hydrocarbons, manifested as UCM, account for >95% of the total extract. Seep-related petroleum

components of the sediments, therefore, can account for part of the elevated THC concentrations

observed in the October 1988 samples, but contribute less significantly to the total resolved alkane

concentrations (i.e., the concentrations of total alkanes in the October 1988 sediments were not I

elevated relative to THC; see Fig. 5c).

Chromatograms of sediment extracts also revealed that the n-alkanes were typically characterized by i

odd-carbon dominance in the n-Cz_ to n-C31 range (Fig. 6) and that the most abundant alkane was n- '_

C_ or, in several samples, n-C31. These features are typical of sediments receiving saturated R

hydrocarbon input derived primarily from terrestrial plants (Wakeham & Farrington, 1980). The ill

|odd/even preference index (OEPI; Farrington & Tripp, 1977), which measures the ratio of odd- to
,,.f

even-carbon alkanes in the n-Cz_ to n-C3_ range, varied between 3 aud 30 for all samples analyzed, W

and was largest in samples collected during the postdrilling October 1990 survey. The ratio of odd- I

to even-carbon n-alkanes is close to 1 in most petroleum samples (0.8 in the production oil analyzed /

as part of this program) and increases as biogenic hydrocarbons become the dominant components. I

The concentrations of low-molecular-weight alkanes in the n-Clo to n-C2o range were typically very '1

low (<0.03 #g/g), suggesting little evidence of fresh petroleum in the sediments. In several samples,

n-C15 was relatively prominent. As discussed by Blumer et al. (1970), this alkane commonly is /!
g-

associated with some marine plant species. Concentrations of the isoprenoid hydrocarbons, pristane

and phytane, which are primarily biogenic and petrogenic in origin, respectively, were remarkably ,I

similar for all samples analyzed (n = 62), and ranged from 0.03 to 0.13 #g/g dry sediment. Over all

sampling surveys and stations, pristane/phytane ratios ranged narrowly between 0.9 and 1.5, and were I
most frequently near 1, suggesting evidence of some petroleum in the sediments. For the production

oil and tar ball sample, this ratio was 0.75 and 0.80, respectively. Tile composition of the Isla Vista j

seep oil was much more enriched in phytane than either the production_ oil or the tar ball samples, and

resulted in a pristane/phytane ratio of 0.29. \1
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Jl The saturated hydrocarbon distributions of the sediment samples collected for this study appear to
" result from a blend of petrogenic sources (e.g., large UCM; phytane) and biogenically derived plant

i waxes (e.g., n-Cz_, n-CzT, n-C_, and n-C3,). These features can be considered representative of the
natural characteristics of sediments from the southern California OCS (Reed & Kaplan, 1977; Reed et

al., 1977; Simoneit & Kaplan, 1980; SAIC, 1986).

_l Because of the uniformly large UCM component of sediments from both the Platform Hidalgo site
and the proposed Platform Julius control site (Steinhauer & Steinhauer, 1990), it is probable that

sediments in a large region of the Santa Maria Basin and western Santa Barbara Channel are exposedto chronic low-level petroleum input emanating from oil seeps in the region. During the CAMP

study, many small tar balls and tar fragmentswere found in many sediment samples collected for_ macroinfaunal analysis and for mineralogical analysis. The fragments observed in the sediment

i samples collected for this program varied in appearance from relatively fresh petroleum to extremelyweathered tar chips (Kinney et al., 1990). Farrington & Tripp (1977) suggest that a significant UCM

i in otherwise unpolluted sediments may be explained by a tar particle flux to the sediments from theoverlaying water column. As discussed by Kinney et al. (1990), poleward transport of tar particles

by the California countercurrent from offshore seep areas is consistent with sediment mineralogical

trends observed in study area sediments.

I Aromatic Hydrocarbons

"li[ Total resolved polynuclear aromatic hydrocarbon _PAH) concentrations in surface sediments ranged

II betweenO.01 and 0.2 #g/g and typically comprised only 0.1-0.3% of the THC. Figure 7 presents the

,_ concentrations of _PAH in surface sediments collected from all Platform Hidalgo stations during the

I seven sampling surveys. Except at three stations sampled in October 1986, PAHs were consistently

detected at very low concentrations before, during, and after drilling at Platform Hidalgo. Sediments

i collected from stations PH-J, PH-K, and PH-R during the predrilling October 1986 survey revealed

relatively higher (by a factor of 2-10) concentrations of PAils than were detected at all other locations

I sampled in October 1986 and at all stations sampled during and after drilling.

i Inspection of the PAH composition of all samples collected revealed that the dominant aromatic

hydrocarbon occurring in the sediments was nearly always perylene, which ranged in concentration.,It..

I, between 0.007 and 0.22 #gig. It has been suggested that perylene, a 5-ring PAH, is formed from
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biologically derived precursors under reducing conditions and is commonly detected in marine IB

n.sediments (Wakeham, 1977; Wakeham et al., 1980; Louda & Baker, 1984). Other individual PAHs

frequently detected at trace levels (0.001-0.01 #gig) in the Platform Hidalgo sediments were /
IIfluoranthene, pyrene, benz[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[a]pyrene, and

benzo[e]pyrene. These 4- and 5-ring PAHs, which usually accounted for the largest component (60- 11

II100%) of the I_PAH concentration of most sediments, are ubiquitou_ compounds that can be derived

from incomplete combustion of organic matter (Lee et al., 1977), and are transported from land to

offshore sediments by aerial deposition or surface runoff (NRC, 19851). IJ

Graphic display of the relative abundance and distributions of the parent and alkylated homologs of I

the 2- and 3-ring PAHs, combined with the relative abundance of the 4- and 5-ring PAHs, is a useful __,

!tool for assessing the composition of the PAHs and for detecting petroleum-sourced signals

(Youngblood & Blumer, 1975; Blumer, 1976). Figure $ illustrates the alkyl homolog distributions of

PAHs in sediments from stations PH-J, PH-K, and PH-R (October 1986), which revealed slightly ,i,

elevated I;PAH concentrations (see Fig. 7). Alkyl homolog distributions for station PH-J and PH-R

sediments are nearly indistinguishable and show (1) parent and alkylated naphthalene compounds, (2) '1

unsubstituted dibenzothiophene, (3) various combustion-sourced 4- and 5-ring PAHs, and (4)

unsubstituted phenanthrene. The composition of the PAHs in the sediments at these two stations I
11

implies a mixture of petroleum (e.g., presence of alkylated PAHs) and combustion-derived (e.g.,

presence of dealkylated or parent PAHs) hydrocarbons. The presence of naphthalenes and, in R
lie

particular, alkylated dibenzothiophenes suggests a petroleum input; the 4- and 5-ring combustion-

derived PAHs, which accounted for nearly one-half of the absolute concentration of [;PAH at these _....
stations, were present as background constituents at similar levels in most sediments. _11•

At station PH-K, however, the alkyl homolog distribution revealed a distinct and dominant petroleum _!_

signal, even though the absolute concentration of I;PAH in the sediments was about three times lower
lthan the concentrations detected at stations PH-J and PH-R (see Fig. 7). The PAH composition of

station PH-K sediments was dominated by alkylated phenanthrenes and dibenzothiophenes; an absence

of the more volatile naphthalene compounds suggests that the petroleum was not particularly fresh, i

Although phenanthrenes may be derived from petroleum, formed by chemically or biologically i

mediated processes, or result from combustion of fossil fuels, the presence of alkylated phenanthrenes !
observed in this sample usually suggests a petroleum source (Youngblood & Blumer, 1975; NRC, /
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I Additional evidence of source is the of the parent and alkylated

1985). a petroleum presence

dibenzothiophene compounds. It is also significant to note that the sediment IIPAH concentration at

t station PH-K not dominated or by the 4- and 5-ring combustion PAHs, which
was by perylene

together accounted for only 10% of the total PAIl concentration in this sample.

I
Because stations PH4, PH-K, and PH-R were sampled prior to initiation of drilling activities at

Platform Hidalgo, the small but readily detectable input of petrogenic hydrocarbons may be associated
with platform siting and predrilling activities at Hidalgo or with drilling activities at other platforms in

I the area (see Fig. 2). However, because a concomitant barium signal was not observed in thesepredrilling samples (see discussion below), it is unlikely that the petroleum hydrocarbons originated

i from drilling-related discharges. A more plausible source of the petroleum signal is the natural oilseeps that characterize the offshore southern California region (Wilkinson, 1972; Spies & Davis,

i 1979). Analyses of samples collected during active drilling at Platform Hidalgo did not revealsediment PAH concentrations as high as those detected at stations PH-J, PH-K, and PH-R prior to

i drilling. Occasional and irregular petroleum signals, particularly if not accompanied by an increase inbarium, suggest that the origin is probably not a point-source (e.g., a drilling platform) but,

i alternatively, related to a less-predictable phenomenon such as transport of seep-related petroleummaterial. Chemical characterization of sediments in the Platform Hidalgo monitoring area must

consider natural petroleum inputs, such as those originating from seeps, part of the predrilling

background conditions.

I_ Trace Metal Chemistry

i The station-averaged and time-averaged mean trace
concentrations of metals in surface sediments,

collected during seven surveys between October 1986 and October 1990, are presented in Tables 2

I and 3, respectively. The within-station variance for all metals was approximately 15%, estimated
from the standard deviation of seven field replicates collected over the 4-year study. Except barium,

I none of the metals was elevated in concentration during the period of drilling at Platform Hidalgo
(October 1988 samples) and the concentrations of metals generally reflected average concentrations in

i crustal rocks. For comparison, the grand mean concentrations of metals in sediments from the
proposed site for Platform Julius (predrilling control area) are included in both tables.

i
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The concentrations of all metals (except barium) measured in sediments from Platform Hidalgo were I

similar to the concentrations reported for sediments from the proposed Platform Julius site, implying _'

that the metals represent natural background concentrations for this offshore region. Other ,I
investigators have reported similar concentrations of trace metals in southern California coastal

sediments (Bruland et al., 1974; Chow & Earl, 1979; Katz & Kaplan, 1981; Hershelman et al., 1983; I
i.a!

and SAIC, 1986).

/I

The only elements that showed some correlation with the silt/clay sediment fraction were nickel, ,llJ

copper, and lead (r = 0.86; 0.77, and 0.63 at t_ = 0.05, respectively); these elements were also i
IIslightly lower in concentration (see Table 3) at the three statioxts (PH-K, PH-N, and PH-R)

characterized by sandier sediments. Chromium, which was negatively correlated (r = -0.49 at t_ = "_

0.05) with the fine sediment fraction, probably occurs as sand-sized particles of chromite minerals \11!

(SAIC, 1986). None of the metals correlated well with TOC (r -- -0.47 to 0.54). g
'B"

Barium, which is a major constituent of drilling muds, was the only element that changed significantly /
over the 4-year study. Figure 9 illustrates the mean barium concentrations and ranges in surface

sediments from five nearfield stations (PH-I, PH-J, PH-K, PH-N, and PH-R) located along a •

Inortheast-to-southwest transect through Platform Hidalgo. Between October 1986 and October 1988,

the mean barium concentration at these five stations increased by 200-300 #gig; a two-way ANOVA

indicated that this trend was significant at ot = 0.001. Peak barium concentrations in sediments from I

the five nearfield stations were detected in samples obtained during October 1988, while Platform :.

Hidalgo was being drilled. The gradual decline to near-background concentrations (--700 #g/g) of _n

barium between May 1989 and October 1990 was significant at ot = 0.1. Natural sources of barium

that contribute to the background concentration include riverine transport of barite minerals that occur I'

as outcrops in the drainage basin of the Santa Ynez River, just north of Point Arguello (SAIC, 1986).

Barium concentrations in sediments from the background station (PH-W), located 6 km northwest of

Platform Hidalgo, did not change significantly during the 4-year sampling period, indicating that I

station PH-W is outside the area of detectable change. The increase in sediment barium

concentrations observed at the nearfield stations is due to barite in the drilling mud discharges. As i
Im

illustrated in Fig. 2, between October 1986 and October 1988, drilling fluids were being discharged at

four platforms, three of which are located within 7 km of the five transect stations. Platform Hidalgo ,!
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" barite in 1988. Both Platform Harvest and Platform Hermosa, located 3.3

began discharging January

and 7 km southeast of Platform Hidalgo, respectively, discharged barite throughout most of 1987 and

i 1988. Platform Irene, located 13 km north of Platform Hidalgo, discharged relatively minor amounts
of barite.

i Characterizationof Sediment-TrapMaterial

I Hydrocarbon Chemistry

Saturated Hydrocarbons

i Sediment-trap samples were collected 1 m from the bottom in replicate traps deployed at nine

I[ Platform Hidalgo stations and at one location near Platform Harvest. Only the first set of traps,| ' deployed in October 1986 and retrieved in May 1987, collected sediment prior to drilling the first

i well at Platform Hidalgo. Because most traps in the first deployment were lost, predrilling data wereavailable only for stations PH-I and PH-U. After the traps were redesigned, subsequent retrievals

i were more successful and represented a majority of the platform stations.

i To illustrate temporal changes in the concentrations of THC in sediment-trap material, station-averaged THC concentrations are presented in Fig. 10. Mean THC concentrations, which, overall,

were 2-4 times higher in the trapped material than in surface sediments, ranged between 69 and 526

_ /@/g dry sediment. The lowest concentrations were detected in the two predrilling samples collected

between October 1986 and May 1987, and in samples collected from all stations between October

I 1989 and May 1990, after cessation of drilling. The highest mean THC concentration and the

broadest concentration range were both measured in trap samples collected between May and October/-

I a period Hidalgo at two platforms were discharging drilling
1988, when Platform and least other

fluids (see Fig. 2). The distribution of THC among stations for the May-October 1988 samples

I reveals that the highest concentrations were found in sediment-trap material collected from stations
• PHAR (526 #g/g), PH-W (475 #g/g), PH-R (442 #g/g), PH-U (397 #g/g), and PH-N (341 /@/g).

I These increases in THC concentrations, however, were unusual because they were not accompanied
by increases in PAHs during the same period and because the two farfield control stations (PH-U and

i PH-W) had among the highest THC concentrations. For these reasons, it is unlikely that the short-
term increases in THC observed in sediment-trap samples collected between May and October 1988

ii can be attributed to platlbrm discharges.
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As found in the surface sediment samples, UCM was also the major component of THC (-- 30-80%) 1

g_
in most sediment-trap samples. Total alkanes generally comprised 1-5% of the THC and exhibited

the plant-wax pattern of odd-carbon dominance between n-Cz_ and n-C31, with maxima at n-C_. i

Other important saturated hydrocarbons in many samples included n-C15, n-C17, and n-C19. Because

these components were not part of the characteristic petroleum hydrocarbon pattern, their presence i
li

was probably due to marine biogenic input that is often distinguished by odd-carbon preference in the -

n-C_5 to n-C21 range (Clark & Blumer, 1967; Blumer et al., 1970; NRC, 1985). I_

Concentrations of pristane were disproportionately higher (5- to 25--fold) in sediment-trap samples i

than in surface sediments and, therefore, resulted in much larger pristane/phytane ratios. This ratio, i

|which was near unity in most surface sediments, averaged 4.8 in trapped sediments and, in many

samples, was much larger. Although present in varying concentrations in petroleum products, iI

pristane is a dominant isoprenoid hydrocarbon in marine plankton and. is primarily biogenic in origin \i

(Blumer et al., 1963; NRC, 1985). Because plankton are more likely to accumulate in sediment traps !11
than in bottom sediments, higher ratios of pristane/phytane in the sediment-trap samples may not be ,l_,

unusual. i

Aromatic Hydrocarbons :,
li

Concentrations of _PAHs in sediment-trap material varied over time and station location by a factor '! _

of about 100, ranging from below detection limit to 1.1 #gig. However, although the high end of the _Ira

concentration range was due to just several samples, there were no spatial or temporal trends

associated with these few samples. For example, the highest I;PAH concentrations were associated II

|with two samples (stations PH-I and PH-U) collected between October 1986 and May 1987, before

drilling at Platform Hidalgo was initiated. "i
il

In general, GC/MS chromatograms revealed that individual PAHs were either not detected or were I

detected only in trace amounts (= 0.001-0.05 #g/g) and, overall, were negligible constituents of the I

sediment-trap material. As found in surface sediments, the dominant PAH in all but several samples

was perylene. Concentrations of perylene were highest (0.238 and 0.:314/_g/g) in the two predrilling _l.

samples from stations PH-I and PH-U, and for all other samples, generally ranged between 0.01 and

0.05 /zg/g. Unsubstituted naphthalene and phenanthrene were detected only at trace levels i

i

(0.001-0.03 and 0.001-0.08 #g/g, respectively) in several samples collected between May 1987 and

October 1988 when three platforms were drilling. Although naphthalenes and phenanthrenes are '1'

y.
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i common aromatic components of crude oil, their alkylated (substituted) homologs are more indicative

of petroleum source.s than are the unsubstituted parent compounds. Therefore, the presence of

individual naphthalene and phenanthrene components in these samples was probably not related to a

petroleum input. Most of the PAHs (except perylene) measured in the sediment-trap samples were

I combustion 4- and from terrestrial runoff or
hydrocarbons (i.e., 5-ringPAHs) probably originating

atmosphericfallout.Concentrationsofindividual4-and 5-ringPAHs rangedbetweendetectionlimit

values (< 0.001 /zg/g) and 0.010 #gig.

i Several samples revealed low-level PAH contamination. These samples included (1) two predrilling
samples from stations PH-I and PH-U retrieved in May 1987, (2) a sample from station PHAR

I collected during drilling and retrieved in October 1988, (3) a postdrilling sample from station PH-I
retrieved in May 1989, and (4) a postdrilling sample from station PH-F retrieved in October 1989.

I Examination of the PAH homolog patterns indicated that a small petroleum signal, evidenced by
alkylated naphthalenes, phenanthrenes, and dibenzothiophenes, was indeed present in these samples.

However, because barium concentrations, in all but the Platform Harvest (station PHAR) October1988 sample, were near background levels (_-700 #g/g), the petroleum signal was probably due to

I seep petroleum associated with particles rather than to drilling discharges.

The chemical composition of the Platform Harvest sample collected during drilling was more likely

I_ drilling-related because both a distinct petroleum hydrocarbon signal and a significant increase in the

barium concentration were detected. The PAH alkyl homolog distribution for the sample from station

I PHAR, located approximately 0.6 km northwest of Platform Harvest, is shown in Fig. 11. Alkylated

naphthalenes (0.28#g/g), phenanthrenes (0.17#g/g), and dibenzothiophenes (0.04#g/g) were

i significant components of the ]_PAH, and together accounted for _ 80% of the I;PAH concentration.

The pyrogenic hydrocarbons (4- and 5-ring compounds) and perylene, although present in this

i sample, accounted tbr < 20% of the I;PAH concentration.

I Trace Metal
Chemistry

None of the metals, except barium, showed drilling-related enrichment in the sediment-trap material.

I However, because material collected in the sediment traps was primarily < 62 #m in diameter (fine

fraction), the concentrations of most metals were slightly higher in sediment-trap samples than in

I_ bottom sediments. Chromium was the only element higher in concentration in surface sediments
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(grand mean: 124 #g/g) than in the sediment-trap material (grand mean: 96 #g/g). Because iw
chromium probably occurs in mineral form associated with larger grain-sized material, it occurs at

lower concentrations in the finer particles collected by sediment traps. '!

Figure 12 illustrates mean barium concentrations of sediment-trap sanaples collected during drilling at i
i

Platform Hidalgo and after drilling had ceased. Predrilling data were not included in this figure

because only two traps were retrieved from the study area before the In'st well at Platform Hidalgo II

was drilled and also because three other platforms, within 13 km of Platform Hidalgo, were drilling 411

between October 1986 and October 1987. Figure 12 shows that the mean concentrations of barium !1

during drilling ranged between 1809 and 2723 #g/g, and increased 2- to 3-fold at all near- and mid- _._

field stations while drilling was occurring. At the farfield stations (PH-U and PH-W), barium II
increased only 1.5-fold during the same period. Postdrilling barium concentrations showed little ,l_

spatial variability, and ranged between 749 and 959/zg/g sediment-trap material. Because the II

concentrations of barium measured in sediment-trap samples collected during all three postdrilling _,

surveys were similar, and because these concentrations approximated predrilling concentrations of il

|barium in surface sediments, the 749-959 #g/g barium range can lbe considered representative of

background concentrations in sediment-trap samples (i.e., predrilling conditions).

,!
Characterization of Source Materials

Prodt_ction Oil, Seep Oil, and Tar Balls I

To obtain information on the composition of materials that may serve, as sources of hydrocarbons to II

the Platform Hidalgo area sediments, samples of a production oil, s_',p oil, and various macroscopic
I

tar particles were analyzed chemically. Tar materials, obtained opportunistically from infaunal i

sediment samples, were grouped into three types based on physiical properties. The physical ._

appearance of the tar materials suggested that the collected particles had been weathered to different nil
|degrees. Table 4 includes a description of the tar materials analyzed, the gravimetrically determined

saturated and aromatic hydrocarbon content, and GC/MS-determined concentrations of aromatic In

hydrocarbons. For reference, some data on the production and seep oi'ls are included in Table 4. II,

Tar particles and the seep oil were characterized by a high percentage (96-98%) of UCM and low !

absolute concentrations of alkanes, both features that result from weathering of the source oil

l
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l (Farrington et al., 1973). Gravimetrically determined saturated and aromatic hydrocarbon

i concentrations increased consistently from the visually most-weathered tar balls to the potential sourceoil (production oil). Analysis of the tar materials and seep oil did not reveal a similar trend,

l suggesting that the gravimetrically determined saturated and aromatic hydrocarbons were componentsof the UCM (i.e., polycyclic alkanes and partially aromatized polycyclic compounds) rather than

i targeted analytes. The alkane and PAH signatures of the tar samples were highly weathered and didnot resemble those of the seep or production oils. When detected, the concentrations of individual

hydrocarbons in the tar particles were in the low ppm range. A depletion of n-alkanes in the tar

samples is characteristic of material from shallow water-washed oil reservoirs (i.e., potential seeps;

Stuermer et al., 1984).

I
Drilling Discharges

I Chemical analysis of drilling muds and drill cuttings, obtained at several depth intervals from five

wells at Platform Hidalgo, are summarized in Tables 5 and 6, respectively. Petroleum hydrocarbons,II

I in concentrations ranging between 2 and 1000 times background sediment concentrations, were found

-_ in samples of drilling muds and drill cuttings collected at all well depths (see Tables 5 and 6).

