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DISCLAIMER 

This report is a summary of the activities and results of a modeling 
workshop. Its contents do not necessarily reflect the views of the U.S. Fish 
and Wildlife Service, the U.S. Environmental Protection Agency, or specific 
workshop participants. 



EXECUTIVE SUMMARY 

Drilling fluids or "muds" are essential components of modern drilling 
operations. They provide integrity for the well bore, a medium for removal of 
formation cuttings, and lubrication and cooling of the drill bit and pipe. 
The modeling workshop described in this report was conducted September 14-18, 
1981 in Gulf Breeze, Florida to consider potential impacts of discharged 
drilling muds and cuttings on the marine environment. The broad goals of the 
workshop were synthesis of information on fate and effects, identification of 
general relationships between drilling fluids and the marine environment, and 
identification of site-specific variables likely to determine impacts of 
drilling muds and cuttings in various marine sites. 

The workshop was structured around construction of a model simulating 
fate and effects of discharges from a single rig into open water areas of the 
Gulf of Mexico, and discussion of factors that might produce different fate 
and effects in enclosed areas such as bays and estuaries. The simulati'on 
model was composed of four connected sUbmodels. A Discharge/Fate submodel 
dealt with the discharge characteristics of the rig and the subsequent fate of 
discharged material. Three effects submodels then calculated biological 
responses at distances away from the rig for the water column, soft bottom 
benthos (assuming the rig was located over a soft bottom environment), and 
hard bottom benthos (assuming the rig was located over a hard bottom environ­
ment). The model focused on direct linkages between the discharge and various 
organisms rather than on how the marine ecosystem itself is interconnected. 

Behavior of the simulation model indicated relatively localized effects 
'of -dr·H·}';·ng·'·m l:J c:!'s"a'n d··· ~l:J·t-t+n g-s- d~·sdla.rged·.· f,y:-.om· ~a,,-s.icn gol.B ··flo1at"f.onm...;.ntG -ope.r:1 
water areas. Water column fate and effects were dominated by rapid dilution. 
Effects from deposition of spent mud and cuttings were spatially limited with 
relatively rapid recovery, especially in soft bottom benthic communities which 
were conceptualized as being adapted to frequent storms. This behavior was 
generated by the set of assumptions about linkages and functional relationships 
used to construct the model. Areas of uncertainty included methods for extra­
polating 96-hr Le so results to exposures of varying lengths and concentrations; 
recovery rates of benthic communities; responses to various depths and rates 
of burial; fate and effects of the plume in relationship to stratification 
layers; and long-term and sub-lethal effects of slightly elevated concentra­
tions of discharged materials. Evaluation of the assumptions of the Soft 
Bottom Submodel suggest that the assumptions used may have been relatively 
liberal estimates of resiliency of these communities. 

Discussion of "closed" water bodies such as bays and estuaries indicated 
several reasons to expect different and more complex fate and effects behavior 
in these areas. These factors included different species and communities 
(such as aquatic macrophytes and oyster beds), more complex circulation and 
stratification patterns, and potentially more active resuspension processes. 
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Much of the possible difference in behavior in these areas centers around the 
extent to which they are IIclosedll or in the relative residence times of water 
and sediments in these areas as they determine the long-term dispersion of 
discharged material. Despite the complexity and variability of these areas, a 
large body of knowledge (such as that concerning fate and physical effects of 
dredge spoil) that could be effectively employed in analysis of potential fate 
and physical effects in enclosed areas was identified. 
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GLOSSARY 

IIclosedll water body - a salt or brackish water area, such as a bay or an 
estuary, where exchange of water with surrounding areas is restricted. 

dispersion ratio - suspended solids in discharge divided by suspended solids 
in upper plume. 

drilling cuttings - formation solids generated by drilling. 

dri 11 i ng muds - fraction of the dri 11 i ng mi xture that is not formation 
cuttings; includes drilling fluid additives, formation water, and 
compounds generated under down-hole conditions. 

epifauna - organisms larger than meiofauna living on the substrate surface. 

fraction whole mud - fraction of a sediment sample composed of discharged 
drilling muds, calculated as: [Sa] in sediment/[Ba] in drilling muds. 

infauna - organisms larger than bacteria living beneath the substrate surface. 

lower plume - plume containing discharged drilling cuttings and mud solids. 

macrofauna - general term referring to infauna and epifauna. 

meiofauna - microscopic (exclusive of bacteria) and small macroscopic metazoan 
fauna inhabiting the substrate surface; includes nematodes, ostracods, 
copepods, tubellarians, gastrotrichs, oligochaetes, etc. (after Pennak 
1964). 

96-hr EC 50 - concentration of substance at which 50% of exposed population 

exhibits an effect from a 96-hr exposure. 

96-hr Le SO - concentration of substance that produces a 50% mortal i ty in 

exposed population from a 96-hr exposure. 

pycnocline - plane separating two layers of different density. 

upper plume - plume containing discharged soluble components and suspended 
solids (fine-grained particulates). 
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INTRODUCTION 

Increased oil and gas exploration/production at offshore sites has 
generated concern over potential environmental impacts of marine disposal of 
spent drilling muds and cuttings. This concern has resulted in a broad array 
of publicly and privately sponsored research beginning in the mid-1970's. 

Drilling fluids or "muds" are essential to provide integrity for the 
wellbore, a medium for removal of drill cuttings, and lubrication and cooling 
of the drill bit and drill pipe. Study of the environmental effects of drill­
ing muds and cuttings disposal has been partfcularly difficult for three 
primary reasons. First, the composition of a drilling mud is tailored to 
expected or actual down-hole conditions. This means that in addition to the 
typical base of bentonite or barite, various chemical agents are added as pH 
modifiers, biocides, corrosion inhibitors, defoamers, emulsifiers, flocculating 
agents, surfactants, thinners, particle dispersers, and mud weighting agents. 
Second, many of the chemical ingredients and materials accumulated from cutting 
through the various formations may undergo change when exposed to bore temper­
atures and pressures or to each other (especially in deep wells typical of 
offshore drilling activities). The resulting complexity of discharged 
materials is reflected in the wide range of concentrations over which effects 
are observed. Finally, the fate of discharged drilling muds and cutting is 
extremely hard to predict because localized discharges are subject to highly 
variable hydrologic conditions. 

Although the bulk of drilling muds and cuttings constituents is relatively 
inert, discharge of this material may constitute a significant perturbation of 
the physical environment. In addition, some mud additives (e.g., lignosulf­
onates and formaldehydes) and components of formation cuttings (e.g., heavy 
metals and petroleum hydrocarbons) have been a source of concern because of 
toxicity and potential for accumulation and movement through food chains. 

OBJECTIVES 

To focus available information on these complex, interdisciplinary prob­
lems an Adaptive Environmental Assessment modeling workshop was held with the 
broad goals of information synthesis, identification of general relationships 
between drilling fluids and the marine environment, and identification of 
site-specific variables likely to determine the impacts of drilling muds and 
cuttings on the marine environment. The workshop was sponsored by the U.S. 
Environmental Protection Agency in conjunction with its research program and 
regulatory responsibility in the area of environmental effects of drilling 
muds and cuttings discharges into the marine environment. Specific objectives 
were: 



(a)	 provide a forum for effective communication between scientists and 
administrators working with fate and effects of drilling fluids 
disposal; 

(b)	 begin construction of a simulation model to capture the physical and 
biological dynamics of drilling fluids disposal in the marine 
environment; 

(c)	 identify gaps in information on fate and effects of drilling fluids 
discharged into the marine environment; and 

(d)	 initiate identification of factors determining fate and effects, 
which will eventually result in guidelines to assist in permit 
formulation. 

The workshop was held September 14-18, 1981 in Gulf Breeze, Florida. Ii 
was facilitated by the staff of the Adaptive Environmental Assessment Group of 
the Western Energy and Land Use Team, U. S. Fi sh and Wi 1dl i fe Serv i ce and 
attended by participants representing Federal, State, and private expertise on 
the fate, effects, and regulation of drilling muds and cutting discharge. 
This report is a synthesis of workshop activities and results. 

THE ADAPTIVE ENVIRONMENTAL ASSESSMENT METHODOLOGY 

The Adaptive Environmental Assessment methodology was developed by 
environmental scientists and systems analysts at the University of British 
Columbia and the International Institute for Applied Systems Analysis in 
Austria. The approach is organized around a series of 3- to S-day workshops 
that define information needs and promote a common understanding of the issues. 
These workshops are followed by periods of information collection, analysis, 
and synthesis. The workshops are attended by groups of participants, drawn 
from key agenci es and interests, who co 11 ect ive ly represent a range of 
scientific expertise, management responsibility, and decisionmaking authority. 
-The,s,e,i,n ~·i·v,,;·dua'~~5·~a,pe ·,n 0t··,,·O nl.y .i·nN0J,,y.ed-,,i r:1-.·t he,~w.o,r"ks ho.p,s.. ,- ..b,ut...unde,r.take",s.ome 
of the key tasks of information collection, analysis, and guidance between 
workshops. 