I Concentrations of THC in drilling muds, and concentrations of THC and PAHs in both drilling muds

and cuttings increased with well depth. Both the saturated and aromatic hydrocarbon compositions of

I the near-bottom drilling muds and drill cuttings closely resemble the composition of the production oil
collected from a well near the study area. Figure 13 illustrates the relative concentrations of

I individualsaturated and aromatichydrocarbons in the three sample types. The saturated hydrocarbon
distribution was very similar in the samples of mud, cuttings, and production oil (Fig. 13a). The

I PAH distribution (Fig. 13b) illustrates that the C: and C3 alkyl-substituted members in each
homologous series generally were quantitatively more significant than their corresponding parent

I compounds and were dominant of the aromatic hydrocarbon fraction. It is noteworthy
components

that the 4- and 5-ring PAHs were negligible components of the aromatic hydrocarbon composition of

I all three source materials.

I Hydrocarbons found in the drilling discharges can originate either from (1) lubrication oil added to
drilling-mud formulations or (2) crude oil from the geologic formation being drilled. Because

I inventories of discharges from Platform Hidalgo revealed no evidence of refined oil in the drillingfluids (see Steinhauer et al., Chapter 2), in addition to the compositional similarity to the production
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oil, the petroleum hydrocarbons measured in the drilling fluids probably originate in the petroleum- II

Iwbearing strata cut during drilling.

As shown in Table 5, only barium and zinc were significantly higher in drilling muds than in surface t
Isediments surrounding Platform Hidalgo. Barium, in the form of barite (barium sulfate), is used as a

weighting agent in drilling muds. Barite concentrations in drilling muds vary with the depth of the I

well being drilled, but can be as high as 2 kg/L in the muds (Neff et al., 1987). In the drill cuttings i

(Table 6), concentrations of all metals, except chromium and mercm3,, were elevated relative to the II

surface sediments. Although lead and zinc may be derived from pipe-thread compound (pipe dope) ',m-

used to lubricate the threads of drill pipes, the higher concentratiom of most other metals (except i/

|barium) in the drill cuttings are unusual and may reflect mineral enrichment from the rock strata

being drilled or contamination from metal filings abraded from the dri][l bit.

I
Effects of Drilling-Related Discharges on the Geochemical Environment

I

The ability to detect drilling-related changes in the concentrations of chemical parameters in sediment- R,

trap samples or in surface sediments is a function of (1) the concentrations of contaminants in drilling

discharges relative to background concentrations and the expected dilution of the drilling discharges in 'lpl

the environment, (2) the statistical power to detect change based on the observed variability of each i

contaminant, and (3) the chemical or physical transformation (e.g., solubility) of each contaminant i
J

during the transport process. A description of the power analyses used for CAMP is presented by m

Hyland et al. (Chapter 9). !D

As discussed above, the only chemical parameter that showed a significant drilling-related increase in .I

either trapped sediments or surface sediments near Platform Hidalgo was barium. In comparison to

predrilling concentrations in surface sediments or postdrilling concentrations in surface and trapped I

sediments, barium was enriched by 200-300% in sediment-trap samples and by 10-40% in surface

sediments at nearfield stations during drilling. The highest relative enrichment in sediment-trap ,H--
samples was detected at station PH-J (May-October 1988 sample) where peakdrilling barium

concentrations were 2809 #g/g, compared to postdrilling concentrations of 703 #gig. The highest I

relative concentration in surface sediments was also found at station PH-J where peakdrilling barium

concentrations were 1135 #g/g, compared to predrilling concentrations of 798 #gig. No other H
qlcontaminants were significantly elevated in either surface or trapped sediments from station PH-J

duringthe May-October1988samplecollectionperiod. 1
xU,'•

6-20

l
\

I



t,

!
Drilling-related increases in the concentrations of other contaminantsin trapped sediments or in

J surface sediments can be estimated from the concentrations of barium in the drilling mud and the
enrichment of barium in the sediments during peak drilling discharges (Tables 7 and 8, respectively).

I Coats (in preparation) has determined that discharged drilling mud accounts for 1.97% of thesuspended sediment flux at station PH-J and suggested that this factor be used to determine barium

I enrichment in the May-October 1988 samples. Given this small fraction of the total suspendedmaterial derived from the drilling muds and the negligible difference between the concentrations of

-_ most contaminants in the drilling muds and background trapped sediments, the predicted increase of
i most inorganic contaminants is small (2% or less; see Table 7) and below the statistical power to

detect change.

I
For the trapped sediments, the predicted increase in concentrations of the aromatic hydrocarbon

parameters _PAH and naphthalenes) is greater than the increase observed for barium, and is also

greater than the ability to detect change, based on the power analyses (see Table 7). The inability to

detect a strong aromatic hydrocarbon signal in trapped sediments suggests that the fate of aromatic

hydrocarbons is different from that of barium. The high concentrations of naphthalenes in drilling

i muds relative to trapped sediments also account for most (72%) of the I;PAH enrichment. Because
naphthalenes are relatively soluble in water, preferential weathering through dissolution can reduce

I their concentrations in particulate matter water or traps during
in the column inthe the 6-month

periodofdeployment.Inaddition,althoughthetrapswerefixedwithsodiumazide,microbial

i of PAHs have occurredduringthe 6-monthperiodof
degradation low-molecular-weight may

deployment.

!
Barium enrichment in the May-October 1988 surface sediments at station PH-J can be accounted for if

i drilling muds comprise 0.32% of the surface (0-2 cm) sediment (Table 8). The smaller barium signal
in surface sediments as compared to trapped sediments represents the dilution of drilling mutl in the

I surface layer, and potential resuspension and transport of barium out of the station area. The small
drilling-mud signal will not significantly increase the concentrations of the inorganic contaminants.

The calculated relative increase for the hydrocarbon parameters in surface sediments is far less thanexpected from drilling-mud dilution because surface sediments at station PH-J have relatively elevated

i background concentrations of hydrocarbons and large variabilities associated with individual analytes.
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As shown in Table 8, the predicted increase in hydrocarbon analytes ira surface sediments is below the i
power to detect change.

I
Given the low drilling-mud signal in sediment-trap material and in surface sediments at station PH-J,

and the measured variability in chemical parameters, it is unlikely that the amounts of drilling mud i
g

discharged at Platform Hidalgo have significantly altered the inorganic geochemistry in the mid- to

far-field region (beyond 1 km from the platform). Within 1.5 years after drilling in the Arguello

Field ended, barium in trapped sediments dropped to predrilling concentrations. In surface sediments, ,t1•

the barium signal decreased gradually from peak concentrations observed during drilling but, at the i

end of the CAMP study in October 1990, was still approximately 20% higher than predrilling .]HI

concentrations measured in October 1986. Mixing of barium into deeper sediments may explain, in i
,11part, the decrease in barium concentrations in surface sediments during the postdrilling period.

However, barium also could be lost through resuspension of the surface layer and transport out of the

!study area. Detailed examination of barium concentrations with sediment depth could aid in

understanding the fate of barium in the surface sediments around drilling platforms. 1
IP'

CONCLUSIONS 'N.

Between October 1986 and October 1990, petroleum hydrocarbons and metals (except barium) in 1

surface sediments were in the general range of concentrations reported by other investigators for

southern California coastal sediments (Bruland et al., 1974; Simoneit & Kaplan, 1979; Chow & Earl, /
Ill

1979; Katz & Kaplan, 1981; Hershelman et al., 1983; SAIC, 1986). Therefore, it is reasonable to

conclude that the concentrations of contaminants (except barium) measured during this study represent I
'.ubackground conditions and do not reflect anthropogenic input associated with drilling in the Arguello

Field. Hydrocarbon concentrations in sediments from the study area were occasionally elevated. /
II

Such random increases in concentrations are not necessarily related to drilling activities but, instead,

appear to be influenced by tar particles emanating from various natural seeps identified in a large

region off the coast of southern California. In characterizing hydrocarbon concentrations of sediments .ll

from regions of known seeps, occasional petroleum hydrocarbon signals, such as those detected in our n

,!study, should be considered in determinations of background or predrilling concentrations.

|.
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i Barium, the only chemical parameter for which a statistically significant increase was found during

the period of drilling at Platform Hidalgo (November 1987 to January 1989), appears to be the most

I sensitive indicator of drilling activities. In trapped sediments, concentrations of barium showed a

statistically significant enrichment during the period of drilling activities in the Arguello Field.

I Within 1.5 after cessation of at Platform Hidalgo, concentrations of barium
years drilling

(749-959 #g/g) in the sediment-trap material represented background. However, at the end of the

.I CAMP Phase-ll study, or approximately 1.5 years after cessation of drilling at Platform Hidalgo,

1

barium concentrations in surface sediments were still slightly higher than background concentrations
f

measured before drilling began.
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Table 1. Hydrocarbon interpretive parameters.

I
Total Hydrocarbons Quantifies the total resolved (i.e., GC/MS peaks) II
fI'HC) plus unresolved saturated and aromatic hydrocarbons (i.e., II

chromatographic "hump" or unresolved complex mixture, UCM).

Normal alkanes between C1o and C_. I
Total Alkanes

Pristane 0PRIS) A Cx9 isoprenoid alkane that, although present in petroleum, is
primarily biogenic in origin, occurring iin biota and in recent I
sediments as a degradation product of the phytol side chain of

chlorophyll. I

Phytane 0PHYT) A C2o isoprenoid alkane that is rarely biogenic but a common
component of crude oil.

!1

PRIS/PI-IYT A diagnostic isoprenoid ratio useful in determining the relative _l
contribution of petroleum inputs to the sediments. In sediments
"uncontaminated" by petroleum, this ratio is usually much larger than m
1.0 and typically "-_3 to 5. PRIS/PHYT is 0.78 for production oil |
from the Arguello Field and 0.87 for Isla Vista seep oil.

Unresolved Complex The baseline-corrected unresolved "hump" or UCM under I
Material (UCM) the resolved peaks of a chromatogram is usually a mixture of

branched and ring-structured hydrocarbons that cannot be individually Ill
identified by gas chromatography. UCM is a feature of most |
weathered oils and generally implies the presence chronic inputs of

petroleum (Reed et al., 1977; Farrington et al., 1973).
m

Naphthalenes fN') The sum of the naphthalene homologous series includes the
unsubstituted 2-ring parent, naphthalene, and the alkyl-substituted

homologs (Co-N + Cn-N + C2-N + C:-3N + C_-N). N compounds I[
are commonly associated with unweathered petroleum and are rarely

m

found in "clean" sediments at detectable levels.

!
!
!
!
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I Table 1. Hydrocarbon interpretive parameters. (continued)

I Fluorenes (F) The sum of the fluorene homologous series includes the unsubstituted
3-ring parent compound, fluorene, and the alkyl-substituted homologs

'! (Co-F + C I-F + C2-F + C3-F).

Phenanthrenes 0a) The sum of the phenanthrene homologous series includes the

unsubstituted3-ringparent compound,phenanthrene,and the alkylsubstituted homologs (Co-P + CI-P + C2-P + C3-P + C4-P). P
compounds have petroleum, combustion, and diagenetic sources but

I the presence of the more highly alkylated homologs is usuallyindicativeofpetroleum(Youngblood& Blumer,1975).

I Dibenzothiophenes 0O) The sum of the dibenzothiophene homologous series includes theunsubstituted 3-ring sulfur-containing heterocyclic parent compound,
dibenzothiophene, and the alkyl-substituted homologs (Co-D + C1-D

I + C2-D+ C3-D). D compoundsare distinctcomponentsof manycrude oils.

i 4-,5-PAI-I The sum of the 4- and 5-ring polynuclear aromatic hydrocarbons(fluoranthene, pyrene, benz[a]anthracene, chrysene,
benzofluoranthene, benzo[a]pyrene, benzo[e]pyrene, and perylene)

i includesprimarilythe high-molecular-weightpyrogeniccompounds.Peryleneis a commonconstituentof organic-richsedimentsand may
also be formed through natural chemical transformation processes.

i The other4-and5-ringaromaticsin thisgroup are producedfromthecombustion of fossil or wood fuels on land, and subsequently trans-
ported and deposited offshore.

I I;PAH The sumof the 2- to 5-ringpolynucleararomatichydrocarbons(N +
F + P + D + 4-,5-PAH) includes those of petrogenic, pyrogenic,
and diagenetic origin. When used in conjunction with the 4-,5-PAH

parameter,the relativecontributionof petrogenicandpyrogenicsources can be determined.

!
,

!
I
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Table 5. Concentrations of hydrocarbons and trace metals _g/g dry weight) in composite samples of

drilling muds collected from Platform Hidalgo. Mean concentrations in surface sediments from I1
Platform Hidalgo are included for comparison. I

|
Near- Near- Composite Surface II

Surface Mid-Well Bottom Bottom Average a Sedime ntsb i

I
THC c 159 137 268 988 390 23-180

];PAH d 0.87 8.0 39 51 25 < DL e-1.5 I
_w

Naphthalenes f 0.27 5.4 28 39 18 < DL-0.38

Fluorenes f < DL 0.38 2.0 4.1 1.6 < DL-0.01 I

Phenanthrenes f 0.34 0.94 5.3 4.5 2.8 < DL-0.23

Dibenzothiophenes f 0.03 0.71 2.9 3.9 1.9 < DL-0.20 I

Ag 0.19 0.36 0.31 0.23 0.28 0.05-0.18

As 8.95 4.41 5.28 6.74 6.34 4.4-18 I

Ba 24,742 49,083 178,900 178,405 107,782 495-1,181

Cd 0.84 1.24 1.40 1.33 1.20 0.32-1.0 B _

Cr 82 126 96 37 85 71-229

Cu 26 38 28 27 30 9-23 i
u

Hg 0.08 0.10 0.15 0.18 0.13 0.03-0.06

Ni 49 51 40 22 41 19-55 i
Pb 20 3.2 2.3 51 19 8-28

V 78 99 69 38 71 27-125 ,I,u
Zn 126 138 182 714 290 53-95

!
°Average for all depths i

b4-year for surface sediments from Platform Hidalgorange
CTotal resolved + unresolved hydrocarbons

w

JTotal 2- to 5-ring PAH target compounds
CDL: method detection limit •

fParent compound + alkylated homologues
I

I,.
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Table 6. Concentrations of hydrocarbons and trace metals (_g/g dry weight) in composite samples of drill

I cuttings collected from Platform Hidalgo. Mean concentrations in surface sediments fromPlatform Hidalgo are included for comparison.

I Composite SurfaceSurface Mid-Well Bottom Average a Sediments b

I THC c 600 95 526 407 23-180

12PAHa 2.3 12 121 45 < DLe-1.5

I Naphthalenes f 1.2 8.9 96 35 < DL-0.38

Fluorenes f < DL 0.35 8.2 2.8 < DL-0.01

I Phenanthrenes f 0.79 0.64 9.3 3.6 < DL-0.23

I Dibenzothiophenes f < DL 0.40 8.1 2.8 < DL-0.20Ag 0.20 0.86 0.66 0.57 0.05-0.]8

i As 9.5 9.4 11 10 4.4-18Ba 2547 3355 9697 5200 495-1181

Cd 1.37 2.56 2.95 2.29 0.32-1.0

I Cr 106 209 140 152 71-229

i Cu 43 60 41 48 9-23Hg 0.09 0.12 0.09 0.10 0.03-0.56

Ni 53 83 64 67 19-55

I Pb 5559 25 193 1926 8-28

i V 71 122 122 105 27-125Zn 2871 179 988 1346 53-95

il ,
- aAverage for all depths

I b4-year range for surface sediments from Platform HidalgoCTotal resolved + unresolved hydrocarbons
dTotal 2- to 5-ring PAH target compounds

i CDL: method detection limitfParent compound + alkylated homologues

I
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I
ITable 7. Maximum predicted contaminant concentrations _g/g dry weight) in trapped

sediments at the nearfield station PH-J. Predicted concentrations are based on a

1.97 % drilling-mud-derived fraction of total suspended sediments. I

!
Background a Concentration Enrichment Predicted Predicted Detectable

Concentration in Muds b Ratio c Concentration a Increase Change e I

 g'g) (%) (%) I

!
Ag 0.14 0.28 2.0 0.14 2.2 +20

As 6.5 6.3 1.0 6.5 0.0 +30 I
m

Ba 703 107,782 153 2,809 f 300 f -4-4

Cd 0.72 1.2 1.7 0.73 1.2 _ 13 I
m

Cr 99 85 0.9 98 -0.3 _+22

Cu 21 30 1.4 21 0.9 _+12 I
W

Hg 0.07 0.13 1.7 0.08 1.4 _+57

Ni 48 41 0.8 48 -0.4 _+11 I
Pb 14 19 1.4 14 0.7 _+19 m

V 81 71 0.9 80 -0.2 _+36
I

Zn 71 290 4.1 76 6.0 4-6

THC 80 388 4.8 86 7.5 +48 I
I

I_PAH 0.05 25 543 0.54 1,070 -+32

Naph 0.01 18 18,000 0.36 35,900 4- 155 I
I

aAverage postdrilling concentration at station PH-J

bAverage depth-integrated concentration m
CRatio of contaminant concentrations in drilling muds to background concentrations at station PH-J I
aBased on observed barium concentration in background trapped sediments, drilling muds, and
trapped sediments collected during peak drilling discharge (October 191t8) I
On= 3;_=0.2 IfMeasured concentrations _

I
I
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I Table 8. Maximum predicted contaminant concentrations 0zg/g) in surface sediments at the

nearfield station PH-J. Predicted concentrations are based on a 0.32% drilling-mud-

I derived fraction of surface sediments.

I
Background s Concentration Enrichment Predicted Predicted Detectable

I Concentration in Muds b Ratio c Concentration d Increase Change eOtg/g) (;tg/g) (;tg/g) (%) (%)

I Ag 0.15 0.28 1.9 0.15 0.0 +20

t As 6.0 6.3 1.1 6.0 0.0 + 30Ba 798 107,782 135 1,135 f 42 f +9

1 Cd 0.55 1.2 2.2 0.55 0.0 +25Cr 112 85 0.8 112 0.0 +25

i Cu 19 30 1.6 19 0.0 +21Hg 0.06 0.13 2.3 0.06 0.0 + 53

I Ni 48 41 0.9 48 0.0 +_13Pb 16 19 1.2 16 0.0 +34

i V 63 71 1.1 63 0.0 + 42Zn 65 290 4.5 66 1.1 + 6

THC 51 388 7.5 53 2.1 __.19

I L'PAH 1.5 25 17 1.5 5.0 +56

i Naph 0.38 18 48 0.43 15 +40
'Average predrilling concentration at station PH-J
bAverage depth-integrated concentration

I CRatio of contaminant concentrations in muds to concentrations station PH-J
drilling background at

dBasedon barium concentrations measured in background surface sediments, drilling muds, and
surface sediments collected during peak drilling discharge (October 1988)

I en= 3;#=0.2fMeasured concentrations

I
I
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I Figure 8. Alkyl homologue distributions of polynuclear aromatic hydrocarbons (PAHs) in surface
sediments from Platform Hidalgo stations PH-J, PH-K, and PH-R sampled in October

i 1986. CoN - C4N are naphthalene and alkylated homologs; CoF - C3F are fluoreneand alkylated homologs; CoP - C4P are phenanthrene and alkylated homologs; CoD -
C3D are fluorene and alkylated homologs; FL = fluoranthene; PY = pyrene; BA =
be_[a]anthracene; Ctt = chrysene; BF = benzofluoranthenes; BEP =

I benzo[e]pyrene; BAP = benzo[a]pyrene; PER = perylene.
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7. SPATIAL VARIATION IN HARD-BOTTOM EPIFAUNA

IN THE SANTA MARIA BASIN, CALIFORNIA:
I THE IMPORTANCE OF PHYSICAL FACTORS

I DANE D. HARDIN, JONATHON TOAL, TERENCE PARR,
PETER WILDE, AND KATHLEEN DORSEY

I
Kinnetic Laboratories, Inc.

I 307 Washington Street, Santa Cruz, California 95060

I INTRODUCTION

I Rocky intertidal and shallow subtidal habitats have been extensively studied, and there are numerousphysical and biological factors known to affect their community composition. For example, community

I composition has been ascribed to larval settlement (Caffey, 1985; Connell, 1985; Davis, 1987),competition and predation (Bak et al., 1982; Kay and Keough, 1981; Sebens, 1985, 1986), grazing

ONitman, 1985, 1987; Miller, 1982), temperature (Glynn and D'Croz, 1990; Scheer, 1984), water

I currents (Barry and Dayton, 1986, 1988; Dayton et al., 1982; Peattie and Hoare, 1981; Sebens, 1984),

turbidity (Dodge and Vaisnys, 1977; Hong and Sasekumar, 1981; Hudson, 1981; Loya, 1976), and

I ultraviolet light (Jokiel, 1980). The rich ecological literature of rocky intertidal and shallow subtidal

habitats is partly due to the ease of viewing and manipulating these habitats, and the steep gradients in

i physical factors which are present.

I Until recently, ecologists have not had the instruments to investigate deeper hard-bottom habitats, which

are inaccessible by SCUBA diving. Generally, deeper habitats have been assumed to vary less over time

I and space than shallower habitats. Observations have indicated deeper hard-bottom communities vary
according to depth (Carney and Carey, 1976; Hecker et al., 1983; Rowe and Menzies, 1969;

I Vinogradova, 1962), and a number of studies have suggested the importance of hydrodynamic processes
in structuring these communities (Genin et al., 1986; Messing et al., 1990; Mullineaux, 1988, 1989).

I Nevertheless, few generalizations can be drawn, because of the paucity of quantitative investigations.
Studies of deep hard-bottom communities are still generally limited to describing organism distributions,

I so that testable hypotheses can be formulated concerning the factors that affect those distributions.

i 7-1
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The Santa Maria Basin, along the southern California shelf and slope, is the site of a multidisciplinary I

study to determine the effects of discharges from petroleum platforms on the benthic environment (Hyland

et al., 1990; Hyland et al., Chapter 9). Hard-bottom communities have been emphasized, because of I

assumptions concerning their sensitivity to disturbance, and their importance as nursery areas for

commercially valuable species. Few changes in species abundances have been related to the discharges I
(Hyland et al., Chapter 9), so the 4-year set of data can be used to describe the natural spatial distribution

oforganismsinthestudyarea. I

The Santa Maria Basin has previously been the site of several qualitative surveys of hard-bottom n
w,

communities related to petroleum exploration (Dames & Moore, 1982, 1983; Nekton, 1981; Nekton and

Kirmetic Laboratories, 1983; SAIC, 1986). These surveys were important for describing the visibly II
ii

dominant species in the area, and for proposing factors which may affect their distributions.

Nevertheless, we are not aware of previous quantitative studies over the broad range of time and space n
ii

covered by the present study, either in the Santa Maria Basin or elsewhere in outer continental shelf and

slopeenvironments. I

METHODS NThe study area is approximately 20 km west of Point Conception, near the western end of the Santa

Barbara Channel (Figure 1). Oceanographic processes in the area are very complex due to the confluence n
IIof the westward flow along the northern shore of the Santa Barbara Channel with the southward flow of

the California Current (Savoie et al., Chapter 4). It is the site of substantial upwelling. Isobaths are II
iloriented northwest-to-southeast, and bottom currents generally flow parallel to the isobaths, although

current-meter records contain a strong cross-shelf tidal component (Savoie et al., Chapter 4). I
u

A reconnaissance was conducted in October 1986 of areas near Platform Hidalgo which had been I

indicated as hard-bottom habitat by previous geophysical surveys. Nine rocky reefs were chosen as I

sampling stations that were (1) at various distances from Platform Hidalgo, (2) across a range of depths,
roll

and (3) representative of two types of habitat (Figure 1 and Table 1). Low-relief habitat was defined as U

rocks 0.2-0.5 m in vertical relief, and high-relief habitat was defined as rocks > 1.0 m in vertical relief.

High-relief habitat was found only below approximately 160 m water depth. I

I

!
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I Sampling was conducted in October 1986, July 1987, November 1987, October 1988, May 1989, October

1989, and October 1990. The epifaunal assemblages at the hard-bottom stations were sampled

I photographically with a remotely operated vehicle (ROV). The ROV was equipped with a video camera,

a 70-ram still camera, a strobe light, two split-beam lasers, and a five-function manipulator. The ship's

I position was determined with an accuracy of + 3 m using range data from a series of transponders located

at surveyed sites on shore. These data were interfaced with an acoustic navigation system on the ROV,

I which enabled a position accuracy for the ROV of < 5 m.

I The primary sampling device for the hard-bottom assemblages was the 70-ram still camera. The
coincidence of the parallel lines of laser images, as seen on the video monitor, indicated the proper

I distance and angle of incidence between the camera and the seabed (Caimi et al., 1987). Photographs
were taken from a distance of 1.4 m, so that the area sampled was 1 m2. The mounts for the photographs

I provide a clear opening of 60 mm on a side, such that approximately 0.73m 2 was effectively sampled in
each replicate.

I Sampling methods at low-relief and high-relief stations differed slightly. Sampling at low-relief stations

i was accomplished by directing the ROV on a random heading with the cameras pointing down towardthe bottom. Because the seabed in these areas is characterized by patchy hard bottom surrounded by soft

bottom, all suitable rocks that occurred every 5-10 s were photographed until five to 10 samples had been

I obtained (depending upon the density of rocks in the area). Another heading was then taken and the

process was repeated. At high-relief stations, the ROV took a random heading with the cameras pointed

I toward the front of the vehicle. When suitable habitat was encountered, the ROV was maneuvered

around, and up and down the rock feature, taking nonoverlapping photographs. After a rock feature was

I sampled, the ROV was directed on another random heading until the next suitable feature was located.

The process was then repeated. The ROV position was recorded for every 10th photographic sample,

I to ensure that the same area of each reef was sampled on successive sampling periods.

I Approximately 80 photographic samples were taken at each station to allow 60 samples per station to be

analyzed. Some samples were rejected for having too little relief and some were rejected for having less

I than 30% cover of rock. In all, 3587 photographic samples were analyzed, representing seven samplings
of 11 stations.

!
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Epifaunal specimens were collected and identified to aid in the analysis of the photographs. The R

we
manipulator on the ROV was used to obtain rocks and to bring them to the surface. The rocks were

labeled, placed into buffered 10% formalin, and taken ashore to the laboratory. The epifauna were
J

subsequently removed and identified.

i

Ancillary measurements were made at each station for later use as correlates in the statistical analyses, i

The compass heading of the ROV was recorded for each photograph in high-relief habitat to determine •

if species distributions vary according to their orientation on high-relief rocks. Sediment traps were also

deployed at each station (Parr et al., Chapter 3), and the sediment flux data are used to determine •
I!whether organism abundances vary according to concentrations of suspended sediments.

Photographic samples were analyzed by a random point-contact method. Although this method may be I

inferior to in situ methods of quantifying abundances in multilayered assemblages (Foster et al., 199 I), I

the inaccessibility of these deep habitats, and the absence of layering, justifies its use in this case. Each i

photograph was projected, at life size, onto a screen upon which 50 points were randomly distributed.

The species or substrate type under each point was noted, and the numbers of individuals of solitary I

species were counted. Some types of sponges are very consistent in size and were also counted. In

species that showed in a photograph were recorded, regardless of whether they had been I

i

addition, all

contacted by a random point. These species were assigned a default percent cover of 0.5 for calculations

of sim!larity. Default percent-cover values were not added into the total abundances for each taxonomic i
group.

I
The percent cover of a species that was contacted by the random points was estimated by dividing the

number of contacts by the total number of points. Because this study is focusing on hard-bottom habitat, I

and because some points fell on deep shadow and could not be read, the denominator in the percent-cover

calculations was reduced by the number of dots contacting sediment or shadow. Similarly, the counts i
II

of individual organisms were normalized to the visible amount of rock in each photograph by dividing

thembythepercentageofvisible-rockpoints. I

Many of the taxa (e.g., sponges, hydroids, anthozoans, polychaetes, and ectoprocts) observed in the •
IIphotographs were given descriptive names only, which were assigned to specific morphological forms

that could be consistently distinguished from other forms. Such "speciation" of taxa can, however, result I
!111t
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I in either overestimationor underestimationof the abundance of the correct species. Conversely, because

some descriptive taxa may contain several species that cannot be distinguished from one another, an

I underestimate of the species richness of the group would result.

I Several procedures were performed to determinethe factors affecting spatialvariation in the hard-bottom
epifaunal assemblages. Descriptive as well as parametric statistical methods were used. Initially, the

I affinities among the assemblages at each station and among species were estimated using the Bray-CurtisSimilarity Index (Bray and Curtis, 1957). The values from these comparisons were clustered using an

i unweighted pair-group method (Swartz, 1978). The trends suggested by the similarity comparisons wereevaluated using analysis of variance (ANOVA).

I The ANOVAs were performed to determine the effects of depth and relief on the abundance of each of

the 15 most abundant taxa in each of low-relief and high-relief habitats. Because some taxa are present

I on both lists, a total of 22 taxa were tested. Stations were pooled into two depth categories: shallow

(105 to 119 m) and deep (160 to 212 m). Stations were also categorized as being either low-relief or

I high-relief. There are significantdifferences in epifaunal abundancesamong stationswithin depth and

relief categories, preventing the use of each random photographic sample as an independent replicate.

I Therefore, unreplicated two-way ANOVAs (time x depth and time x relief) were used, in which the mean

of all photographic samples within each time x depth or time x relief combinationwas used as the

I unreplicated value each cell. The two-way interactioneffects were pooled to provide an
in estimate of

error variance. All tests based upon densities of organisms were run on data transformed by the square

I root transformation, and all tests based cover were run on datatransformed by the arc sine
uponpercent

transformation(Sokal andRohlf, 1969). Species that failed Bartlett'stest for homogeneityof variances

I were tested with a nonparametric two-way ANOVA. Because our sampling design is unbalanced (Table
1), two separate two-way ANOVAs were run. These included (1) for effects of depth, in low-relief

I habitat, and (2) for effects of relief, at deep stations.

I Correlation coefficients (Pearson product-moment)were calculated to determine the relationships between
physical and biological measurements. Correlations were determined among the 22 common taxa to

I ascertain whether interspecific interactions might be influencing their abundances and distributions.

!
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The spatial variation of species abundanceson high-relief rocks was evaluated with a one-way ANOVA. •

The percent cover of each of the 22 common taxa was tested in high-relief habitat for differences among Ii

eight orientation categories (N, NE, E, SE, S, SW, W, and NW). The reciprocal of the ROV heading, I

at the time each photograph was taken, was used to determine the orientation for each sample.

I
_TS

A rich epifaunalassemblage inhabits rocky areas near Platform Hidalgo in the Santa Maria Basin. Over I

seven sampling periods, there were 263 taxa observed at eight low-relief stations and 222 taxa observed
I

at three high-relief stations. Total organismal cover on rocks averages approximately 97.5%. Much of I

this cover consists of a turf composed of komokoiacea foraminiferans and hydroids. This turf varies in

average percent cover from 59.5 at station PH-R(H) to 87.1 at station PH-I(L), covering most of the I

unsedimented rock surfaces which are not occupied by megafauna. •

No other taxon dominates the percent-cover estimates within the study area (Table 2). The 15 most

abundant taxa in low-relief habitat total approximately 19.3% cover, whereas the 15 most abundant taxa I
in high-relief habitat total approximately 26.6% cover. Although no taxon dominates, seven are common

in both low-relief and high-relief habitat. The group of unidentifiedophiuroids, the crinoid Florometra Im
serratissima, the anemone Metridium giganteum (formerly M. senile; s_ Fautin et al., 1989), the group

of unidentified sabellids, the solitary urochordate (ascidian) Pyura haustor, the white entrusting sponge, II
I

and the group of unidentified galatheid crabs are all among the 15 most abundant taxa in both types of

habitat. Conversely, the solitary corals Paracyathus stearnsii and Caryophyllia sp(p)., the soft coral
Lophogorgia chilensis, the unidentified terebellid polychaetes, the ectoproct Cellaria sp(p)., the ophiuroid

Ophiacantha diplasia, and the solitary ascidian Halocynthia hilgendorfi igaboja are among the 15 most 1
IIabundant taxa only in low-relief habitat. Similarly, the shelf sponge:, four anemones (Amphianthus

californicus, Stomphia didemon, the tan zoanthid, and the anemonewith white disc and purple tentacles), •
the solitary coral Desmophyllum cristagalli, and the colonial coral Lophelia prolifera are among the most

abundant taxa only in high-relief habitat. I

Despite the lack of dominance by any one taxon, the 22 taxa comprising the 15 most abundant in each l1
relief category consist mostly of anthozoans. Ten of these 22 taxa are anthozoans that cover 4.2% of the II

low-relief rock surfaces and 13.5% of the high-relief rock surfaces. Three of these 22 taxa are

poriferans, which contribute 1.3% and 3.3% cover on low-relief and high-relief rocks, respectively. I

!
!



!
I There are two ophiuroid taxa that cover 6.9% and 3.5% of low-relief and high-relief rocks, respectively.

Two polychaete taxa cover 1.9% of low-relief rocks and 2.4% of high-relief rocks. Two urochordates

I cover 1.2 % of low-relief rocks and 0.9 % of high-relief rocks. The one decapod taxon covers 0.6% and
1.7% of low-relief and high-relief rocks, respectively; the one ectoproct taxon covers 0.5 % of low-relief

I rocks; and the one crinoid taxon covers 2.7% and 1.3% of low-relief and high-relief rocks, respectively.

I The epifaunal distributions contribute to station similarities that cluster according to depth and relief
(Figure 2). Cluster 1 is composed exclusively of shallow low-relief stations. The high similarity between

I stations PH-F(L) and PH-U(L) are attributable to high densities of the solitary coral Balanophyllia
elegans. Cluster 2 consists of all the deep stations, with smaller clustered pairs comprised of the

I shallowest two deep stations, PH-N(L) and PH-K(H), and pairs of deeper low-relief stations and
high-relief stations.

I The ANOVAs also indicate that abundances of the 22 common taxa generally vary according to either

i depth or habitat relief (Table 3). Nevertheless, no difference between depths was found for Lophogorgiachilensis, Metridium giganteum, Florometra serratissima, Ophiacantha diplasia, the unidentified

ophiuroids, Halocynthia hilgendorfi igaboja, and Pyura haustor. Similarly, no habitat relief preference

I is displayed by the anemone with white disc and purple tentacles, L. chUensis, P. stearnsii, the

unidentified sabellids, Cellaria sp(p)., F. serratissima, O. diplasia, the unidentified ophiuroids, and Pyura

I haustor. Only Caryophyllia sp(p)., Paracyathus stearnsii, Cellaria sp(p)., and the combined cover of

all taxa (including the foraminifera-hydroid turf) are highest at shallow stations. The abundances of 12

I taxa and total suspension feeders, and the total number of taxa are highest at deep stations. Highest

abundances are found in low-relief habitat only for Caryophyllia sp(p)., the unidentified terebellids, H.

I hilgendorfi igaboja, and total abundance of all taxa. There are significantly higher abundances for 10

taxa and total suspension feeders, as well as higher numbers of taxa at high-relief stations.

!
The ANOVA results enable the definition of eight categories of taxa, based upon variations in abundances

I to and habitat relief [Figure 3(a-h)]. Paracyathus stearnsii and Cellaria sp(p), are most
according depth

abundant at shallow stations and do not vary according to depth, whereas the anemone with white disc

I and purple tentacles and the unidentified sabellids are most abundant at deep stations, regardless of habitat
relief [Figure 3(a, b)]. Caryophyllia sp(p), is most abundant in shallow low-relief habitat, and the

I unidentified terebellids are most abundant in deep low-relief habitat [Figure 3(c, d)]. Halocynthia
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hilgendorfi igaboja is most abundant in low-relief habitat, without regard for depth, and Metridium I

giganteum is most abundant in high-relief habitat, without regard for depth [Figure 3(e, f)]. Nine taxa

are significantly more abundant at deep stations with high-relief habitat [Figure 3(g)], and five taxa do I

not vary according to depth or habitat relief [Figure 3(h)]. I

Therefore, clusters of similarities among taxa, based upon their mean percent cover at each station and

time (Figure 4), can be defined in terms of the depth and habitat differences determined by the ANOVA. I

Cluster 1 contains taxa that do not vary according to depth or habitat relief. Cluster 2 consists of all the

taxa that are most abundant in low-relief habitat, without regard to depth, along with others that are I
widespread, but that may or may notvary according to depth or habitat relief. Cluster 3 contains only

species with greatest abundances at deep stations, some of which are also most abundant in high- relief I
habitat. Cluster 4 contains two taxa that are almost exclusively restricted to deep stations with high-relief

habitat. I

Correlations among the 22 common taxa (Table 4) also suggest that the clusters of taxa similarities are •

due to abundance differences related to habitat variation, and not to obligate associations among taxa.

Although these correlations are very low, many are highly significant due to the large number
mphotographic samples analyzed. Seven of the 10 most positive correlations include at least one taxon that

prefers deep high-relief habitat. Among these, numbers 1, 2, 5, 6, and 9 are between taxa, both of which •

are most abundant in deep high-relief habitat. Conversely, only positive correlations 4 and 8 are between

taxa that either have no depth or habitat preference, or that prefer shallow or low-relief habitat. The •
1remaining positive interspecific correlation (number 3) is between taxa that are most abundant at deep

stations,withoutregardtohabitatrelief. I
aa

The 10 most negative interspecific correlations probably also reflect abundance differences related to
a

habitat variation, although antagonistic effects cannot be ruled out. Seven of the most negative I

correlations are between taxa, one of which is most abundant at shallow stations, with or without regard mm

to habitat relief, and the other of which is most abundant at deep stations, with or without regard to I

habitat relief. Among these, numbers 2, 3, 7, and 10 are between Paracyathus stearnsii and one of

taxa which are most abundant in deep high-relief habitat. None of the most negative correlations 1

i

several

are between taxa with the same pattern of distribution among depths and habitat reliefs.

!
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I The consistentlypositive correlationsbetween taxa that are most abundant in deep high-relief habitat, and

the consistently negative correlations between these taxa and those that are most abundant in shallow

I habitat suggest that these two groups have very different habitat requirements. Moreover, the
requirements of the deep high-relief taxa appear to be especially strong, applying to many (41%) of the

I 22 most commontaxa.

I The distributions of the nine deep high-relief taxa are apparently not related to differences in the
abundances of predators. There were only four significant correlations between mean abundances of deep

I high-relief taxa and predator groups; there were positive correlations between gastropods and the shelf
sponge (r = 0.692), the tan encrusting sponge (r = 0.676), the white encrusting sponge (r = 0.714),

I and the unidentified galatheids (r = 0.640). Positive correlations suggest that the high abundances ofsponges and galatheids in deep high-relief habitat are not due to this habitat providing a refuge from

i predation. None of the other correlations between any of the deep high-relief taxa and the separate orcombined mean abundances of gastropods, asteroids, or rock fishes was significant.

I The strong habitat association displayed by the nine deephigh-relief taxa may be related to the physical

attributes of deep high-relief habitat. Parr et al. (Chapter 3) report a strong negative correlation between

I water depth and sedimentflux, based upon sediment-trapmeasurementsmade atthe nine reefs comprising

our 11 stations. The effects of depth and sediment flux may be confounding, because depth can affect

I sediment flux through the attenuation of orbital water velocities caused by surface waves, and through

the generally stronger currents at shallower depths (Savoie et al., Chapter 4). Nevertheless, the combined

I abundanceof the nine deep high-relief taxa is more strongly correlated with sediment flux [Figure 5(a),

log-log comparison, r = -0.988] than it is with depth [Figure 5(b), log-log comparison, r = 0.869].

!
The orientation of several taxa on high-relief rocks may also be related to physical factors. The

I abundances of taxa abundance differences eight categories of orientationeight display significant among

on high-relief rocks (Table 5). The anemone with white disc and purple tentacles, Desmophyllum

I cristagalli, and Lophelia prolifera are all significantly more abundant on the northwest, north, or
northeast sides of high-relief rocks than they are on the east sides of rocks. Conversely, the abundances

I of Caryophyllia sp(p)., Lophogorgia chUensis, Florometra serratissima, Ophiacantha diplasia, and
Halocynthia hilgendorfi igaboja are significantly greater on the east or south sides of high-relief rocks

I than they are on the north or northeast sides.
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The reciprocal nature of these two orientation patterns is apparent (Figure 6). Moreover, the habitat •

distributions of these two groups of taxa are distinct. The taxa which have higher abundances on the I

northwest, north, or northeast sides of high-relief rocks are characteristic of either deep high-relief habitat I

(Desmophyllum cristagalli and Lophelia prolifera), or deep stations without regard to habitat relief (the am

white and purple anemone) (Table 3). The taxa with highest abundances on the east or south sides of 1

high-relief rocks are characteristic of either shallow low-relief habitat [Caryophyllia sp(p).], or low-relief

habitat (Halocynthia hilgendorfi igaboja), or do not vary according to habitat (Lophogorgia chUensis, I

Florornetra serratissima, and Ophiacantha diplasia) (Table 3).

!
Current meter records from the study site (Savoie et ol., Chapter 4) indicate that strong and weak

currents do not have the same frequency of occurrence in all directions, and that strong and weak currents I

are each usually directed toward a different side of high-relief rocks (Figure 7). Although currents > 50

cm/s (strong currents) account for only 0.2% of all current records, they represent 8.2% of the kinetic I

energy in currents (current speed squared). Conversely, currents < 20 cm/s (weak currents) represent

78.6% of all current records, but provide only 41.1% of the kinetic energy in currents. I

The orientation of some taxa on high-relief rocks is correlated with current energy. Although correlations l1

between the combined percent cover of the three northwest-northeast taxa (Figure 6) and the kinetic

energy represented by strong currents are marginally not significant (r = 0.683, p = 0.07), Lophelia •

prolifera is significantly correlated with the energy in strong currents (r .'=0.764). The combined percent

cover of these three taxa are negatively correlated with weak currents, although not significantly •

(r = --0.332). The combined percent cover of the east and south taxa (Figure 6) are negatively

correlated (r = - 0.381) with strong currents and positively correlated (r = 0.539) with weak currents, II
1although neither correlation was significant. Among the east and south taxa, only Ophiacantha diplasia

is nearly significantly correlated with the kinetic energy in weak currents (r = 0.677, p = 0.07).

Therefore, the deep high-relief taxa that vary according to their orientation on high-relief rocks tend face I[

into strong currents, and the low-relief and shallow low-relief taxa that vary according to their orientation I

on high-relief rocks tend to face into weak currents. I

!
!
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I DISCUSSION

I We have described a rich epifauna in hard-bottom habitats of the Santa Maria Basin. Many of theseorganisms are distributed according to depth and habitat, with the effects of habitat occurring over

i gradients of as little as 1 to 2 m. Because most of the most common taxa are suspension feeders it isreasonable to seek explanations for the observed distribution patterns through factors that might affect this

mode of feeding.

!
The combined percent cover of suspension feeders was significantly greater in deep high-relief habitat

I (Table 3). Moreover, among the 22 common taxa, all of those with highest abundances in deep

high-relief habitat, except for the unidentified galatheids, are suspension feeders. The five anthozoans

I are passive suspension feeders that capture small food items as the water sweeps past their tentacles. The

three sponges are active suspension feeders that capture food items from water which is pumped through

I the animals by ciliary action. In either mode of suspensionfeeding, decreased feeding efficiency can
be

assumed when the concentration of inorganic sediments increases in the water, relative to the

I concentrationof food items. We know of behavioral or morphological adaptationspossessed by these
no

eight taxa which would allow them to effectively exclude high concentrations of suspended sediments

I from their feeding apparatus.

I Most of the nine taxa that were most abundant at either shallow stations, or in shallow low-relief habitat,
or in low-relief habitat, or which did not vary according to depth or habitat relief, are also assumed to

I be suspension feeders (except for the ophiuroids). Nevertheless, in this group of taxa, Cellaria sp(p).,
Halocynthia hilgendorfi igaboja, and Pyura haustor are able to either withdraw their feeding appendages

I into an enclosed space or close their incurrent and excurrent siphons for short periods of time to exclude
high concentrations of suspended sediments. Two others of these taxa, Lophogorgia chilensis and

I Florometra serratissima, grow to be more than 30 cm tall, thus extending their feeding apparatus abovethe highest concentrations of suspended sediment near the bottom. Therefore, many of the suspension

i feeders that frequently occur in low-relief habitat may have ways of mitigating the effects of suspendedsediments, although this topic requires further investigation.

I High abundances of suspension feeders have previously been reported in locations that are elevated from

the surrounding seabed (Genin et al., 1986; Mullineaux, 1989; Pequegnat, 1964). In particular, Lophelia

I prolifera has been observed high on the up-current edge of high-relief features along the western edge
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of Little Bahama Bank (Messing et al., 1990). It has often been assumed that the increased abundances 1
of suspension feeders on high-relief rocks are related to the acceleration of currents as water is forced

up andover the rocks. Acceleration of currentsover high-relief rocks_would increase the flux of both I
Ill

larvaeand food items in these areas. The assumed effects of currentflow and food flux uponsuspension

feeders has been supported by studies relating the distributionof benthic fauna to currentpatterns in I
U

McMurdoSound, Antartica(Barryand Dayton, 1986, 1988; Dayton et al., 1982).