The focus of AEA workshops is the construction and refinement of a quanti ­
tative, dynamic simulation model of the system under study. Early in a par­
ticular application, the process of bUilding a model is usually of greater 
benefit than the model itself. Development of a simulation model enables 
participants to veiw their expertise in the context of the whole system, 
thereby promoting interdisciplinary communication and understanding. Simula­
tion models require explicit information; in building a model, participants 
must thus be precise about their assumptions. Conceptual uncertainties about 
system behavior are exposed objectively, and questions that must be addressed 
in order to understand system responses to resource development projects are 
identified. 

A modeling workshop thus provides a good beginning to an environmental 
ana lys is. Sci enti sts and pol i cymakers from government agenci es, as we 11 as 

2
 



affected private interests are given an opportunity to participate in and 
contribute to an integrated assessment process. A large part of the value of 
such a workshop is that it provides a neutral structure or framework for 
focused communication among this set of participants. 

3
 



BOUNDING THE DRILLING FLUIDS WORKSHOP MODEL 

The analysis of" fate and effect's of marine discharge of muds and cuttings 
began by explicitly simplifying the system. Since any simplification of a 
real system is an abstraction and therefore incomplete, the representation ~f 

the system must be detailed enough to address most concerns while remaining 
understandable to the participants. The process of simplification, or bound­
ing, was accomplished in the workshop by describing management alternatives 
(actions), identifying performance measures used to evaluate the effects of 
those actions (indicators), and defining a reasonable spatial and temporal 
framework. 

ACTIONS 

Actions, or human interventions, identified at the drilling fluids work­
shop are listed in Table 1. As one would expect, all of the actions pertained 
to operations at the drilling site since there is no practical means of 
altering the fate of the materials once they have been released into the 
rna ri ne envi ronment. Therefore, the general issue addressed at the workshop 
was the potential environmental effects of various modes of drilling 
discharge. 

Table 1. List of actions developed at workshop. 

Alter discharge rate 

Dilute prior to discharge 

Alter spatial configuration of ~ischarge (i.e., spread out) 

Alter mud composition (i .e., light*, medium, heavy*)
 

Locate the drilling rig over either a soft bottom or a hard bottom
 

Dispose on land*
 

Treat drilling fluids before discharge*
 

*Not explicitly addressed in the model. 
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INDICATORS 

Indicators are defined as those variables used to evaluate the performance 
or health of a system. They are the links between the simulation model and 
participants l perceptions of the system. Therefore, it is important to compile 
a comprehensive set of indicators to represent the concerns of all interests. 

Indicators identified at the workshop are listed in Table 2. For purposes 
of clarity, they have been grouped according to the submodel responsible for 
producing them. Many of the indicators were judged to be of secondary import­
ance. Others could not be included within the time constraints of the 
workshop. 

Table 2. List of indicators developed at the workshop. 

Model component Indicator 

Discharge/Fate 

Water Column Effects 

Soft Bottom and 
Hard Bottom Effects 

concentration of suspended solids, barium,
 
and chromium in discharged muds and the
 
resulting plume
 

depth and area of deposited muds and cuttings
 
pH of discharge and plume*
 
salinity of discharge and plume*
 
DO in plume*
 
light transmittance in plume*
 
drilling costs*
 

zooplankton mortality rate within plume
 
primary and secondary production*
 
recruitment to benthos
 

population size for coral, microbes, 
meiofauna, and macrofauna (infauna, 
epifauna) 

bioaccumulation by benthic organisms 
coral growth rate 
species diversity* 
respiration* 
reproduction* 
disease* 
nutritional status* 
material transfer* 
organism behavior* 
fishery yield* 

*Not explicitly addressed in model. 
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SPACE 

For purposes of s.imulation modeling, two aspects of space are usually 
defi ned. Ftrst, the boundaries of the tota 1 ,a rea represented in the model, 
and second, the degree of resolution or number of smaller subunits cOnsidered 
within the ,overal'l boundaries must be 'speci fied. 