The significant correlation between Lophelia prolifera on high-relief rocks and strong currents > 50 cm/s I

also indicates the importanceof strongcurrentsfor at least somedeep high-relief taxa in the Santa Maria 1
mBasin. Nevertheless, it is unlikely that the distribution of such large organisms (colonies may exceed 2

m in width) depends solely on events that occur less than 0.2% of the time. Moreover, there is evidence •
suggesting that near-bottom current speeds are greater at shallower depths in our study area. Unpublished

data from current meters placed on sediment traps (Parr et al., Chapter 3), within 1 m of the seabed, II
show that the frequency of current speeds > 40 ends was 5.6% at a depth of 170 m from May to October

1988, whereas the frequency of currents >40 ends was 11.8% at a depth of 118 m from May to October

1989. Although this higher frequency of fast currents at the shallower depth may have been due to II

temporal variation in current speeds, examination of records from a current meter that was moored near I1

the seabed at 126 m during both periods indicates that maximumcurrent speeds were actually lower from I

May to October 1989. The increased frequency of faster currents at shallower depths suggests that if 1

suspension feeders, particularly the deep high-relief taxa, are responding solely to current speed, they 1

should be more abundant at shallower depths. Therefore, while the importance of current speed and food

to suspension feeders is undeniable, other considerations are necessary to explain the distributions I

I

flux

of deep high-relief taxa in our study area.

!
There are clear gradients in the concentrationsof suspendedsediments in our studyarea that are related

to depth and habitat relief (Parr et al., Chapter 3). Mean fluxes of suspended sediments within I m of I
the seabed ranged from 44.62 to 58.34 g/m:/day at our shallow statiort_(105-119 m) and from 27.03 to

31.75 g/m2/day at our deep stations (160-212 m) over 18 months. Estimates of sediment flux 2 m off I
II

the seabed (using the intermediate wave model run from Glenn and Grant, 1987) ranged from 16.22 to

19.42 g/m2/dayfor deep high-relief stations. These spatial patterns in suspended sediment closely parallel I
those for the abundances of deep high-relief taxa [Figure 5(a)].

!
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I We suggest that suspended sediments and sedimentation are important factors associated with the spatial

patterns of hard-bottom epifaunal assemblages in the Santa Maria Basin. De facto, those taxa that are

I most abundant at shallow stations, those that are most abundant in low-relief habitat, those whose

abundances do not vary according to depth or habitat, and especially those that are most abundant in

I shallow low-relief habitat must be tolerant of sedimentation and high suspended sediment concentrations.

Conversely, we propose that those taxa that prefer deep stations, and especially those that prefer deep

I high-relief habitat, may be relatively intolerant of sedimentation and high suspended sediment

concentrations. If the positive influence of current speeds and food flux on suspension feeders is

I accepted, along with the probable negative influences of suspended sediments, it is likely that the rich
assemblages that characterize high-relief habitat from 160 to 212 m in the Santa Maria Basin are

I associated with a balance between these two factors. Whether these distribution patterns arise as the
result of selective larval settlement or over a long period as the result of competition, predation, growth,

I or mortality remains to be determined.
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Table 1. Stations sampled for abundances of hard-bottom epifauna near Platform Hidalgo.
t_

Station Depth (m) Depth Category" Habitat Relief b I

PH-E(L) 119 Shallow Low _1
PH-F(L) 105 Shallow Low

PH-I(L) 109 Shallow Low Ill
PH-J(L) 117 Shallow Low I

PH-K(H) 160 Deep High
PH-N(L) 166 Deep Low D
PH-R(L) 212 Deep Low U
PH-R(H) 212 Deep High
PH-U(L) 113 Shallow Low I
PH-W(L) 195 Deep Low I!
PH-W(H) 195 Deep High

I

"Shallow: 105-119 m. Deep: 160 - 212 m. !
bLow-relief: 0.2-0.5 m. High-relief: > 1.0 m

!
!
!
!
!
!
I
!
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I Table 2. The 15 most abundant hard-bottom taxa in low-relief (0.2-0.5 m) and high-relief (> 1.0 m) habitat near

Platform Hidalgo. Percent cover averaged over all stations in each relief category and over seven
. sampling periods from October 1986 through October 1990.

i Percent

Mean Standard Frequency

I Taxa Taxon Group Percent Cover Deviation of Occurrence

i LowRelief
Ophiuroidea, unidentified Ophiuroidea 5.8 6.4 99.8

Florometra serratissima Crinoidea 2.7 7.3 26.5Paracyathus stearnsii Anthozoa 1.5 2.4 75.2
Metridium giganteum Anthozoa 1.2 4.9 14.2

" Sabellidae,unidentified Polychaeta 1.1 2.6 51.6

I Ophiacantha diplasia Ophiuroidea 1.1
2.3 5 1 m 0

Caryophyllia sp(p). Anthozoa 1.0 1.5 91.3

i Pyura haustor Urochordata 0.8 1.5 67.5Terebellidae,unidentified Polychaeta 0.8 1.7 55.4

Sponge,whiteencrusting Porifera 0.7 1.I 84.9
Galatheidae,unidentified Decapoda 0.6 1.2 61.8

Porifera 0.6 1.0 70.2
Sponge, tan entrusting
CeUaria sp(p). Ectoprocta 0.5 1.0 59.4

Lophogorgia chilensis Anthozoa 0.5 1.0 64.7

i Urochordata 0.4 1.0 46.7
Halocynthia hil gendorfi igaboja

I High Relief

Amphianthus californicus Anthozoa 4.6 5.2 97.9

i Ophiuroidea, unidentified Ophiuroidea 3.5 4.0 99.6' Sabellidae,unidentified Polychaeta 2.4 3.2 93.2

Desmophyllum cristagalli Anthozoa 2.1 3.4 75.9

Galatheidae,unidentified Decapoda 1.7 2.0 97.6Metridium giganteum Anthozoa 1.7 4.7 28.2
Lophelia californica Anthozoa 1.6 5.9 23.1

I Sponge,whiteentrusting Porifera 1.5 2.0 96.5Stomphia didemon Anthozoa 1.4 3.1 38.4
Florometra serratissima Crinoidea 1.3 5.3 14.6

I Anemone, tan zoanthid Anthozoa 1.1 2.8 66.2Sponge,shelf Porifera 1.0 2.7 34.6
Anemone, white disc, purple tentacles Anthozoa 1.0 1.7 65.1

i Pyura haustor Urochordata 0.9 1.6 75.7Sponge,tanentrusting Porifera 0.8 1.4 76.1

!
7-19

!
!

I



I
!

Table 3. Results of ANOVA for effects of depth at low-relief stations, and effects of relief at deep stations.

i
Taxa Depth Relief

p Result" p ResulP I

Sponge, shelf cover <0.0001 D 0.0005 b H
Sponge, tan encrusting cover 0.0327 D 0.0022 b H !
Sponge, white encrusting cover < 0.0001 b D < 0.0001 H

Amphianthus californicus counts < 0.0001 b D < 0.0001 H I[
Anemone, tan zoanthid cover < 0.0001 b D 0.0100 H II
Anemone, white disc and purple tentacles counts < 0.0001 b D 0.3672 -

Caryophyllia sp(p), counts < 0.0001 S 0.0027 L
Desmophyllum cristagalli counts < 0.0001 b D < 0.0001 b H |
Lophelia prolifera cover < 0.0001 D < 0.0001 b H

Lophogorgia chUensis cover 0.3455 - 0.6962 b . 61
Metridium giganteum counts 0.1709 - 0.0014 H II
Paracyathus stearnsii counts < 0.0001 S 0.4600 -

Stomphia didemon counts < 0.0001 b D 0.0004 H
Sabellidae,unidentifiedcounts < 0.0001 D 0.6403b II
Terebellidae,unidentifiedcounts <0.0001b D <0.0001 L
Galatheidae,unidentifiedcounts <0.0001 D < 0.0001 H ""

Cellaria sp(p), cover < 0.0001 S 0.06788 t_
Florometra serratissima counts 0.3837 - 0.1153
Ophiacantha diplasia counts 0.2600 - 0.0972
Ophiuroidea, unidentified counts 0.6822 - 0.0541
Halocynthia hilgendorfi igaboja counts 0.1532 b 0.0413 L g,_
Pyura haustor counts 0.0657 b 0.8253

Total Suspension Feeders cover <0.0001 b D <0.0001 H I
Total Abundance cover < 0.0001 S 0.0016 L
Total Number of Species <0.0001 b D <0.0001 H

1
aS: Highest abundance occurred at shallow stations (105-119 m).

D: Highestabundanceoccurredat deepstations(160-212m). i
L: Highest abundance occurred in low-relief habitat (0.2-0.5 m). i!
H: Highest abundance occurred in high-relief habitat (> 1.0 m).

bNonparametric ANOVA used because of failure to pass Bartlett's test for homogeneity of variances. I

!
!
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i Table 4. The 10 strongest positive and 10 strongest negative interspecific correlations (Pearson product-moment)

for hard-bottom epifauna near Platform Hidalgo. Correlations are based upon replicate values across

I seven times and 11 stations. All correlations are significant (p < 0.0001).

I Taxa r

i
I Desmophyllum cristagalli to Amphianthus californicus 0.389

i 2 Desmophyllum cristagalli to Lophelia prolifera 0.3073 Anemone (white disc and purple tentacles) to Sabellids 0.256
4 Unidentified ophiuroids to Ophiacantha diplasia 0.245

• 5 Amphianthus californicus to Galatheids 0.221

i Desmophyllum cristagalli to Galatheids 0.212
6

7 Desmophyllum cristagalli to Anemone (white disc and purple tentacles) 0.208
8 Paracyathus stearnsii to Caryophyllia sp(p). 0.195

i 9 Amphianthus californicus to White encrusting 0.170
sponge

10 Amphianthus californicus to Anemone (white disc and purple tentacles) 0.163

i I Paracyathus stearnsii to Sabellids -0.2052 Paracyathus stearnsii to Amphianthus californicus -0.191
3 Paracyathus stearnsii to Galatheids -0.178

I 4 Paracyathus stearnsii to Anemone (white disc and purple tentacles) -0.1605 Galatheidsto Unidentifiedophiuroids -0.154
6 Amphianthus californicus to Unidentified ophiuroids -0.151

I 7 Paracyathus stearnsii to Desmophyllum cristagalli -0.1368 DesmophyUum cristagalli to Unidentified ophiuroids -0.127
9 CaryophyUia sp(p), to Sabellids -0.116

I 10 Paracyathus stearnsii to Stomphia didemon -0.115

!
!
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Table 5. Results of ANOVA for abundance differences among orientation categories (N, NE, E, SE, S, SW, i

W, NW) on high-relief rocks. Taxa tested are the 15 most abundant in each of low-relief and high- -
IBm

relief habitat, listed phylogenetically, i

ANOVA 1Taxa p Duncans"

Sponge, shelf cover 0.5611 E N NW W S SW SE NE i
Sponge, tan encrusting cover 0.4357 NEW S SW N E NW SE
Sponge, white encrusting cover 0.8186 NW W E N S NE SW SE ,_
Amphianthus californicus counts 0.1205 NW N SE SW NEE S W |
Anemone, tan zoanthid cover 0.8595 E W SE N S NE SW NE

Anemone, white disc and purple tentacles counts 0.0055 N NW S W NE SE SW E if
Caryophyllia sp(p), counts 0.0282 S SW SEE W NE NW N !1
Desmophyllum cristagalli counts 0.0109 NW NE N W SW S SEE

Lopheliaproliferacover 0.0163 N NE S W SE NW E SW 1
Lophogorgia chilensis cover 0.0001 E S SW W NE N SE NW -

Metridium giganteum counts 0.1528 E, SW S W NE SEN NW i
Paracyathus stearnsii counts 0.2022 W E S SW N SE NE NW g
Stomphia didemon counts 0.0590 N NE SE NW SW W S E "-

Sabellidae,unidentifiedcounts 0.9194 NE N W NW SE S SW E i
Terebellidae,unidentifiedcounts 0.3619 W NE SW S SE NE N E 1
Galatheidae,unidentifiedcounts 0.1528 NW W S SE NE SW N E

Cellaria sp(p), cover 0.5557 E SEW SW S N NW NE I
Florometra serratissima counts 0.0039 E SW S NW W SEN NE l
Ophiacantha diplasia counts 0.0220 E NE S SW W SE NW N

Ophiuroidea, unidentified counts 0.1510 E S SW W NE SE NW N
Halocynthia hilgendorfi igaboja counts 0.0035 E SE S SW W N NE NW |
Pyura haustorcounts 0.8019 NW NE N SE W SW E S

Total Suspension Feeders cover _l_
Total Abundance cover 0.7507 S_E S E SW N NE W NW It
TotalNumberof Species 0.8125 E SW NW S NE SE W N

I
"Duncans Multiple Range Test; categories underlined by a common line are not significantly different; highest mean

on left, lowest mean on right. I

I
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PERCENT SIMILARITY CLUSTER NUMBER
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I
Figure 2. Clusters of similarities (Bray and Curtis, 1957) between hard-bottom stations in the Santa

Maria Basin, based on comparisons of mean abundances over seven sampling periods from II
October 1986 to October 1990. Low(L) and high(H) habitat relief (L = 0.2-0.5 m, H =

> 1.0 m) and depth in meters are indicated for each station. I
I
\
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I Figure 3. Combined mean abundances for 22 common hard-bottom taxa from 11 stations in the Santa
Maria Basin. Taxa are combined according to the ANOVA results shown in Table 3. Means

are over seven sampling periods from October 1986 to October 1990. Low(L) and high(H)

i habitat relief (L = 0.2-0.5 m, H = > 1.0 m) and depth in meters are indicated for eachstation.
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Figure 3. Combined mean abundancesfor 22 commonhard-bottom taxa from 11 stationsin the Santa II
MariaBasin. Taxa are combined according to the ANOVA results shown in Table 3. Means II
are over seven sampling periods from October 1986 to October 1990. Low(L) and high(H)
habitat relief (L = 0.2-0.5 m, H = > 1.0 m) and depth in meters are indicated for each

station. (continued) i
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I Figure 3. Combined mean abundances for 22 common hard-bottom taxa from 11 stations in the SantaMaria Basin. Taxa are combined according to the ANOVA results shown in Table 3. Means

are over seven sampling periods from October 1986 to October 1990. Low(L) and high(H)

i habitat relief (L = 0.2-0.5 m, H = > 1.0 m) and depth in meters are indicated for eachstation. (continued)
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Figure 3. Combined mean abundances for 22 common hard-bottom taxa from 11 stations in the Santa I_
Maria Basin. Taxa are combined according to the ANOVA results shown in Table 3. Means |
are over seven sampling periods from October 1986 to October 1990. Low(L) and high(H)
habitat relief (I. = 0.2-0.5 m, H = > 1.0 m) and depth in meters are indicated for each _al
station. (continued) |
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Figure 5. Log-log plots of combined mean abundances for nine taxa with highest abundances in deep el
high-relief habitat in the Santa Maria Basin versus sediment flux and depth at 11 stations. I
Sediment flux was measured over 18 months with sediment traps 1 m from the seabed at

low-relief (0.2-0.5 m) stations, represented by the eight points farthest to the right in Figure

5(a). Sediment flux for high-relief(> 1.0 m) stations, represented the three points farthest to |
the left in Figure 5(a), was estimated using the intermediate wave model run of Glenn and

Grant (1987). I
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i Figure 6. Combined mean abundances for hard-bottom taxa with highest abundances on the east or southsides of high-relief (> 1.0 m) rocks or on the northwest-northeast sides of high-relief rocks.

Abundances are means from three high-relief stations, 160-212 m deep, sampled during seven

i sampling periods from October 1986 to October 1990.
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Figure 7. The frequency of occurrence of weak (<20 cm/s) and strong (> 50 cm/s) currents directed

toward eight orientations on high-relief rocks. Data were obtained from a current meter II
Imoored near the seabed at 126 m near Platform Hidalgo in the Santa Maria Basin from

October 1986 to October, 1990 (Savoie et al., manuscript in preparation).
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8. DEPOSITION OF DRILLING PARTICULATES OFF POINT

i CONCEPTION, CALIFORNIA

I DOUGLASA. COATS

I Marine Research Specialists
3639 E. Harbor Blvd., Suite 208, Ventura, CA 93001

I INTRODUCTION

A five-year interdisciplinary study was initiated in 1986 to investigate environmental consequences of

I offshore petroleum production in the southern Santa Maria Basin (Hyland et al., 1990). This study,

entitled the California Outer Continental Shelf Phase II Monitoring Program (hereinafter CAMP),

sampling near rock features between Points Conception and Arguello (refer to Figure 1).
included

Physical, chemical and biological changes around these sampling sites were investigated for their relation

I to drilling activities on three adjacent petroleum production platforms. Thus, attention focussed on
potential impacts to hard-substrate epibiota from exposure to over 40,000 m 3 of drilling fluid that was

I discharged from the three platforms during the first two years of monitoring. Demonstration of arelationship between drilling activity and biological change required an accurate estimate of the exposure

of specific hard-substrate features to drilling waste. These dose estimates were derived largely from

I analysis of solids collected in thirteen sediment trap arrays located around the northernmost platform

(Platform Hidalgo in Figure 2). In the investigation described here, platform mass emissions were

I associated with time series of material the sites.
directly trapped near biological sampling

I Suspension feeders comprised a significant portion of the epifaunal assemblages that were monitored as
part of the hard-suhstrate field investigation. Consequently, the quantity and quality of solids suspended

I in the water column immediately above the seafloor was thought to be a potentially influential factor onorganism abundance (Hardin et al., Chapter 7). Material accumulated in sediment traps was used to

quantify the amount and type of particulates impinging on the hard-substrate habitats selected for

I biological survey. Because trap openings were located 1 m above the seafloor (Parr et al., Chapter 3),

they captured a mix of particles suspended within the benthic boundary layer. Particulates deposited in

the included (drilling-related) solids, ambient out from the
traps anthropogenic particles settling upper

water column, surficial sediments resuspended locally, and resuspended sediments transported horizontally

I by benthic boundary-layer flow. Because resuspended particles were also trapped, the measured flux

I 8-1
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does not necessarily reflect net seafloor accretion. Nevertheless, it more appropriately represented the I

exposure of benthic epibiota to near-bottom suspended particulates.
am

Moreover, spatial and temporal differences among trap measurements 'were probably more reliable than I

the absolute flux computed from a single deployment of a sediment trap. The ability of sediment-trap II

designs to accurately measure actual downward particulate flux, has been investigated theoretically (e.g., II
Hargrave and Burns, 1979) and experimentally (e.g., Gardner, 1980; Butman, 1986). These i,m

investigations clearly demonstrated that trapping efficiency is a function of the geometry of the trap, I
including its shape, aspect ratio (height to diameter), use of baffling, and the nature of the ambient flow

regime, specifically the level of turbulence. While the trap configurationsused in CAMP corresponded I
to efficient designs discussed by Butman (1986), their ability to accurately measure absolute flux levels

under the specific flow regimes experienced in the field remains somewhat uncertain. To mitigate
tllpotential temporal and spatial sampling biases, CAMP deployed sediment traps that, for the most part,

were of identical design. Thus, resulting depositional patterns were suitable for evaluating the relative I
exposure of biological communities located on different hard-substrate features. II

R
Most

past field investigations into the fate of drilling wastes have focussed on the distribution of drilling
solids in surficial sediments close (< 0.5 krn) to short-term exploration 'wells(e.g., O'Reilly et al., 1989,

Boothe and Presley, 1989; Jenkins et al., 1989; and Neff et al., 1989a). Others have concentrated on I

drill cuttings that were deposited immediately below platforms (Zingula and Larson, 1977; de Margerie,

1989). In contrast, this investigation centered on the lighter fraction of drilling fluid that was carried by liE
ambient currents and initially deposited at mid- and far-field distances (beyond 0.5 and 1.0 km from the I!

source, respectively). As in these past studies, this investigation uses the presence of elevated barium In
concentrations as the primary means for determiningthe presence of drilling-derived solids.

Drilling fluids, or synonymously, drilling muds used on the three platforms consisted of mixtures of I
natural clays, polymers, and weighting agents suspended in a water base. Barium, in the form of barite

(barium sulfate) was the primary weighting agent. Because of its high density (4.50 g cm'3),barite was I
effective at containing reservoir pressures and as well-depth increased:, greater amounts of barite were

im

added as a fine powder to accommodate increasing well-bore pressures. This fine-grained barium I
constituted up to 18% of the solids in the spent drilling fluid discharged into the ocean. During and after ,j
drilling, elevated barium concentrations were detected in both trapped and surficial sediments surrounding !

PlatformHidalgo(Steinhaueretal.,Chapter6).
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I Barium was selected because of its relative enrichment in drilling fluid and its properties as a conservative

tracer of drilling solids; not because of any potential toxicity to marine life. In contrast to oil-based

I drilling fluids that exhibit clear environmental effects (Davies et al., 1989), the majority of constituentsin water-based drilling fluid, including barite, are not toxic most marine organisms (National Research

i Council, 1983). As with other metals present in drilling fluid discharged by the three platforms, barium'slow aqueous solubility limits bioavailability (Neff et al., 1989b). Furthermore, other metals including

iron, lead, zinc, mercury, arsenic, chromium, cadmium, nickel, and copper had concentrations closer to

I ambient environmental levels (Steinhauer et al., Chapter 6) making their use as a tracer untenable. In
discharged drilling fluid, barium was 150 times more concentrated than in natural sediments allowing

I detection of relatively small fractions of drilling particulates in samples at mid and far-field distances
from platforms. Also, because of its low seawater solubility, it behaves as a conservative tracer for mass

I balance computations. Finally, because barite is a fine clay-sized material, it is more likely to bemaintained in suspension and transported into the far-field along with other drilling-mud fines.

i In this study, cumulative drilling-particle flux, estimated from barium enrichment in sediments trapped

over four- to six-month intervals, were compared with estimates derived from trajectories of daily

I drilling-fluid discharges. Spatial patterns of cumulative drilling particle flux, covering these same

intervals, were estimated from trajectory computations which convolved daily mass-emission data from

I Platforms Hidalgo, Harvest, and Hermosa, with current velocities measured concurrently near Platform
Hidalgo. The trajectory computations were not applied prognostically, as had been the case with more

I robust models which predict the detailed dynamics of individual plumes of discharged material over shorttimes "(Continental Shelf Associates, 1985; O'Reilly et al., 1989). Instead, the diagnostic trajectory

i computation established a direct link between multi-year time series of platform discharges, the ambientflow field, and gross spatial patterns of trapped material. Results lent credence to site-specific estimates

of the exposure of benthic organisms to drilling fluid as determined from sediment traps. Further, they

l insight into the origin and fate of drilling-derived particulates at distances beyond 0.5 km from
added

the surrounding production platforms.

I Trajectory Computation

I Processes that determine the ultimate fate of drilling-derived particulates in the marine environmentinclude initial plume dynamics, passive current transport, wave-current resuspension, chemical

weathering, bioturbation, burial, and biological uptake (National Research Council, 1983). Immediately

I after discharge, only those processes associated with the dynamics of the plume dominate the distribution

of drilling particulates. These initial dynamic processes within the plume rapidly mix and dilute

I
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suspended particulates in addition to depositing most of the drill cuttings and much of the accreted drilling

particulates in the near-field, within about 0.5 km of platforms (ConlLinental Shelf Associates, 1985).

The lighter particulate material, remaining in the water column, is then passively advected by ambient
I!

currents and deposited over greater distances. After deposition, longer-term processes, such as

resuspension, serve to further disperse drilling particles. Resuspension also exposes benthic epibiota to I_
IIlow concentrations of drilling particles over extended periods. This study focussed on the process of

passive current transport, which initially distributes the particulates over wide areas and exposes epibiota

to brief episodes of high drilling-particle flux. As described below, it was this initial deposition that I

resulted in significantly enriched barium signatures in sediment traps located at distances beyond 0.5 km

from the Platform Hidalgo. n

The numerical computation of initial deposition employed here was based on the trajectory of J
!l

drilling-fluid discharges as they settle and impinge on the benthos. Similar particle tracking analyses

have been employed to evaluate other aspects of pollutant dispersion in the ocean (van Dam, 1982). i

JRecently, Fry and Butman (in press) used a comparable approach to estimate depositional patterns

resulting from disposal at the 106-mile dump site off the Atlantic coast. Although trajectory

computations, in general, neglect initial plume dynamics and oceanic turbulence, they are capable of I
generating gross temporal and spatial patterns consistent with direct observations of particulate flux.

These computations indicate that, over the long-term, far-field depositional patterns are primarily n

controlled by the general circulation and geometry of the sources of discharge.
ilh

The schematic shown in Figure 3, illustrates the relationship among the principal parameters applied in i

the drilling-mud trajectory computation. For each of the three platforms, an hourly mass emission of ill

particulates was computed from discharge volumes reported on daily lLogsheets by the mud engineer. I
This drilling-fluid discharge volume exhibited a substantial daily variation as indicated by the time series

(Figure 4). The large daily variation in discharge, convolved with the short-term temporal variability I
in currents (Figure 5c), resulted in a relatively stochastic trajectories for individual plumes. Only when

these trajectories were examined over several months did stable patterns emerge, i

The particulate mass remaining in the water column at mid-field distances (<0.5 km) was assumed to m
!1be approximately 80% of the original mass emission at the end of the discharge pipe. The

coarse-fraction of particulates were assumed to be deposited in the near field during an initial phase of il

convective descent and dynamic collapse as described by the Offshore Operators Committee model

(Continental Shelf Associates, 1985). The depth of the plume of material remaining suspended at the

!
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I edge of this zone of initial dilution was determined by the shunt depth on each of the platforms (Table 1).

Differences in the shunt depth of the discharge pipe resulted in different settling distances for plumes

l generated by each platform.

i The which the of material settled of the sensitive in
rate at plume was one most deposition parameters

this analysis and that of Fry and Butman (in press). However, Fry and Butman's computation of

I sewage-sludge trajectories, benefited from the results of a number of laboratory studies on the settling
rates of sewage particulates. In contrast, settling velocity for drilling mud is difficult to precisely

i determine since flocculation processes strongly affect finer particulates and these processes are not easyto predict theoretically or reproduce in the laboratory. Nevertheless, research in this area is progressing

and preliminary estimates of settling rates for fine-grained floes (Lick, 1989) compare with the 0.06 cm

I s"_mean settling velocity assumed for this analysis. Moreover, the purpose of this diagnostic trajectory

computation was to interpret observations of sediment trap flux not to predict them. Thus, the mean

I settling velocity was selected because it provided measurable particulate accumulations within the 400 km_
analysis grid. Specifically, the majority of material with a slightly lower settling rate (<0.04 cm s"1)

I remained in the water column for periods greater than three days and was transported out of the study
area before impinging on the seafloor. A consequence of this aposteriori approach to parameter selection

i was a diagnostic computation of deposition that was not necessarilysuitable for prognostic modeling ofabsolute flux levels, but provided insight into temporal and spatial patterns of variability in flux. For

example, results cannot be generalized to predict the depositional flux of drilling discharges from

i platforms in other regions where there are differences in flow regimes, mud properties and source

geometries that are not explicitly modeled here.

l
Variation in settling velocity about the mean was included to empirically account for a range of particulate

i sizes. This was parameterized with a vertical distribution in the concentration of particulates. Asindicated in Figure 3 the particulate mass associated with each hourly discharge was spread over depth

i as a Gaussian distribution. This allowed continuous deposition of particulates along the plume path. Ata given position along the plume trajectory, the fraction of particulates adjacent to the seafloor were

deposited within the underlying l-km: grid cell. The amount of deposition within the cell depended upon

I the vertical spread in particulates and their mean depth as the plume settled with time. The vertical

spread was assumed to span three standard deviations from the centroid of the distribution to the seafloor.

I Initially, this meant that the plume was effectively suspended well off the seafloor and the first deposits
constituted less than 1% of the total mass in the plume. As the particulate plume settled through the

I water column, increasingly larger fractions of material adjacent to the seafloor were accumulated within
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the grid cells until the distribution center was deposited. Thereafter, decreasing fractions were deposited I

within grid cells along the plume trajectory. The flux of drilling-deriv_rl particulates within an individual
u

gridcellwasdeterminedfrom i
g_

plx = . F(a,)•8(e.,u,
A • T (1)Pla_nas Hourly

D_clu_cs

where/_=1 indicated that the plume at g'_m was within the limits of the grid cell at _d, otherwise _=0; I

A was the area of the grid cell (1 km:'); Twas the total duration of the sediment trap deployment; M was
II

the total particle mass in the plume; and F(At) was the fraction of mass adjacent to the seafloor At hours •
after discharge or, II

J2¢_ ; O<at <t (2)

where t was the settling time from shunt to seafloor in hours. I

To a great extent, the amount of material accumulated within a particular grid cell was determined by ,I

the frequency with which plumes encountered that region (viz. /_=1). Thus, the long-term pattern of

drilling particle flux wa_ largely dictated by the location of the platforms and the ambient flow field which I

i

controlled the plume trajectories. The movement of plumes was determined with an approach reminiscent

of progressive vector diagrams. The plume displacement relative to a platform was determined by

temporal integration of current velocity. However, progressive vector diagrams are usually determined
I

from a velocity time series recorded by a single current meter. Here, the vertical structure of the velocity m

field was included to account for depth differences in flow as the plume centroid settled through the water It
column. The velocity field at the depth of the plume centroid was determined by interpolation of velocity m

measured at three depths on the mooring near Platform Hidalgo (Figure 5c). I

Regional Circulation I
To a large extent, fluctuations in mid-depth current flow at subtidal frequencies (< 1 day"1) dictated

plume trajectories and depositional patterns. Particulates were released at depth (Table 1) and the

discharge plumes required two to three days to transit the remaining 100 to 150 m of water column at
II

an assumed mean settling rate of 50 m day "_(0.06 cm s'_). During the fi_ur- to six-month sediment trap II

deployments, nearly continuous hourly emissions from each of the three platforms were tracked until l
deposition. Consequently, the trajectory computation emphasized a climatological summary of subtidal

!
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current statistics and depositionalpatterns reflected the relative likelihood of plume impingement on a

specific epifaunal community. This differed from an assessment of the detailed short term behavior of

I an individual bulk discharge. Similarly, it differed from long-term fate assessments which include

resuspension processes and therefore, it was not necessarily synonymous with drilling-particulate

I distribution in surficial sediments. Nevertheless, patterns of initial depositionwere more representative
of sediment-trap measurements which integrate the initial depositional flux over an extended time.

!
The subtidal current flow strongly influenced the initial depositional flow patterns determined in this

I study. The long-term current meter records employed in the trajectory computations exhibited featuresthat were observed in other studies in the region but departed from the results of investigations along

other sections of the California coast. One reason for the differences could be that the wind and current

I fields near Point Conception were complicated by the nearly right-angle change in coastline trend

(Figure 1). For example, the degree of coupling between the surface flow field and along-shore wind

I was not as strong as along sections of the central California coast (Chelton et al., 1988). Also,
other

winds near Point Conception did not exhibit the strong diurnal variability evident in orographically

I influenced winds to the south, in the Santa Barbara Channel (Caldwell et al., 1986).

I Three flow regimes were identified in the current meter records of CAMP (Savoie et al., Chapter 4).First, intermittent upwelling was driven by local along-shore wind stress. These upwelling events were

superimposed on a sustained poleward-directed coastal jet that dominated flow field throughout much

i of the year. Lastly, intermittent events of across-shelf and equatorward flow were superimposed on the

seasonal flow by propagating meso-scale features such as transient eddies and offshore jets. Time series

I some regimes are Figure Along-shore components are shown
that illustrate of these flow shown in 5.

since winds and currents were strongly polarized along local isobaths between Points Conception and

I Arguello (Figure 1). Here, poleward along-shore flow (v) refers to the component directed toward
324"T which is parallel to local isobaths and within 1" of the principal direction of local wind stress.

i Also, the principal current direction throughout the water column was within 10" of this direction.Defined analogously, onshore directed across-shelf flow (u) refers to 54"T.

I All time series in Figure 5, exhibit statistically significant annual cycles. In late 1987, a consistent

departure from the annual harmonic is evident in the temperature field (Figure 5a). These anomalously

I high have been related to a mild El Nifio Southern Oscillation that induced
temperatures may global

climate variations in the fall of 1987 (Kousky and Leetmaa, in press). Shorter-duration surface

I temperature fluctuations, lasting from 2 to 5 days, were superimposed on annual variations and were
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significantly correlated with local wind stress. An increased equatorw_trd wind stress preceded drops in 1

sea surface temperature by about one day. These fluctuations reflect_l recurrent upwelling events that 1

were often evident as cold-water plumes extending offshore from the upwelling center located between I

Points Conception and Arguello (Bernstein et al., Chapter 5). This upwelling center was the subject of

the first major field program in the region entitled the Organization of Persistent Upwelling Structures 1
(OPUS) (Atkinson et al., 1986).

n

Throughout CAMP, wind stress (Figure 5b) was directed equatorward except for brief poleward events, I

primarily associated with winter storms. The strongly equatorward mean wind opposed the largely I

poleward current velocities (Figure 5c). During the summer of 1984, a similar poleward flow, opposing _l.

mean wind stress, was observed extending far to the north along the continental shelf in a prior field
iml

program designated the Central California Coastal Circulation Study (CCCCS) (Chelton et al., 1988). !

From the south, poleward-directed outflow from the Santa Barbara Channel has also been observed in

acoustic doppler velocity profiles collected during OPUS in 1983 (Barth and Brink, 1987). I

Climatological maps of geostrophic velocity suggested that a poleward surface current over the continental
W

slope, designated the Davidson current, reverses in the spring in response to increased equatorward wind

stress (Hickey, 1979). While surface currents recorded in CAMP (Figure 5c) also exhibit a brief spring

reversal in conjunction with strengthening equatorward winds, currents at mid-depth (54 m) and at the In

seafloor (126 m) do not exhibit a clear seasonal reversal although they do weaken around the same time. I

As described below, the sustained northwestward flow at depth was present throughout the periods of

active drilling on the three platforms and it strongly influenced the depositional pattern of drilling !
particulates.

!
A final component of low-frequency coastal flow that affected the distribution of particulates was

externally driven meso-scale eddies that are advected through the region by the mean flow. These B

meso-scale features drove much of the across-shelf exchange at subtidal frequencies and were II

responsible for the large fraction of rotational energy recorded by the moored current meter at Point I

Conception (Savoie et al., Chapter 4). Because this single mooring provided the only data to determine I

trajectories, the computation of depositional patterns inherently assumed lateral uniformity in flow.

Clearly, because of the presence of meso-scale variability at subtidld frequencies, flow defined by I

drogued-drifter tracks would have been preferable for determining plume trajectories.

Time-lagged correlations quantify differences in the behavior of p_tssively-advected particles, for U

example, drifters moving with fluid parcels within a Lagrangian reference frame, and Eulerian I
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I measurements from moored current meters. Davis (1985) found a significantly shorter velocity time scale

for Lagrangian measurements collected within 20 km of the northern California coast during the Coastal

i Ocean Dynamics Experiment (CODE). Davis ascribed shorter, one to three day, Lagrangian time scales(Figure 6a) to the rapid changes that drifters experienced as they were swept through the field of

i relatively slow-moving but vigorous eddies and jets. In contrast, over longer intervals of four to sixdays, moored instruments reflected motions within the individual slowly-propagating eddies. Figure 6a

also shows that across-shelf (u) motions in CODE had shorter time scales than the along-shelf (v)

I fluctuations. This result is in keeping with along-shelf polarization
in subtidal velocities and with

correlations determined for the CAMP study region (Figure 6b). Eulerian time scales determined from

I the mooring near Platform Hidalgo were somewhat shorter than those determined in CODE, and were
closer to Lagrangian time scales determined from drifters released near Point Conception during CCCCS

_l (Chelton, 1987). This suggests that Eulerian eddy-field statistics in the two regions differ and trajectory
I errors from fixed-mooring computations in the CAMP region were lower. Furthermore, since the

duration of trajectories fell within two days, the differences in along-shelf time scales were smaller than

I the four day differences in along-shelf decorrelation times between the two-day Lagrangian and six-day

Eulerian zero-crossings in CAMP.

I
Sediment Trap Flux

I The majority of sediment traps were located near rock features that were selected for biological study
during CAMP (Figure 2). Because their primary purpose was to establish estimates of the site-specific

l exposure of biological assemblages to contaminants contained in drilling muds, a suite of hydrocarbonand trace metal analyses were performed on the trapped sediments and surficial sediments collected near

the sediment trap arrays (Steinhauer et al., in review). The dry weight concentration of barium in trapped

I sediments exhibited the largest signature of drilling particulates, although surficial sediment concentrations

also revealed temporal variation consistent with drilling activities. Although the sediment trap collections

I were sufficient to drilling particulate dose, source (resuspension or plume
determine the direct

impingement) of elevated barium concentrations was not immediately clear from their limited temporal

I and spatial distribution. The computations described below, were used to estimate the flux of
drilling-particulates into the traps and the fraction that arose from plume encounters.

I Sediment trap deployment intervals were nominally six months although some were a few months less.

Three, in particular, cover most of the one-year period of drilling at Platform Hidalgo (Figure 4). The

I majority of the thirteen sediment traps were located near Platform Hidalgo because this was where the

rock structures were located and because it was thought that discharge from this platform would dominate

I
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the local distribution of drilling particulates. The total particulate flux into the traps was determined from g

the mass of material in the trap normalized by the area of the opening and duration of deployment. The
J

fraction of drilling-derived particulates in this total flux was found by computing the difference between

barium concentrations in the trapped material and background levels. Background levels in surficial II
sediments rarely exceed 0.8 mg g-1dry weight but were positively correlated with fine-grained sediment I

fraction (Steirdaauer et al., in review). This grain-size dependence was consistent with findings in other I

regions (e.g. Erickson et al., 1989). Compared to ambient sediments, the barium concentration was

much larger in drilling mud, increasing from around 25 mg g-i in mud discharged from shallow wells to I

180 mg gl when mud from the deepest wells was discharged (Steinhauer et al., in review). The

large-grained drill cuttings and any mud adhering to them was not included in this analysis since they

were initially deposited near the platforms and would not reach the closest sediment traps, 0.5 km from
g

Platform Hidalgo. This was consistent with past investigations where the maximum depositional range I

in drill cuttings was on the order of 200 m (de Margerie, 1989). II

To reconcile barium concentrations in surficial and trapped sediments with platform discharges, the mass I

balance of sediment-trap material was described both in terms of the total particulate flux and the flux

of barium. From these two conservation equations, the total drilling-derived particulate flux deposited I

by plumes impinging on the sediment traps was determined from measured quantities. The first equation

partitioned the flux of total particulates (Fr,,_) into the flux from dire.ct impingement of drilling-mud

plumes (F_,,,,) and the depositional flux from resuspension processes and ambient fallout from the water .W

column (Fs,_,,,_,). i
Fr,_, = Fetm e + Fse_n t (3)

A second equation governed the flux of barium into the trap. I

Fz_w,Cr_,_,= Fj,_,,_Ce_e + Fs,.,nmntCse,_,,_ (4) I

where Cr,,_ was the barium concentration in the sediment trap measured on a dry-weight basis. The

barium concentration in the plume (CRm,) was taken to be equal to the dry weight concentration of I

barium in drilling muds on the platform averaged over all well depths (- 108 mg gq). The sediment

barium concentration (C._,,,) was determined from grab samples of surficial sediments collected during I

!
!
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I each sediment-trap recovery cruise. Eliminating the unknown resuspension flux (Fs,,_,_) between (1)

and (2), the plume deposition was given by,

!
= F [ Cr"_'-Cs'_

Fe_ _, [Cet_,_ -Cs,.,_,a (5)!
I The term within the brackets estimated the fraction of trapped sediments that arose from

direct

impingement of the plume. The initial depositional flux of drilling-derived particulates, computed from

(5), were tabulated for each of the three sediment-trap deploymentsduring drilling on Platform Hidalgo.
The weight fraction of total

I particulates contributed by direct plume impingement is shown in parenthesis in Table 2. In evaluating

(5), the estimated barium concentration in surficial sediments (Cs,_w,) was decreased slightly to account

I for post-drilling differences between surficial and trapped sediments. In post-drilling deployments, the

barium concentration in surficial sediments was found to be consistently 0.2 mg g-1 higher than the

I concentration in the adjacent sediment traps. However, in the absence of drilling, Cr_ should equal
Cs,,_,_,,for Fa_, to vanish. A consistent offset in barium concentration within sediment traps could have

I arisen, for instance, from preferential resuspension of fine-grained natural particulates relative to heavier
drilling-mud aggregates remaining below the 1-m high trap openings. Adjustment of Cs,,_,,,, in (5)

I resulted in a change of less than 10% in estimated drilling-derived particulate flux. This change was onthe order of uncertainty resulting from variation about average Cs,,_,,,,, estimates determined from

replicate samples.

Replicate samples were obtained from the array of three individual sediment traps that were deployed at

I each of the thirteen sediment-trap sites. While the parameters in (5) were averages
estimated from of

these three replicate samples, a measure of pure error was provided by variance about these means.

I Usually, the standard error among replicates was relatively low, below 10 percent for both total flux and
barium concentration. However, parametric uncertainty was compounded in (5), resulting in standard

I errors of approximately 15 percent for F_,_ values near 400 mg m2 day'k Thus, for the first twodeployments in Table 2, apparent differences in drilling-derived particulate fluxes among mid-field

sediment traps were not statistically significant at the 95 percent confidence level. The larger differences

I between mid-field and far-field flux were, however, significant.

!
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The daily discharge rate of drilling mud was discontinuous and day-to-day extremes in drilling

flux into the surroundingwaters was evidentin time series of discharge volumes (Figure 4). Iparticulate

These discharge time series were digitized from mud engineer's report,; that were filed each day drilling

was conducted on a platform. An example of the extreme variations was evident at the beginning of _l
April 1988, when a large bulk discharge from Platform Hermosa, approaching 400 m3, was preceded and

n

followed by days without discharge. The subsurface current flow that disperses these bulk discharges i
exhibited similar levels of daily variability with reversals in direction occurring frequently over the span U
of a few days (Figure 5c). This temporal complexity in bulk discharge and prevailing flow would make m

it difficult to generalize depositional patterns determined from short-term analyses. Instead, cumulative 'R

patterns of deposition, representing the dispersion of numerous bulk discharges, were computed for time

spansoffourmonthsorlonger. I

Four time spans of drilling-mud discharge were investigated. The first encompassed the two years of i
D

nearly continuous drilling that occurred from February 1987 through January 1989. During this time,

at least one of the three platforms was actively drilling. The three other time spans corresponded to m
Usediment-trap deployment periods and were subsets of this two-year cumulative analysis (Figure 4).

Over the two-year drilling period, Table 3 shows that discharge volumes for Platforms Harvest and 1

Hermosa were comparable. In contrast, Platform Hidalgo's total discharge of approximately 8,000 m3 I
represented only half of the total volume discharged by either of the other platforms. With a drilling

duration equivalent to Platform Harvest, Platform Hidalgo averaged a 50 percent lower discharge rate. B
ilk

This reduced rate was a consequence of the fewer (seven) developrnent wells that were drilled on

Platform Hidalgo as compared to thirteen for Platform Hermosa and nineteen for Platform Harvest. I

The three sediment-trap deployments encompasseddifferent combinationsof overlap for drilling on three II
IIplatforms (Figure 4). During the first deployment, from January through May 1988, all three platforms

were drilling. During the second deployment, from May through October 1988, drilling activities on

Platform ceased and only the two most widely separated platforms were discharging. Finally, only n

Platform Hidalgo discharged drilling fluid during the final deployment period from October 1988through

May 1989. The flux of drilling particulates, arising from direct impingement of drilling-mud plumes
rather than resuspension, was computed for these three sediment-trap deployment periods using the

approach described in the previous section (Table 2). At all sediment trap stations (Figure 2), peak levels
IIof the direct flux arising from drilling-derived particulates represented less than 2 percent of total

particulates collected in the sediment traps. This indicated that drilling-mud plumes rarely impinged on

!
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I mid-field sites and that the vast majority of total particulate flux, averaging over 25 g m2 day 1,

originated from other sources. Resuspension of surficial sediment was the most likely source for this

I large total flux rate, since regional flux from ambient fallout of detrital and terrigenous material from the

water column has been reported to be much smaller, ranging from 0.6 to 2.5 g m'2 day "1(Jackson et al.,

I 1989).

I Although weak spatial patterns in drilling-derived particulates were evident (Table 2), the most obvioustrend was temporal. The flux of drilling particles into sediment traps located near Platform Hidalgo

declined significantly over the three deployment intervals despite the relatively constant discharge of

I drilling mud from Platform Hidalgo (Figure 7). On the other hand, the decline in total discharge volume

from the three platforms over the three successive deployment intervals compared with declines in

I average drilling-derived particulate at Hidalgo (0.5 - km).
flux mid-field distances from Platform 1.0

This suggests that the two platforms to the southeast deposited significant amounts of particulates near

I Platform Hidalgo and generated paniculate fluxes comparable to that of Platform Hidalgo itself.
Although Platform Hidalgo was much closer to the sediment traps, Platforms Harvest and Hermosa

I discharged greater volumes of mud when they were actively drilling.

Further evidence for the significant influence of these remote platforms resulted from the relative lack

I of any strong relationship between distance from Platform Hidalgo and drilling paniculate flux into traps.

While flux consistently declined in each successive deployment (Table 2), there was no clear pattern of

I deposition around Plattbrm Hidalgo. The only exceptions to the temporal decline were at Stations W and
E. The slight increase in flux at Station E, between the first and second deployments, was not significant

I but the subsequent decrease of over 200 mg m2 day_ in the last deployment was statistically significant
at the 95 percent confidence level. Station W, on the other hand, exhibited uniformly low deposition

I rates throughout all deployments. Station W is the most distant station from Platform Hidalgo (Figure 2),and is even farther removed from the other two platforms. This suggests that the small flux of drilling

particles at Station W was primarily due to discharge from Platform Hidalgo. While significant amounts

I of drilling mud discharged from Platforms Harvest and Hermosa, was transported over 6.8 km and

deposited near Platform Hidalgo, little of the material traveled as far as Station W.

!
Thus, sediment trap-data indicated that significant amounts of drilling-derived particulates were carried

I over distances of as much a_ 6.8 km, which was the separation between the most distant platforms.
However, because of the location of sediment traps, the actual depositional pattern associated with

i transport from Platforms Harvest and Hermosa remained unclear. Because sediment-trap locations were
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selected primarily for their proximity to the rock features where hard-substrate epibiota were monitored, !

spatial sampling was biased to the northwest of Platform Hidalgo, and away from the other platforms.

This spatial bias prevented immediate resolution of issues concerning whether material discharged from 1
II1

platforms was deposited in radially-symmetric patterns or if plumes we:re transported along a preferential

direction. Mass-balance suggested that simple radial spreading could not account for the significant I
ilcontributions made by distant platforms to drilling particle flux near Platform Hidalgo. For example, if

drilling muds were distributed uniformly over a 6-kin radius around[ Platform Hermosa, a moderate am

increase in depositional flux of I00 mg m': day"a would require daily discharge volumes exceeding N

- 7,800 m3. Since bulk discharge volumes were more than an order of magnitude smaller, it was more

likely that preferential transport toward Platform Hidalgo resulted in the high measured flux. !

Numerical computations of plume transport supported this finding. Cumulative deposition over the entire n
Intwo-year drilling period (Figure 8) was clearly asymmetric and skewed toward the northwest. The major

axis of cumulative flux was oriented approximately parallel to the local bathymetry of the continental shelf I

Uand peak depositional flux was centered near Platform Hidalgo. This distribution resulted from the

combined effect of along-isobath polarization of ambient currents and the along-shelf alignment of the illl

three platforms. To a large extent, plume trajectories were controlled by the mid-depth current vectors I
that spanned the deployment periods (Figure 9). For much of the time, current vectors were directed to

the northwest. The resulting joint probability of occurrence for current velocity (Figure 10) was also 1
u

elongated parallel to the northwest trend of isobaths. This velocity histogram quantified the scatter of

observations of current speed and direction at subtidal frequencies. Peaks corresponded to frequently
noccurring velocity observations near a mean (maximum likelihood) velocity of 7 cm s1 directed to the

northwest. Current speeds of 7 cm s1 were associated with northwest-flow about three times more often I

than offshore flows of similar magnitude. This 7 cm s"1mean current was capable of transporting HI

material about 6 km in one day.
I

Depositional patterns determined for each of the three sediment-trap deployments exhibited similar

along-shelf alignments (Figures 11 through 13). During the first deployment (Figure 11), individual nm
depositional patterns from each of the three platforms were elongated toward the northwest and

overlapped, producing a high particulate flux near Platform Hidalgo. The amplitude of depositional rates In.
INcomputed from the trajectory computations did not precisely match the site-specific flux estimates

determined from trapped sediments and posted on Figure 11. This was due in part to the inherent II

uncertainty in estimating the fraction of drilling-derived particulates in the sediment traps. Similarly, I

the accuracy of trajectory computations was limited by uncertainty in the input data such as settling

!
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velocity or the specification of Lagrangian flow from a single current-meter mooring. Differences in

I absolute flux estimates arising from limitations in both approaches suggested that only interpretation ofgross climatological features in depositional patterns was warranted. Nevertheless, the depositional

patterns computed from plume trajectories only marginally over-predicted a sediment-trap peak flux that

I exceeded 500 mg m"2day1 at mid-field (-0.5 km) distances from Platform Hidalgo. Furthermore, both

captured the trend toward lower values, below 100 mg m2 day"1, to the northwest near Station W.

I
Similar correspondence was shown for the second deployment interval (Figure 12). Without drilling at

I Platform Harvest, a lower overall peak flux was evident near Platform Hidalgo. Nevertheless, contours
were still elongated to the southeast toward Platform Harvest, reflecting the influence of continued drilling

i at Platform Hermosa, farther to the southeast. This accounted for the relatively high drilling-derivedparticulate flux observed in sediment traps at Station HAR during the second deployment (Table 2) even

though no discharge occurred there during that deployment.

!
Del_sitional patterns during the last deployment (Figure 13) differed significantly from other patterns.

I Specifically, they exhibited a more limited dispersion to the southeast and lower overall flux
a peak near

Platform Hidalgo. Nevertheless, prevailing currents still carried the majority of drilling mud to the

I northwest of Platform Hidalgo; a finding supported by sediment trap observations posted on Figure 13.
Also, the relatively small number of plume trajectories extending to the southeast was consistent with the

i low flux observed in the sediment traps at Station HAR.

CONCLUSIONS

I The magnitude, areal extent and temporal decline in drilling-mud deposition determined from trajectory

computations, was consistent with observations of elevated barium concentrations in sediment traps.

I Thus, the excess barium concentrations that detected the rock features used for
were near biological

monitoring, can be ascribed to drilling-mud emissions from three production platforms in the region.

i However, this site-specific depositional flux of drilling muds represented less than 2 percent of total
particulate flux into sediment traps. The majority of suspended material originated from other processes,

I particularly resuspension and transport of ambient surficial sediments.

The observed decline in drilling particulate flux near Platform Hidalgo was reconciled with its continuous

I constant-volume discharge by considering discharges from the platforms located some distance to the

southeast. Trajectory computations indicated drilling-mud plumes are preferentially transported to the

I northwest over distances as much as 6.8 km, which was the maximum separation between
platforms.
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!
Consequently, when all three platforms were drilling, the elevated flux of platform-derived particulates n

Illl
near Platform Hidalgo (>500 mg m2 day1), were a direct result of discharge from relatively distant

sources. Furthermore, this relatively-high flux was not uniformly distributed but was centered near I !
litPlatform Hidalgo only because of alignment between prevailing currents and the along-shelf configuration

of platform locations. Specifically, the along-isobath polarization in poleward flow resulted in II
Ioverlapping depositional patterns from the three platforms which produced regions of high local flux in

the northwest quadrant.

I
The estimates of drilling-derived particulate flux reported here, integrated deposition from many

individual drilling-mud plumes discharged over several months. Thus, they did not reflect the l
u

short-term, more acute exposure caused by an individual drilling-mud plume impinging on

hard-substrate epifaunal communities. Nevertheless, they provided a useful measure of dose for II
Ucorrelating with observed long-term biological change since they accurately reflected the cumulative

relative likelihood of plume impingement on a particular rock feature, n
J
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I Table 1. Depth parameters used in the trajectory computation.

!
Parameter Current Meter Platform Platform Platform

Mooring ! Hidalgo Harvest Hermosa

I Seafloor Depth (m) 131 131 204 183

Shunt Depth (mab _) 97 113 149

I Bottom Current
Meter (mab) 6

I Mid-depthCurrentMeter(mab) 78

Surface Current

I Meter (mab) 111

IMooring located adjacent to Platform Hidalgo.

I Zmab: meters above the bottom.

I
I
!
!
I
I
I
I
!
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Table 2. Estimated flux (mg m: day "t) of drilling particles deposited in sutiment traps by direct impingement
of drilling-mud plumes. The fraction (in percent) of total particulate flux contributed by direct

impingement of drilling-mud plumes is shown in parenthesis. I
Wll

Distance Jan. 1988 May 1988 Oct. 1988

Station to Platform through through through I
Hidalgo (km) May 1988 Oct. 1988 May 1989 Mean

(Deployment 1) (Deployment 2) (Deployment 3)

Far-Field I

W 6.4 74 (0.4%) 107 (0.5%) 69 (0.3%) 83

3.8 ND' 189 (0.6%) 129 (0.3%) 159 i
U

HAR 3.02 ND 379 (1.6 %) 34 (0.1%) 207

S3 2.3 ND 98 (0.4 %) 16 (0.1%) 57 I

F 2.1 ND 246 (0.8 %) 201 (0.5 %) 224

$2 1.9 ND 196 (0.3%) 84 (0.4%) 140 I

S1 1.9 ND 216 (0.7%) 104 (0.3%) 160

E 1.2 317 (1.1%) 404 (1.4%) 170 (0.5%) 297 I
II

R 1.1 396 (1.6%) 174 (0.8%) 91 (0.4%) 220

Mid-Field I
N .9 506 (1.7%) 311 (1.3%) 69 (0.2%) 295

I .8 374 (1.1%) 344 (1.2%) 230 (0.5%) 316
U" K .6 419 (1.8%) ND 78 (0.3%) 249

J .5 503 (1.6%) 449 (1.9%) 146 (0.4%) 366 R
III

Mid-Field Mean 451 368 131

_ND: No data available. I

20.6 km from Platform Harvest (See Figure 2). II

I
!
I
!
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I Table 3. Total volume (m3)of drilling muds and cuttings discharged by the three production platforms on
the continental shelf off Point Conception.

!
Discharge Volume (m3)

I Activity Time-Span Hidalgo Harvest Hermosa Combined
Platform Drilling Feb 1987 - Jan 1989 7,772 16,432 17,176 41,380

I First Deployment Jan 1988 - May 1988 2,382 6,193 3,742 12,317
Second Deployment May 1988 - Oct 1988 1,648 0 3,375 5,023

I Third Deployment Oct !988 - May 1989 2,064 0 0 2,064

I
I
I
I
I
I
I
I
I
I
I
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Figure 1. The CAMP region and bathymetry in meters. The three petroleum production

platforms lie approximately 12 km offshore of Point Conception. il
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I Figure 6. Time-lagged correlation of velocity from near-surface moored current meters (solid) andfrom surface drifters (dashed) on the continental shelf a) in the CODE region (from
Davis, 1985) and b) in the CAMP region. Principal components of velocity are directed

I along (v) and across (u) the orientation of the continental shelves in each location.
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Figure I0. Joint probability of occurrence for current velocity determined from the moored current

meters. The contourintervalis 0.05% where the amplituderepresentsthe probabilityofobserving a particular value of north and east velocity within a square, 1 cm s"1on a side.

8-31



I



I

'U!
I 2 " * °°

........ __ll_

I_ I I.

.... _E_

I " _:_./." _ ._

" _Po "_ _ _

I .___

_ °=.__ _ "d

I _
........ ................ .-_-_

I '__-_

d i _. - <_ .... ._..__

• • .."

... - _ ._.
..,...,.." _ ...." " ,.."i ................_ _

' / __! " ... ......ii:::::::::.................... / = _"_ _
.........;,,_ ._o

•"" ' _/_ _ _=_

| .. ,,. •........... -. ,::..;;:i.... ........."c; .... 4> - -_'"-°=-=_-_<=""_._-
I ." "". I _ _ _

I . _=_.

l _
! 8-33

i



I

_x _ ...- .../ .... =_Ei -_o¢:
"_._. _

/ .../ /' ....." =_-5 "_
_ _ ,,' ....- / ....--' .__=

__ /--. :.."/ .." _°_ I
....:>--_ .."\... ..'' / _-_:_-_,I

•"_ ._ .=

_- // I. Y ""-

...................1,o
- ."......>_,1-'"'"......: o_o i

- /"'" ..........." :_ _ _-

' ...................iii \ ,,
. '".-.. .....,.'....-- . ....-: .:., ...............=_:_

- _ ":-:I ......... _._ ./ .....-" .../ ="<=__,,,,

' .) ..........! '"-............ -....... _

,,- .......) ..... i I -_°............ • _'-'_
... _,_•_ .=._

I=.0

I _"_ I
,,4

- l_ _
L

8-34 E

!
i



!
I

| 9. ENVIRONMENTAL IMPACT OF OFFSHORE OIL
DEVELOPMENT ON THE

i SHELF AND SLOPE OFF POINTOIYI'ER CONTINENTAL
ARGUELLO, CALIFORNIA

i JEFFREY HYLAND

i Marine Science
Institute

University of California, Santa Barbara, California, 93106-6150

DANE HARDIN

i Kinnetic Laboratories, Inc.307 Washington Street, Santa Cruz, California 95060

I MARGARETE STEINHAUER
Consultant

, 145 Abrams Hill, Duxbury, Massachusetts 02332
DOUG COATS

_ Marine Research Specialists
3639 E. Harbor Boulevard, Suite 208, Ventura, California 93001

I .
ROGER GREEN

Jl

I University of Western Ontario, Department of Zoology
London, Ontario N6A 5B7, Canada

I JERRYNEFF

i Arthur D. Little, Inc.
_ 20 Acorn Park, Cambridge, Massachusetts 02140-2390

t
I INTRODUCTION

The Californiaouter continentalshelf and slope just northof Point Conception is an oceanographically

i complex, productive region with seasonal occurrences of strong coastal upwelling (Brink et al., 1984;

i 9-1

,|
I



!
Savoie et al., Chapter 4) and associated increases in new primary prcgluction (Dugdale and Wilkerson, !

II1989). Hyland et al. (in press) and Montagna:(inpress) have shown that this area supports abundant and _.

diverse assemblages of soft-bottom macrofauna and meiofauna, respectively, comparableto other regions
Iof known, high biological productivity, such as the North Sea. Patches of exposed rock, common

between Point Arguello and Point Conception, support rich assemblag_ of hard-bottom epifauna as well i

m(Hardin et al., Chapter 7). This area is also believed to contain commercially significant deposits of

hydrocarbons(Rintoul,1985). ia,

Concern over long-term environmental impacts that could result from dteveloping the oil resources of this R

region led to the initiation of a comprehensive, four-year monitoring study focused on assessing potential "1

impacts on the benthos (Hyland et al., 1990; Brewer et al., 1991). This study, referred to as the Phase

II California Outer Continental Shelf Monitoring Program (CAMP), had two broad objectives: (1) to I

detect and measure potential long-term (or short-term) chemical, physical, and biological changes around m

oil development/production platforms in the Santa Maria Basin; and (2) to determine whether observed I

changes were attributable to platform-related activities or to natural processes. Hyland et al. (1990)

described the overall design of CAMP and provided a summary of bac-kgroundchemical, physical, and '1
biological features of the benthic environment, including patterns of natural spatial and temporal

variability, based on the first two years of sampling. The present paper reports on the apparent effects I
of actual drilling events on hard-bottom epifaunal assemblages in the Platform Hidalgo area, based on

the final four years of monitoring, and discusses the ability to detect changes in the benthic environment I
(soft and hard-bottom substrates) related to future activities. "-

i

The Study Area I_

The studywas conducted off the southern California coast between Point Conception (34°28'N) and Point
JSan Luis (35*06'N), at water depths of 90 to 565 m (Fig. 1). This are._trepresents the southern offshore

portion of the Santa Maria Basin, a geologic structure bounded on the northeast by Franciscan basement _,
Irocks elevated by coastal faults, and on the southwest by the Santa Lucia Bank, a topographic highwhich

rises to about 500 m (see McCulloch et al., 1982). Measuring approximately 40 km x 230 km ,_

|(McCulioch et al., 1982), the Santa Maria Basin encompasses a majority of the continental margin

between Point Conception and Monterey, including an onshore component between the Santa Ynez and ,tl
USan Rafael Mountains.

!
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The continental shelf is oriented along a northwest-to-southeast axis between Point Conception and Point
Arguello and along a north-to-south axis between Point Arguello and Point San Luis. The shelf extends

i seaward to a depth of about 110 m and varies in width from about 4 km in the Point Conception area to
about 20 km between Point Arguello and Point San Luis (Uchupi and Emery, 1963). In the Point

i Arguello area, the slope rapidly drops to a depth of about 1000 m and is incised by the Arguello Canyon;
northward, the slope is less steep and is interrupted by the Santa Lucia Bank (Uchupi and Emery, 1963).

i astward of the bank is a sea valley (Station R-7, Figure 1) which acts as a depositional sink for
fine-grained sediments (Hyland et al., 1990).

i Data from instrumented moorings deployed during CAMP suggest that low-frequency surface and

i mid-depth currents generally flow parallel to the coastline, in both upcoast and downcoast directions,whereas the bottom flow veers offshore due to leftward Ekman turning in the bottom boundary layer of

the poleward mean current (Hyland et al., 1990; Savoie et al., Chapter 4). Records of currents from all

I three depths, however, reveal a strong cross-shelf component due to higher-frequency tidal influences,

particularly near the bottom (I-Iyland et al., 1990; Savoie et al., Chapter 4). Because of such influences,

patterns of ocean circulation, when examined at any given point in time, are much more complex than

the mean circulation derived from time-averaged data. The local flow field, for example, may consist

I of a variety of transient phenomena, including eddies, swirls, filaments, meanders, and narrow jets. Such

features have been detected in satellite images (Bernstein et al., 1977), and are thought to be responsible

1 for significant cross-shelf transport of heat, nutrients, and pollutants (Mooers and Robinson, 1984). In

addition, less frequent interannual variations (e.g., El Nifio/ Southern Oscillations) can obscure the

I generalized pattern, althoughno major eventswere during studyperiod
circulation El Nifio observed the

(Savoie et al., Chapter 4). Such variations must be taken into consideration when assessing the transport

path of materials discharged at given points in time from offshore platforms in the region.

i Natural oil seeps have not been cataloged for the waters north of Point Conception but it is likely that
they exist in numbers large enough to be a principal source of background hydrocarbons to the sediments.

I During the first year of CAMP, macroscopic tar particles were observed in bottom sediments throughout
the study region (Steinhauer et al., Chapter 6). Additional evidence has been provided by local reports

I of fouled fishing gear and oil slicks washed onto beaches. For comparison, Wilkinson (1972) cataloged
approximately 20 oil and gas seeps along the coast south of the study area, between Point Conception and

I Coal Oil Point. Allen et al. (1970) estimated that seeps in the Coal Oil Point area alone introduce daily
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about 7600 - 11,400 liters of oil into surrounding waters of the Santa :Barbara Channel. In spite of this 1

natural source, results of CAMP hydrocarbon monitoring (Steinhauer and Steinhauer, 1990) indicate that

mean concentrations of hydrocarbons in sediments among various regional sampling sites (21 #g/g at i
I

shallowest stations to 112 #g/g at deepest stations, and typically less than 50 #g/g) are generally low and

characteristic of background fine-grained sediments along the west coast of the United States. i

There are four offshore platforms in the study area: Platforms Harvest, Hermosa, Hidalgo, and Irene _1[

(Fig. 1). Platform Hidalgo was selected during CAMP as a site for monitoring potential impacts of _l_,

drilling on hard-bottom fauna. A fifth platform (Julius), which was scheduled to be installed in July to ('1]

|August 1987, was selected as a site for monitoring drilling-related impacts on soft-bottom infauna;

however, because of scheduling delays this platform was not installed within the time-frame of the study, i1"

Since drilling began in April 1986, a total of 1.51 x 107kg of drilling muds was discharged from the four I

offshore platforms in the overall study region (Table 1). Platforms Hidalgo, Harvest, and Hermosa,

which are closest to the hard-bottom monitoring sites and are included in mud-deposition modeling herein, I

released a total of 1.12 x 10_ kg of drilling muds between November 1986 (first well on Harvest) and

January 1989 (last well on Hidalgo). Barite accounted for 5.73 x 106kg (46%) of the total mud solids I

discharged from these three platforms. There was no production during the study, nor any development

drilling after January 1989 through the end of the study, at any of these three platforms. I

]VIETHODS !
The stationdesignconsistedofa seriesof I0 regionalstationsandtwo arraysofadditionalsite-specific

stations located in the vicinity of either actual or planned oil development/production platforms (Fig. 1). !

Regional stations consisted of three cross-shelf transects of three stations each (encompassing water

depths of 90 to 410 m) and an additional station (R-7) located in the se_lvalley 50 km west of Point Sal. i

Regional stations were established to examine natural oceanographic features and processes, and to

monitor potential drilling-related impacts, over a broad area including different bathymetric zones. All i

regional stations were soft-bottom sites. One of the two site-specific sampling arrays also was located

in an area containing predominantly unconsolidated substrates, This array, located about 15 km offshore j
III

of Point Sat, consisted of 18 stations centered around Regional Station PJ-1, the proposed site for -I

Platform Julius (Fig. 1). Most of these stations were closely spaced within 2 km of the proposed i
II

platform site and arranged in a semi-radial pattern to allow detection of nearfield impacts in a number

of possible directions. However, there was a greater concentration of stations, particularly those outside i
II
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1_ the 2-kin ring, along the axis parallel to local isobaths, based on the assumption that long-term mean

current flow and pollutant transport would be in an along-shelf direction. Typically, three replicate

I collectedfromeach andPlatformJuliusstation. These obtainedwith
samples were regional samples were

a Hessler-Sandia, 0.25-m 2 box corer partitioned into a series of subcores to allow synoptic measurement

i of the following variables: macrofauna, meiofauna, hydrocarbons, trace metals, total organic carbon,
and grain size.

I
Sampling at regional stations and at the Platform Julius array was conducted during October 1986;

I January, May, and October 1987; January, May, and October 1988; and May 1989. Typically, the 10regional stations (inclusive of PJ-1) and 18 additional Platform Julius stations were sampled on the first

D three cruises. All regional stations were sampled on remaining cruises, except Station R-7 in May 1988.
II Because of delays in the installation of Platform Julius, the number of stations sampled around the

i planned platform site was reduced to three (PJ-1 and two others) on the October 1987 cruise, and finally' to one station (PJ-1) beginning with the May 1988 cruise. With news of indefinite delays in the

i installation of Platform Julius, all sampling of the soft-bottom benthos was discontinued after May 1989.Thus all data from these stations represent pre-drilling conditions. Because the present paper focuses on

i platform impacts, treatment of the soft-bottom benthos will be limited to assessing the ability to detectpossible changes related to future discharges, based on results of power analysis.

The second site-specific sampling array was located off Point Arguello at Platform Hidalgo (Fig. 1 and

2). Monitoring at this site focused on rock substrates inhabited by hard-bottom epifaunal assemblages.

i Nine stations were established at various depths and distances from the platform so that a range of

possible doses of drilling materials would be represented. Also, epifaunal assemblages both on

i "high-relief" substrates (vertical relief greater than approximately 1 m) and on "low-relict _' substrates (0.2

- 0.5 m) were monitored to compare their relative sensitivities to potential impacts.

i
Hard-bottom stations were sampled during October 1986, May and October 1987, October 1988, May

. and October 1989, and October 1990. Drilling at Platform Hidalgo began in November 1987 and ended
in January 1989 (Table I). Thus the first three sampling periods represent pre-drilling conditions and

I the last four periods represent conditions after the initiation of drilling. Sixty random 70-mm photographs
(each representing a surface area of 0.75 m:') were taken from a remotely operated vehicle (ROV) during

I each sampling period at each of the nine hard-bottom sites and examined for variations in the densities
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and percent cover of all visible epifaunal species. Further details on methods for collection and analysis N

of epifaunal samples are given in Hardin et al. (Chapter 7).

!
Near each of the nine hard-bottom stations, three replicate samples of surficial sediment (0 - 2 cm) were

collected with a 0. I-m:, modified van Veen grab sampler and analyzed for hydrocarbons and trace metals, n
ii

Total hydrocarbon content (TI-IC) and concentrations of targeted ,,;aturated and two- to five-ring

polynuclear aromatic hydrocarbons (PAHs) were measured by gas chromatography coupled with mass II
n

spectrometry (GC/MS). Concentrations of 11 trace metals (arsenic, barium, cadmium, chromium,

copper, lead, mercury, nickel, silver, vanadium, and zinc) were measured by either energy dispersive il_

X-ray fluorescence or Zeeman graphite-furnace atomic absorption spectrometry. Further details on

methods for chemical analyses are given in Steinhauer et al. (Chapter 6). il
n

Three replicate sediment traps were deployed for six-month periods 1 ra off the bottom near each of the Ill
IInine hard-bottom photosurvey sites and at a site (PHAR) 500 m northwest of Platform Harvest (Fig. 2).

Sediments collected in these traps were analyzed for trace metals, hydrocarbons, and relative particle flux. il

lSuccessful trap deployments were made during January - May 1988, May - October 1988, October 1988

- May 1989, May - October 1989, October 1989 - May 1990, and May - October 1990. Excess barium 1

concentrations in the traps were used to compute fluxes of platform-derived particles to the seafloor, n

Fluxes estimated from the traps were compared to those derived from trajectory modeling of platform

discharges, based on mud-discharge records supplied by the platform operators and water-current data I

obtained from an instrumented mooring deployed 1 km northwest of Platform Hidalgo (Fig. 2). The

moored instrumentation - which consisted of three vector-averaging current meters (near-surface, !

mid-depth, near-bottom), each equipped with conductivity and temperature sensors and a bottom pressure

recorder - made continuous measurements of currents, pressure/sea-surface elevations, temperature, and i

conductivity. Data from the current meters were stored internally and telemetered to shore each day via

ARGOS satellite link. Ii
II

The ability to detect statistically significant changes in the environm!znt was assessed through power N
analysis performed on 17 chemical and biological response variables from both soft-bottom and

hard-bottom sites. The analyses were conducted using formulae based on Taylor's Power Law for a I

I
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i two-group contrast (t-test comparison between two sample means) on a given variable. The procedures

used are described by Green (1989). These analyses provide measures of the amount of detectable change

I in the various response variables as functions of the degree of power, alpha level, and sample size.

i
]RF_TS AND DISCUSSION

I Estimated Fluxes of Drilling Particles to the Seafloor

Fig. 3 provides a time-series record of drillingmuds discharged from PlatformHidalgo and Platforms

Hermosa, 3 - away. Discharge volumes for theseplatformsvary considerably
Harvest and located 7 km

from zero to over 500 m3in a single day. Each platform record reveals a number of intermittently spaced

i discharge peaks.

i Concurrentdrilling at all three platforms occurred over a five-monthperiod between November 1987 and
May 1988, which coincides with a period (January - May 1988) when sediment traps were deployed.

i Trap deployments prior to January 1988 were unsuccessful (except for traps retrieved at Stations PH-I
and PH-U in May 1987). Five additional trap deployments took place after May 1988. The May -

I October I988 deployment coincides with a period when Platforms Hidalgo and Hermosa (but not Harvest)
were drilling. The October 1988 - May 1989 deployment coincides with a period when only Platform

i Hidalgo was drilling. The three remaining trap deployments (May - October 1989, October 1989 - May1990, _vlay- October 1990) represent post-drilling periods for all three platforms.

I* Drilling-mud depositionalfluxes for each sediment-traplocation and deployment period are given in Table

i 2. These values were calculated from excess concentrations of barium in the traps relative to backgroundconcentrations, determined separately for each station by selecting the lowest mean value (averaged over

replicates) among the various deployment periods. For all sites, the lowest level that was recorded

I_ represented one of the last two post-drilling deployments, which took place a year or more after cessation

of drilling. Concentrations of barium in suspended sediments were consistently low during these

I, post-drilling periods and approximated pre-drilling concentrations in surface sediments. This background

value was subtracted from the barium concentration in each sediment trap for all other deployment times

to determine the excess concentration of barium derived from drilling sources. The excess concentration

of barium in each trap was then multiplied by the sediment flux measured by that trap (i.e., weight of

i trapped material normalized per unit area and time) to determine the flux of barium (mg/m_/day).
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Because the average concentration of barium in drilling muds was 1 g barium/10 g dry weight mud (Table i

5), the barium flux in each trap was multiplied by a factor of ten to estimate the flux of total

drilling-derived particles. 1

Mean fluxes averaged over the three deployments during drilling were high at Stations PH-E, PH-J, PH-I, I

PH-N, PH-K, and PHAR (251 - 377 mg/m2/day); moderate at Stat!ions PH-F and PH-R (215 - 234

mg/m2/day); and low at Stations PH-U and PH-W (89 - 172 mg/m:/dlay). Mean fluxes averaged over I

all post-drilling deployments were consistently low (1 - 24 mg/m2/day) at all stations. The high fluxes

at Stations PH-E and PHAR during drilling suggest a deposi_tional pattern that follows the i

northwest/southeast trend of the bathymetry and direction of mean current flow. ---
J_

The mean flux averaged over all traps was highest (384 mg/m2/day) fi_r the deployment ending in May I

1988, which coincides with the period of maximum mud discharge when drilling occurred concurrently /
il

at all three platforms. The mean flux decreased steadily over the next two deployments, to 303

mg/m2/day by October 1988 and 132 mg/m:/day by May 1989. Mean fluxes averaged over all stations

for the three post-drilling deployment periods remained at low levels between 3 - 43 mg/m2/day. Because
I1

the volume of drilling muds discharged from Platform Hidalgo did not decrease with time (Fig. 3), the _
|steady decline in fluxes over the first three trap-deployment periods at sites around Platform Hidalgo

reflects the influence of discharges from the other two platforms while they were drilling, i
'w

The amounts and patterns of initial deposition of drilling muds disclaarged from Platforms Hidalgo, i

Harvest, and Hermosa were also examined by plume-trajectory modelling. This approach is based on U

tracking a simulated plume of discharged particles as they are passively transported by ambient currents alt

and allowed to settle through the water column to the seafloor. Simple trajectory models are recognized !

as effective methods for analyzing long-term continuous discharges under conditions of time-varying
till

currents and discharge volumes (van Dam, 1982; CSA, 1985; Coats, Chapter 8). Fry and Butman (in '1

press) have described a similar trajectory-modeling approach to predicting initial depositional patterns of

sewage sludge on the seafloor. B

The model used here combined daily discharge data from the three platforms with current velocities /

measured concurrently from an instrumented mooring deployed near Platform Hidalgo (Fig. 2). Results

of the model are applicable at mid-field distances, between 0.5 and 10 km from Platform Hidalgo, and 'i
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I can be compared directly to flux data obtained from the sedimenttraps deployed over
similar distances.

However, two limitations to recognize are: 1) the model predicts initial mud-depositional patterns and

does for resuspensionof depositedmaterial; and 2) depositionalpatterns predicted
not account subsequent

from the model are based on a number of plume-transports integrated over several months and thus do

i "not representconditions resulting from single discharge events.

I The results of trajectory modelingof platform dischargesbetween May and October 1988 are shown in
Fig. 4(a). Predicted peak fluxes of 400 - 500 mg/m2/daywithin about 1.5 krnof Platform Hidalgo match

I the fluxes computed from sediment-trapdata. The model results also showed a ridge of high depositionoriented along the northwest-southeast axis and extending over all three platforms.

I During the third sediment-trapdeployment (October 1988- May 1989), drillingoccurred only at Platform

I Hidalgo and ended there halfway through the deploymentperiod (Fig. 3). Because of relatively intensebottom currentsin the fall of 1988, the model results suggest that the small amountof muds discharged

i during this period was distributed over a broad area [Fig. 4(b)]. For example, a small accumulation ofdrilling mud was predicted near Platform Hermosa, 6.8 km to the southeast of Platform Hidalgo, even

though there was no discharge at that site. Also, the results suggest that drilling mud was transported

relatively far to the northwest, a prediction that is consistent with the small increase in flux observed at

i StationPH-U (Table 2).

The close agreement between sediment-trap data and modeling results suggests that the excess amounts

I of barium found in the traps can be attributed to drilling discharges and thereby provide an effective

tracer of drilling-mud accumulations. Both indicate peak fluxes of drilling solids at Station PH-J, located

I about 500 m northeast of Platform Hidalgo. The estimated drilling-derived particles at
flux of this

station during May - October 1988 (464 mg/m2/day based on sediment-trap data) represents 1.96% of

I the total (23.7 g/m2/day) collected in these same This ratio of drilling-mud fluxsuspended particles traps.

to flux of total suspended particles, which was the highest among all station/time combinations, is used

, below as a "dilution factor" to establish the expected concentrations of various other drilling-mud
constituents in ambient suspended sediments, based on their initial concentrations in source drilling

muds.

!
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i
Hydrocarbon and Trace Metal Inpul_ l

Surfidal se_'ments

Concentrations of trace metals and several hydrocarbon variables in surficial sediments (0-2 cm) from i
nnearfield and farfield (control) stations are summarized in Table 3 according to drilling period. Mean

concentrations (averaged over all stations and times) of analytes in sediments from the proposed Platform n

Julius site, 30 km north of Platform Hidalgo, have been included in Table 3 for comparison.

Concentrations at Platform Julius stations represent pre-drilling conditiions and are within concentration
IIranges typical of offshore sediments along the southern California coast (Bruland et al., 1974; Reed et

al., 1977; Katz and Kaplan, 1981; SAIC, 1986). I
l

Table 3 reveals that mean THC concentrations increased about twofold in sediments from both nearfield n

and farfield stations between pre-drilling and during-drilling periods at Platform Hidalgo. However, there n

were no parallel increases in mean concentrations of total polynuclear aromatic hydrocarbons (_PAH) m

or of the naphthalene, phenanthrene, and dibenzothiophene homologous series. Instead, the mean EPAH N

concentrations in nearfield samples, collected before drilling was initiated, were four times higher than m

in samples collected during drilling or after drilling had ceased. These variations are most likely linked _1

to natural petroleum inputs (e.g., seep-related material) rather than drilling activities. In most samples,

50% or more of the THC concentration was due to the presence of an unresolved complex mixture ,N

(UCM; see Steinhauer et al., Chapter 6). The presence of a UCM usually suggests a petroleum input

(Farrington and Tripp, 1977; Reed et al., 1977; Wakeham and Farrington, 1980; Kennicutt et al., 1987) I
Iw

but is characteristic of weathered oils (Farrington et al., 1973; Farrington and Meyers, 1975; Reed et al., "-

1977) and a common component of sediments off southern California (Reed and Kaplan, 1977; Reed et N

al., 1977; Simoneit and Kaplan, 1980; Stuermer et al., 1982; SAIC, 1'986).

m

GC/MS chromatograms of sediments (see Steinhauer et al., Chapter 6) also revealed that normal I

(unbranched) alkanes were dominated by C29 and other odd-carbon members in the C25 to C31 range, l
U

This is a common feature of hydrocarbons derived from terrestrial plants (Wakeham and Farrington, z

1980). Concentrations of lower-molecular-weight alkanes (n-C10 through n-C20) generally were very 'il
llow, suggestinglittle evidenceof freshpetroleumin surficial sediments.

Barium was the only analyte that displayed spatial and temporal trends that could be related to drilling I

activities. Pre-drilling concentrations of barium in surficial sediments around Platform Hidalgo were
U
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similar to background concentrations at the planned Platform Julius site (Table 3). During drilling the

mean barium concentration in sediments from the five nearfield stations increased by approximately 200

I #gig dry weight. A slight increase (83 #gig) occurred during drilling at farfield stations as well. The

mean barium concentrations in sediments averaged over the three post-drilling sampling periods declined

I substantially but were still approximately 100/zg/g higher than pre-drilling
either the concentrations

around Platform Hidalgo or the baseline concentrations in sediments from the Platform Julius control

I area.

I Suspended sediments
Table 4 presents trace metal and hydrocarbon concentrations in suspended particles collected in sediment

I traps at high-, medium-, and low-flux stations during and after drilling at Platform Hidalgo. The station
categories are based on the above estimates of drilling-mud fluxes computed from excess barium

I concentrations measured in the trap samples. Because sediment traps were recovered successfully from
only two stations (PH-I and PH-U) prior to drilling, pre-drilling concentrations of various chemical

variables are not given.

i Except for barium and THC, there was little variation in other chemical variables among the variousstations or sampling intervals. The THC concentrations were higher during drilling than after drilling

i for all station categories, but these increases did not follow a pattern consistent with the estimatedsediment flux: mean concentrations were highest at low-flux stations (411/_g/g, Table 4) and lowest at

high-flux stations (182 ttg/g). As with surficial sediments, these variations are probably not related to

i drilling .discharges.

I Mean concentrations of barium in suspended particles, however, followed a pattern consistent with both

the timing of platform discharges and the proximity of stations to the discharge source. During drilling,

I mean concentrations were highest at high-flux (nearfield) stations and lowest at low-flux (farfield) stations

(Table 4). After drilling ceased, mean concentrations were consistently low (771 - 883 #g/g) among all

I, stations and were within the range of background concentrations of barium in suspended particles (749

- 959 #g/g; Steinhauer et al., Chapter 6). The mean concentration of barium at high-flux stations during

I drilling (2397/_g/g) was about two to three times these levels. Barium was the only chemical variable
that revealed a clear signal of drilling-related inputs to either suspended or surflcial sediments.

!
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Table 5 presents estimated peak concentrations of trace metals and hydrocarbons in the expected area of i

Pll
maximum drilling-mud flux, at nearfield Station PH-J. These values are presented as worse-case

predictions of exposure levels in suspended particles, based on the 1.96% ratio of drilling-mud flux to ll_

flux of total suspended particles (see derivation above) and the measured concentrations of the various I_

analytes in source drilling muds. Table 5 also lists the predicted percent:increases in these analytesabove E
lbackground concentrations. Because concentrations of barium, zinc, and all three hydrocarbon variables

in the drilling muds increased with increasing well depth (Steinhau,_,r et al., Chapter 6), predicted II
concentrations in Table 5 are shown for two cases: (1) using depth-integrated mean concentrations of ,_

analytes in drilling muds collected from four well depths, and (2) using mean concentrations of analytes II

in drilling muds collected only from the bottoms of wells. The higher,"concentrations of hydrocarbons m

in drilling muds exposed to the bottoms of wells reveal their source in the oil-bearing rock strata.

I
Zinc and the three hydrocarbon variables were the only analytes other than barium with predicted percent

increases above background concentrations greater than 8.0% (Table 5). Zinc could have increased by I'

as much as 20%, if it is assumed that only muds from the bottoms of wells were discharged. However,

predicted concentrations of zinc in suspended particles (77 - 85 #g/g) were still very low and within n
the

the range of concentrations (71 - 94 #g/g) observed in individual samples of surficial sediments around

Platform Hidalgo prior to drilling (Hyland et al., 1990). ,I
n.

Similarly, although the predicted percent increases in THC and I;PAH were moderate to large (9.5 - 24% i

for THC; 817-1667% for I;PAH), their predicted peak concentrations in suspended particles (88 - 99

#g/g for THC; 0.55 - 1.1 #g/g for PAHs) were low, overlapping with concentrations found in samples N
tl

removed from drilling influences. For example, Steinhauer and Steinlaauer (1990) reported that mean

concentrations of THC in surficial sediments among CAMP regional stations ranged from 21 #g/g at I
qshallowest sites to 112 #gig at deepest sites, and that mean concentrations of I2PAHs in surficial

sediments around Platform Hidalgo prior to drilling ranged from 0.026 to 1.48 #gig among the various
il

stations. Concentrations of naphthalenes in suspended particles were predicted to increase 35,000% to

77,000% above background. Increases of these magnitudes would result in suspended-particle
lconcentrations between 0.35 mg/g and 0.77 #gig. However, because low-molecular-weight naphthalenes

have a high solubility in water, preferential weathering through dissolution would be expected to reduce I

.Jtheir concentrations in suspended material. The mean concentration of naphthalenes measured in

suspended particles at high-flux stations during drilling was only 0.007 #g/g (Table 4).

I
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I The predicted maximum hydrocarbon concentrations in suspended particles at Platform Hidalgo were

much lower than levels observed in sediments at a nearby oil-spill site, 19 km southeast of the CAMP

l study area, following the sinking of the freighter Pac Baroness (Hyland et al., 1988). Significant

reductions in the abundances of infauna within 500 m of the wreck were linked to the elevated

I hydrocarbon levels, including average _PAH and naphthalene
concentrations of 70 #g/g and 24 #g/g,

respectively. The mean concentration of THC in the contaminated sediments, although not reported, was

I 309 (unpublished data from the authors).
#gig

I Effects of Platform Discharges on Hard-Bottom Epifauna
Possible impacts of platform discharges on selected dominant hard-bottom epifauna were examined by

I ANOVA. A total of 22 cases resulted by combining the 15 most abundant taxa from each of low- and
high-relief habitats. The abundances of each of these taxa, as well as the combined cover of all

I suspension feeders, the combined cover of all taxa, and the total number of species were tested with an
unreplicated three-way ANOVA model (Sokal and Rohlf, 1969). Because the abundances of most of

I these fauna have been shown to vary in relation to depth and habitat relief (Hardin et al., Chapter 7), and
because high-relief habitat occurred only at the deeper stations (Table 6), two separate series of three-way

l ANOVAs were run. One tested the significance of differences among low-relief stations due to main• effects of sampling time, relative dose of drilling solids, and depth. The other tested the significance of

i differences among deep stations due to main effects of sampling time, dose, and habitat relief. The classvariable dose consisted of three levels (low, moderate, and high) corresponding to the three categories

of drilling-solid flux computed from excess barium concentrations in sediment traps (Table 2). Sampling

I time consisted of seven levels: October 1986, July 1987, November 1987, October 1988, May 1989,

October 1989, and October 1990. Depth consisted of two levels: shallow (105-119 m) and deep

l (160-212 m). Relief also consisted of two levels: low (0.2-0.5 m) and high (> 1.0 m). The distribution

of stations among these various classes is shown in Table 6.

!
The value in each cell of the ANOVA is the mean of all photographic samples (i.e., 70-ram still images,

I each representing a bottom surface area of 0.75 mr) from each corresponding combination of time x dose

x depth, or time x dose x relief. The mean value for each of the seven time x high-dose x shallow-depth

1 combinations among low-relief stations is based on 180 photographs (60 per each of the three stations

PH-J, PH-E, and PH-I). All remaining factorial combinations are represented by a single station (Table

I 6); thus the mean values for all corresponding cells are based on 60 photographs. Tests for differences
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in abundances of organisms were run on square-root transformed data; tests for differences in the percent I

cover of organisms were run on arc-sine transformed data (Sokal and Rohlf, 1969). I
II

An unreplicated ANOVA model was used because there were not enough natural reefs in the study area
III

to replicate all factorial combinations of depth, relief, and dose (Table 6). Furthermore, because I
t

abundances of many of the taxa varied significantly among stations within each of the class variables

depth and relief (Hardin et al., Chapter 7), the various station means within these classes could not be I

used as independent replicate samples of the variable dose. The thr_,-way interaction effects in these

tests and all nonsignificant (p > 0.05) time/depth, time/relief, dose/depth, and dose/relief interactions Irm
were pooled to provide an estimate of error variance (Sokal and Roh]lf, 1969). The main effects and "-

time/dose interactions were tested against this pooled estimate of error variance. I

Significant time/dose interactions, corresponding to contrasting patterrLsof temporal change among the I
IW.

different dose levels, were evaluated as possible drilling impacts. In an effort to determine whether there

were any negative effects of drilling, this evaluation was limited to significant time/dose interactions in I
Iwhich: (1) the biological response variable showed a decline at high-,rlosestations after drilling began

in comparisonto the before-drilling period, and (2) the correlation coefficient (r) between changes in the I
Ibiological response variable and fluxes of drilling-mudparticles was substantially negative.

Sabellid polychaetes and the white and purple anemone were the only low-relief taxa that displayed I

significant (p < 0.05) time/dose interactions (Table 7), and of the two only sabeilids satisfied the above I

criteria for a possible negative drilling impact. Densities of the unidentified white and purple anemone I

at shallow low-relief stations [Fig. 5(a)] decreased after drilling began at all three dose levels, and the i

largest reduction occurred at the lowest level (r = 0.933). Moreover, densities of this anemone among I

deeper low-relief stations [Fig. 5(a)] increased after initiation of drilling at all three dose levels, although i

they showed the greatest increase at the lowest level (r = -0.884). In contrast, densities of sabellids I

at deep low-relief stations [Fig. 5(b)] decreased at the high-dose level and increased at the moderate- and
IIll

drilling began (r = -0.728), indicating a possib]lenegative effect of the drilling I
low-dose levels after

discharges. It shouldbe noted, however, that the time/dose interactionfor sabeilids was only marginally

significant in the time x dose x relief ANOVA at deep stations (Table 7). Furthermore, although this I.

l
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group displayed a negative correlation between changes in density and fluxes of drilling-mud particles

at shallow low-relief stations (r --- -0.650), mean densities in this case actually increased slightly at the

i high-dose level after drilling began.

I taxa significant time/dose interactions the time x dose x at deep
Five exhibited in relief ANOVA stations

(Table 7), although two of these taxa did not satisfy the above criteria for a negative drilling effect. In

I fact, of the anemone Amphianthus californicus [Fig. 6(a)] suggest a possible enhancement
responses

effect. Densities of this anemone increased after drilling began by a percentage greater at the high-dose

level than at the moderate-dose level, and were slightly reduced at the low-dose level in both deep,
low-relief and deep, high-relief habitat (r = 0.998 and 0.901, respectively). Similarly, the significant

I time/dose interaction for the brittle star Ophiacantha diplasia [Fig. 6(e)] also did not seem to indicate
a negative drilling effect. Although its correlation coefficients were negative (r = -0.894 and -0.848 in

I low- and high-relief, respectively), densities of this species increased substantially after initiation of
drilling at all dose levels. In addition, densities of galatheid crabs in deep high-relief habitat showed

I proportionally greater increases at the high-dose level than at the moderate-dose level, while showing a
decrease at the low-dose level, after initiation of drilling [Fig. 6(c); r = 0.956]. This taxon, however,

I apparently did display a negative response to drilling discharges at deep, high-relief stations (see below).

i Time/dose interactions for the ahermatypiccoral Caryophyllia sp(p), in both low- and high-relief habitat,as well as galatheid crabs and the ascidian Halocynthia hilgendorfi igaboja in low-relief habitat, suggest

I possible negative effects of the drilling discharges. Changes in mean densities of Caryophyllia sp(p).after drilling began were closely correlated with the flux of drilling-mud particles in both deep, low-relief

and deep, high-relief habitat [Fig. 6(b); r = -1.000 and -0.928, respectively]. In both types of habitat,

I highest densities occurred at low-dose stations after drilling began, and lowest densities occurred at the

high-dose stations after drilling began. The negative relationship between changes in galatheid crab

I abundances and the fluxes of drilling-mud particles in deep, low-relief habitat [Fig. 6(c); r = -0.675] is

less conclusive and largely a function of peak densities occurring at the high-dose station beforedrillingIll

I began and at the moderate-dose and low-dose stations after drilling began. Nevertheless, the lowest

densities of these crabs occurred at the high-dose station after the onset of drilling. Similarly, the

I negative relationship between abundance changes and fluxes of drilling-mud particles for H. hilgendorfi
igaboja in deep low-relief habitat [Fig. 6(d); r = -0.612] may have been caused by unusually high

I pre-drillingdensitiesatthehigh-dosestation, effect beruled
although an of drilling discharges cannot OUt.
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Thus four of 22 taxa displayed significant (p < 0.05) time/dose interactions representing possible

Im
negative responses to the drilling-mud discharges. These four taxa were: (1) sabellids in deep low-relief

habitat, (2) Caryophyllia sp(p), in deep low-relief and deep high-relief habitat, (3) galatheids in deep
II

low-relief habitat, and (4) Halocynthia hilgendorfi igaboja in deep low-relief habitat. Sabellids,

Caryophyllia sp(p)., and H. hilgendorfi igaboja are all sessile suspensionfeeders that obtain food particles
inas water passes over their tentacles or filtration apparatuses. Also, once their larvae settle onto suitable

substrates and metamorphose, they are unable to escape adverse conditions. Given these biological all
IIcharacteristics, a possible pollution-response mechanism is proposed, namely that reductions in the

densities of these fauna resulted from the physical effects of increased particle loading (e.g., disruption i

of feeding or respiration, or burial of settled larvae). Hardin et al. (Chapter 9) have shown that the

natural distributions of hard-bottom epifauna are correlated with variations in the concentrations of m

suspended particles. While the estimated maximum flux of drilling-derived particles was only 1.96% of D

the flux of total suspended particles, based on time-integrated data from sediment traps at nearfield Station i

PH-J, it is possible that organisms near the platform were exposed to higher percentages of I

drilling-derived particles in intermittent pulses from individual discharges.

I
The variations in these fauna do not appear to be related to the chemical toxicity of drilling-mud

constituents. As shown above, results of hydrocarbon and trace-metal taonitoring suggest that organisms H

living even in the area of maximum drilling-mud deposition were not exposed to unusually high

concentrations of any of the measured analytes other than barium. Barium concentrations in suspended I

particles at high-flux stations during drilling averaged 2397 mg/g, and were about two to three times

higher than ambient levels. Virtually all the barium in drilling mud, however, is in the form of insoluble H
!1,

and biologically inert barium sulfate. Because of the low solubility of barium in seawater (<50 #g/l),

ionic barium is not considered toxic to marine organisms (National Research Council, 1983), although H!

high concentrations (> 500 #g/I) of suspended barite in the water column may cause physical damage to
i

marine organisms (Tagatz and Tobia, 1978; Carls and Rice, 1980). Jenkins et al. (1989) show that about i
II

97% of the barium accumulated by the clam Cyclocardia ventricosa and the polychaete Pectinaria

californiensis from sediments near a drilling platform off southern California was in an insoluble,
|granular form (presumably barium sulfate) in the gut and tissues. The:refore, it is unlikely that elevated

concentrations of barium in suspended particles caused any toxic effects in hard-bottom epifauna. I

!
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It Nekton, Inc. (1987) performed a similar study of the potential environmental effects of drilling discharges

on hard-bottom epifauna following exploration drilling off southern California. Elevated concentrations

of several metals, including barium, were observed in sediment traps and surficial sediments near the

drilling site. The estimated average increase in barium concentration in sediments within about 500 m

of the drilling site was 175/_g/g. Concentrations of barium in surficial sediments within 200 m of the

site remained elevated above background for at least a year after drilling ceased. In contrast to the

I present study, abundances of hard:bottom epifauna, also based on random photoquadrat sampling, did

not change significantly between pre-drilling and post-drilling surveys. The limited data collected on

larval artificial hard also did indicate attributable to
settlement on substrates not any significant changes

the drilling discharges.

!
Kingston (I987) and Davies et al. (1989) have reviewed the effects on soft-bottom fauna of drilling

I discharges from platforms and drilling rigs in the United Kingdom sector of the North Sea. Adverse
biological effects, limited to within about 500-1000 m of the installations, were found regardless of

I whether water-based, diesel-based, or low-toxicity (low-aromatic) oil-based muds had been used. The
extent of these impacts, however, was substantially greater with oil-based than with water-based muds.

I It is believed that chemical toxicity of the oil was not the only factor responsible for biological changes.
In the immediate vicinity of the platform, effects were due mainly to physical burial of the natural

I sediments by the discharges of cuttings. In addition, organic enrichment of the sediments from oil in themuds and cuttings, or from epifauna falling from submerged platform structures and accumulating on the

I bottom, is believed to have contributed to the development of anoxic conditions in the sediments. Similareffects due to discharges of cuttings from water- or oil-based drilling, with greater impacts resulting from

oil-contaminated cuttings, have been observed around platforms in the Norwegian sector of the North Sea(Reiersen et al., 1989). While the impact zone at most of these fields was within 500-1000 m, as

reported for the British sector of the North Sea, at one field (Statfjord) a change in fauna was found out

I to 5000 m.

I While some previous studies have demonstrated direct effects of offshore drilling on soft-bottom fauna,

the present study is the first to document apparent effects on hard-bottom epifaunal assemblages. In both

I this and most past studies, adverse biological effects on the benthos, when observed, have been limited

to within about 1 km of the discharge source. Also, in some eases these effects have been attributed to

I
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causes other than (or in additionto) the chemical toxicity of oil. Result.,_of the present study suggest that !1

!l!

any biological effects due to the drilling muds were related to physical effects of the increased particle

loading, i

Ability to Detect Drilling-Related Imp_tcts I
'm

The power (1- 8) of 17 differentresponsevariablesmeasuredduringCAMP was computedand the results

are presented here as a basis for evaluatingthe ability to detect current and future drilling-relatedimpacts I
IIin the area. Five chemical variables (THC, I;PAHs, naphthalenes, barium, and chromium) were

examined with respect to both the hard- and soft-bottom data sets. Levels of zinc in suspended particles I
lcollected in sediment traps at the hard-bottom sites were also examined. Eight additional biological

variables were examined with respect to only the soft-bottom data set: four synthetic community-level am
variables (total macroinfaunal individuals, total number of macroint_aunalspecies, total harpacticoid .I

copepod individuals, total number of harpactieoid species), the abundances of two individual species of II

macroinfauna (Mediomastus ambiseta and Chloeiapinnata), and the abundances of two meiofaunal species I

(the harpaeticoid copepods Cletodes smirnov and Zosime sp. A). The remaining three variables are 1

represented by the abundancesof two hard-bottomtaxa, the caryophylliclcorals Paracyathus stearnsii and tI

Desmophyllum crista-galli, and one community-level variable for hard..bottom taxa, numbers of species

of suspension feeders. These particular variables were selected because they are common or sensitive U

measures of environmental impact, because they appear to be key ecological components, or because of

a0aountof variability that they displayed among sites or times during the CAMP study (e.g., variables I
the

both with large and small natural fluctuations were included).

I
All power analyses are based on power to detect a real difference between two means, each estimated by

a set of n random replicate samples (see Green, 1989). Appropriate comparisons might be between two I
n

stations (e.g., nearfieid versus farfield) at a given time or between two ,,;ampling times (e.g., pre-drilling

versus post-drilling) at a given station. Power analysis requires an e.,aimateof error variation that is II
!U

stable and not dependent on the mean of the variable. A transformation of the raw data was necessary

to achieve this condition for eight of the 13 variables examined with respect to the soft-bottom sampling m
u

regime. A square-root transformation was applied to the variable naphthalene, total harpacticoid

individuals, Zosime sp. A, and Cletodes smirnov. A logarithmic tran_fformationwas applied to THC, I
I

chromium, and Z;PAH. A fourth-root transformation was applied to Chloeia pinnata. The remaining

variables for the soft-bottom data set did not require a transformation. For the hard-bottom sampling II
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I regime, no transformation of the raw data was necessary for any of the five chemical variables measured

in grab samples or for any of the six chemical variables measured in sediment-trap samples. All three

i epifaunalvariables required transformation: for Paracyathus a power = 0.3 transformation, and for both

Desmophyllum and total suspension feeding species a cube-root transformation.

!
Tables 8 and 9 compare all variables in their power to detect change due to impact for the soft- and

I hard-bottom sampling For each variable, the detectable increase and
arrays, respectively. percentage

decrease relative to the initial pre-impaetvalue is listed for three sample sizes, includingthe actual sample

I size used during the study. The larger hypothetical sample sizes could be achieved by pooling samples
(e.g., among depths, transects, times). Detectable change in the different variables is presented for a

I power of 1 - I; = 0.8. The soft-bottom array was never subjected to drilling, so the "initial pre-impact
value" for each variable was calculated as the mean value of all data. For the hard-bottom array, this

I value was calculated as the mean of all the pre-drilling data.

I The two soft-bottom variables for which small changes couldbe detected, based on actual sample sizesused in the field (i.e., n = 3 in the table), were barium and total number of macrofaunal species (Table

8). A change of 6.4% in barium concentration from an initial value of 735 #gig could be detected 80%of the time using a sample size of n = 3. Detection 95% of the time (a power of 0.95) would require

i a change of 8.2%. Based on the barium signals detected around Platform Hidalgo, such a change wouldbe likely to occur if a platform were eventually installed in the proposed Platform Julius area and began

drilling. A change of 16% in the number of macrofaunal species from an initial number of 118 could

I be detected 80% of the time using a sample size of n = 3. For a power of 0.95, a change of 21% would

i, be necessary. Four other soft-bottom variables (THC, chromium, Tot. Macrofaunal No., andMediomastus ambiseta) showed moderate percent detectable changes, below 50%, at n = 3 and power

of 0.80. Increasing the sample size to n = 9, for example by pooling three replicates each from three

I stations, would permit detection of moderate changes below 50% for all but three variables. Given these

results, and the fact that concentrations of hydrocarbons and trace metals were, for the most part,

I uniformly low throughout the soft-bottom sampling regime, it is likely that impacts of discharges from

future platform operations will be detectable,,should any occur.

!
Detectable changes in hard-bottom variables (Table 9) are presented separately for the chemical variables,

! •which were estimated from a sample size of n 3 (wbether grabs or sediment traps), and the biological
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variables, which were estimated from 60 random photographic observations per each unreplicated reef. _l

Results should be interpreted independently, because the type of "replication" used to estimate error

variation is inherently different for the two cases. In fact, use of the 60 photographic observations for I

detecting biological changes in relation to a suspected effect coultd be criticized as overpowered

pseudoreplication. However, if one wishes to contrast two reefs (or two times at a given reef), then I
II

nothing else is possible. For actual tests of the effects of dose, relief, depth and time among the nine

reefs, from which our conclusions of biological impacts were drawn (see previous section), a different 1
Wand more conservative approach (i.e., unreplicated multi-way ANOVA design) was used.

Among the chemical variables at hard-bottom sites, barium was again the one for which small changes I

could be detected with high power (9.3% in grabs and 4.1% in sediment traps, with n = 3 and a power m
|of 0.8). These increases were well below the predicted percent increases of barium in suspended particles

during drilling (i.e., 300 - 497%, Table 5). In sediment traps, two other chemical variables offered high It
power to detect small changes, namely chromium (11% at n = 3) and zinc (6.3% at n = 3). Chromium

in suspended particles, however, was not expected to have increased more than 0.7 - 1.7% above It

background concentrations following the platform discharges (Table 5). On the other hand, the predicted I_

small increases in zinc of 8 - 20% (Table 5) would be detectable with the present sample size of n - 3 .t

and power of 0.80. Similarly, percent detectable changes in PAH and naphthalenes were well below their I

predicted percent increases in suspended particles following platform discharges. For most chemical

variables at hard-bottom sites (both sediment-trap and grab samples) detection of moderate changes below I

50% was possible.

I
Of the two epifaunal coral species examined, Paracyathus stearnsii provided greater power to detect

-..2.

change, although with both variables very small changes (< 7.1% with n = 60) could be detected ,I

because of the large sample sizes used in the power analyses. Total number of suspension-feeding species

also provided high power to detect small changes (14% with n -" 60 and power of 0.8), although this I

power was lower compared to the abundances of the two individual epifaunal species or to total number "-

of soft-bottom macrofaunal species (16% at the same power and a much lower n = 3). i

Thus at a relatively high power of 0.80, small to moderate change2; (below 50%) in six of the 13
m,soft-bottom variables (THC, barium, chromium, total macrofaunal individuals, total macrofaunal species,

and Mediomastus ambiseta) and all but two hard-bottom variables _PAH in grabs, and naphthalenes in I
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I traps) could be detected with actual sample sizes used in the study. Increasing the sample sizes by

pooling replicatesamples from as few as three neighboringstationsallowed detectionof such changes

I in all but a few variables (soft-bottom: _PAH, C. smirnov and C. pinnata; hard-bottom: naphthalenes

in traps). Consistently,the smallestdetectable changes were in barium concentrations. Largeincreases

I' in concentrationsof barium, IIPAH andnaphthalenes, andsmall to moderateincreases in zinc and THC

in suspendedparticlesrelative to backgroundlevels were expected to have occurred at stations nearest

I to PlatformHidalgoduringperiods of drilling discharges. These increases (with the exception of THC)

were detectable in sediment traps at the actual sample size of n = 3 and power of 1 - l_ = 0.80.

i peak concentrationsof other analytes in the zone of maximumdrilling-mudaccumulationwere
Predicted

nearor at backgroundlevels.

I
The ability to detect drilling-related impacts in the present study was enhanced greatly by the synoptic

I and time-series sampling of the differentbiological and environmentalvariables, making it possible to
linkbiological changes to detectablecontaminantsignals. We stronglyrecommendthat this approachbe

I, continued in future related studies. In addition, a combination of manipulative field and laboratory
experimentsshould be consideredas a means of investigatingthe processes and mechanisms that may be

I responsiblefor these apparent impacts.
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1
Table 6. Station categories for ANOVAs of hard-bottom taxa. Each station was sampled seven times, t

High Dose Moderate Dose Low Dose I
Low High Low High Low High

Relief Relief Relief Relief Relief Relief

I
Shallow PPH-J PH-F PH-U

Reefs PH-E 1PH -I

Deep PH-N PH-K PH-R PH-R PH-WPH-W 1Reefs

I
I
I
I
I
I
!
I
I
I
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!
I Table 7. Significance of time/dose interactions from three-way ANOVAS for effects of time,

dose, and depth at low-relief stations, and effects of time, dose, and relief at deep

I stations
I

I p>a p>aLow-Relief Deep
Taxa Stations Stations

I
Sponge,shelf(cover) 0.5154" 0.5988

i Sponge, tan entrusting (cover) 0.9286" 0.9724Sponge, white entrusting (cover) 0.2989 _ 0.6965
Amphianthus californicus (counts) 0.0784" 0.0184
Anemone,tan zoanthid (cover) 0.4434" 0.2352 b

I whitediscand tentacles(counts) 0.0057" 0.0781b
Anemone, purple
Caryophyllia sp(p). (counts) 0.0982" 0.0498
Desmophyllum crista-galli (counts) 0.0652" 0.8035 b

I Lophelia prolifera (cover) 0.9572 0.6136 b
Lophogorgia chUensis (cover) 0.9346" 0.2555 b
Metridium senile (counts) 0.8946" 0.2632

I paracyathus stearnsii (counts) 0.9941" 0.4283Stomphia didemon (counts) 0.1558" 0.0904
Sabellidae,unident(counts) 0.0013" 0.0510b

I Terebellidae, unident (counts) 0.7878" 0.4159 bGalatheidae, unident (counts) 0.8003" 0.0386 b
Cellaria sp(p). (cover) 0.7842" 0.3735

I Florometra serratissima (counts) 0.8810 0.6835 bOphiacantha diplasia (counts) 0.9216 0.0320
Ophiuroidea, unident (counts) 0.9970 0.0687 b

I Halocynthia hilgendorfi igaboja (counts) 0.8581" 0.0045 bPyura haustor (counts) 0.1250 0.3532 b
Total Suspension Feeders (cover) 0.6627" 0.1629b

I Total Abundance (cover) 0.3749 _ 0.0568Total Number of Species 0.0822 0.0669 b

I "Dose/depth interaction was significant (p _< 0.05).
SDose/relief interaction was significant (p < 0.05).

I
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Figure 4. Depositional patterns of drilling-mud solids as viewed by an observer looking offshore, I
toward the southwest. Contour interval = 0.05 g/m2/day, a = May 21 - October 12,

1988; b= October 12, 1988- May 17, 1989.
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I Figure 5. Relationships between estimated drilling-mud particles and percent changes
fluxes of in

speciesabundancesat shallowlow-relief (open circles)and deeplow-relief (closed
circles)stations. Lines were fit by the least-squaresmethod. Y-axis valuesare the

I changesin meanabundancesafterinitiationof drilling(averageof October1988,
percent
May 1989, October 1990) relative to the pre-drilling means (average of October 1986,

I July1987,andNovember1987).
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Figure 6. Relationships between estimated fluxes of drilling-mud particles and percent changes in I
species abundances at deep high-relief (open circles) and deep low-relief (closed circles)

stations. Lines were fit by the least-squares method. Y-axis values are the percent •
changes in mean abundances after initiation of drilling (average of October 1988, May II
1989, October 1990) relative to the pre-drilling means (average of October 1986, July

1987,andNovember1987). II
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i Figure 6. Relationships between estimated fluxes of drilling-mud particles and percent changes inspecies abundances at deep high-relief (open circles) and deep low-relief (closed circles)
stations. Lines were fit by the least-squares method. Y-axis values are the percent
changes in mean abundances after initiation of drilling (average of October 1988, May

I 1989, October 1990) relative to the pre-drilling means (average of October 1986, July
1987, and November 1987). (continued)
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Figure 6. Relationships between estimated fluxes of drilling-mud particles and percent changes in •
species abundances at deep high-relief (open circles) and deep low-relief (closed circles) 1
stations. Lines were fit by the least-squares method. Y-axis values are the percent
changes in mean abundances after initiation of drilling (average of October 1988, May i
1989, October 1990) relative to the pre-drilling means (average of October 1986, July i
1987, and November 1987). (continued)

!
!
i

9-_ |

!


	1  Introduction
	Background and Purpose of the Study
	Study Objectives
	Sampling Design and Rationale
	Format of the Final Report
	References
	2  Summary of Drilling Operations and Discharges in the Point Arguello Field, Offshore Southern Ca
	Introduction
	Environmental Setting
	History of Drilling and Other Human Activities in the area
	Platform Discharges and NPDES Permit Conditions
	Contaminants Associated with Drilling-Fluid and Drill-Cutting Discharges
	Conclusions
	References
	3  Spatial and Temporal Variation of Bottom Sediments Near Rock Reefs Exposed to Drilling Discharges Off Point Arguello Ca
	Introduction
	Regional Environmental Setting
	Methods and Materials
	Currents
	Collection and Analysis of Surface Sediments for Sedimentology
	Measurements
	Sediment Traps
	Data Analysis and Statistical Methodology
	Hard Substrate Sedimentation
	Results and Discussion
	The Hydrodynamic Regime
	Sediments
	Grain Size
	Total Organic Carbon(TOC) and Carbonates
	Sediment Trap Estimates of Deposition
	Sedimentation of Hard Substrates
	Conclusion
	Acknowledgements
	References
	4  Low-Frequency Flow Variability on the Continental Shelf Offshore Point Conception, California
	Introduction
	Background
	Measurements
	Data Analysis
	Results and Discussion
	Seasonal Variability
	Spring Transition
	Upwelling
	Remotely-Forced Flow
	Coastal ASL Variability
	Wind-Driven Flow
	Cross-Shelf ASL Variations and Flow
	Conclusions
	References
	5  Analysis of a Four-Year Satellite Sea Surface Temperature Imaging Sequence Near Point Conception California
	Introduction
	Imagery Production Methodology
	Empirical Orthogonal Analysis
	Spatial EOF Modes
	Conclusions
	References
	6  Temporal and Spatial Changes in the Concentration of Hydrocarbons and Trace Metals in the Vicinity of an Offshore Oil Prod
	Introduction
	Methods
	Sample Collection
	Quality Assurance/Quality Control
	Analysis of Grain Size and Total Organic Carbon(TOC)
	Analysis of Hydrocarbons
	Analysis of Trace Metals
	Analysis of Data
	Result/Discussion
	Characterization of Surface Sediments
	Hydrocarbon Chemistry
	Saturated Hydrocarbons
	Aromatic Hydrocarbons
	Trace Metal Chemistry
	Characterization of Sediment-Trap Material
	Hydrocarbon Chemistry
	Saturated Hydrocarbons
	Aromatic Hydrocarbons
	Trace Metal Chemistry
	Characterization of Source Materials
	Production Oil, Seep Oil, and Tar Balls
	Drilling Discharges
	Effects of Drilling - Related Discharges on the Geotechnical Environment
	Conclusions
	Acknowledgements
	References
	7  Spatial Variation in Hard-Bottom Epifauna in the Santa Maria Basin, California: the Importance of Physical Factors
	Introduction
	Methods
	Results
	Discussion
	Acknowledgments
	Literature Cited
	8  Deposition of Drilling Particulates Off Point Conception, California
	Introduction 
	Trajectory Computation
	Regional Circulation
	Sediment Trap Flux
	Results
	Conclusions
	References
	9  Environmental Impact of Offshore Oil Development on the Outer Continental Shelf and Slope Off Point Arguello, CA
	Introduction
	The Study Area
	Methods
	Results and Discussion
	Estimated Fluxes of Drilling Paricles to the Seafloor
	Hydrocarbon and Trace Metal Inputs
	Surficial Sediments
	Suspended Sediments
	Effects of Platform Discharges on hard-bottom Epifauna
	Ability to Detect Drilling-Related Impacts
	Acknowledgements
	References

		Superintendent of Documents
	2022-12-23T17:10:41-0500
	Government Publishing Office, Washington, DC 20401
	Government Publishing Office
	Government Publishing Office attests that this document has not been altered since it was disseminated by Government Publishing Office