It was decided that a specific geographic location was inappropriate for 
this model. The model was structured to represent the discharge plume from a 
hypothetical drilling rig in an "open " water environment in the Gulf of Mexico. 
Three ef'fects submode ls ·then cal cul ated bi 0,1 ogi.cal responses for the water 
col umri, soft bottom benthos ;( assumi ng the ri g was located over a soft- bottom 
community), and hard .. bottom benthos (assuming th.e rig was located over-a, hard 
bottom community). Two spatial resolutions were defined within the plume. 
The,Water-.,Col'umn submodel used a set of plume slices"each represent.ing 1 min 
of discharge (see Water .Column submodel discussion), while the Hard and Soft 
Bottom submode 1s represented envi ronmenta 1 effects in 1-m 2 areas at fi ve 
di stance down current from the discharge (J, 50, 100, 50Q,,' and 1500 m).;. 

-)i .. 

The workshop simulation model was developed for "open " water environments. 
Participants feJt tha~ modeling fate and .effects of,discharged drilling~muds 

and .cutt.ings in more-enclosed_water environments, such as. bays and estuaries, 
woul d requi re an effort devoted more completely to those envi ronments.. 
However, because of their importance a subgroup was convened to discussfcrte 
anc! effects in thes.e areas. Thi,s group I s object i ve was: tQ. i dent ify factors 
determining fate and effects in more "closedll water environments, focusing on 
variables that might produce different behavior from that expected in 1I 0pen li 
watereOYironments or that might produce differences among various IIclosedli 
water. envi ronments. ~C;:._ 

TIME 

There are two aspects of time that must be considered in a simulation 
·-·~--m0<E!e~. ~t;,e M.me~.t;,Q·~i"21(:H';l.-OIl'-l-:'l.eA-~.~t;,-o.f--t~i.me .f.0-~-wt:l.iocA m0cie.l...p,~ed.i.c.t.i.Q'll-s-a.Y\e-- ­

deshed" and the time _step or interval used to cal.culate changes in variables 
throughout the length of the simulation. 

_"For example, in a simulation of human population a time horizon of 50 
years might be appropriate, indicating that the model would track population 
size over a 50-year period. An annual time step might be chosen, in which 
case,annual birth and death rates might be util_ized to calculate new values 
oft:he _population s'icze each year.' In contrast, the U.S. Cen~sus Bureau· s 
approach to tracking- population size has been _itO utilize a time step of 10 
years, updating the value of population size by enumeration every-IO years. 

).. .' 

A time horizon of 20-30 years was selected for this. model. The partici­
pants chose this time horizon so that effects on slow growing corals and their 
recovery could be simulated. The incremental time step proved to be more 
troublesome because relevant processes operate at very different time scales. 
For example, plankton in the water column and microbes in the sediments respond 
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to perturbations in a matter of minutes to hours while response times of 
organisms such as corals or crabs may be months to years. Because of this 
disparity, a monthly interval was selected as a reasonable compromise given 
the degree of knowledge about population dynamics of the indicator organisms 
and the amount of time available to model these dynamics. The exception to 
this	 decision was the l-minute time step used to represent plankton dynamics. 

SUBMODEL DEFINITIONS 

The marine system defined by the actions, indicators, spatial scale, and 
temporal framework described above was divided into four subsystems. The 
criteria for useful division of a model into submodels at a workshop are: 

(a)	 minimizing information transfers between submodels (each subgroup 
considers a relatively isolated part of the whole system); 

(b)	 allocating participant expertise efficiently (each submodel repre­
sents the concerns and expertise of a set of participants); and 

(c)	 partitioning the workload equally among facilitators so that partic­
ipants have an opportunity to incorporate an appropriate amount of 
depth in their area of expertise. 

After considerable discussion the following major components (submodels) 
were selected for the model: 

(a)	 Discharge/Fate - discharge characteristics of oil and gas explora­
tion rigs and production platforms and the subsequent fate of the 
discharge materials; 

(b)	 Water Column Effects - dynami cs of zoop 1an kton and 1arva 1 forms of 
benthic organisms within the upper plume; 

(c)	 Soft Bottom Effects - effects of exposure to dri 11 i ng muds and 
cuttings on microbes, meiofauna, and infaunal and epifaunal repre­
sentatives of macrofauna; and 

(d)	 Hard Bottom Effects - responses of coral to exposure to drilling muds 
and cuttings. 

As previously noted, an additional subgroup explicitly considered how the 
fate and effects of drilling muds and cuttings might differ in more IIclosedll 
water bodies such as bays and estuaries. This group did not attempt to build 
a simulation model treating the components of these systems in the detail that 
open water systems were being addressed. Instead they focused on identifying 
the variables or factors that would determine differences in fate and effects 
between these environments and those for which a simulation model was being 
developed. The results of these discussions are incorporated in the concluding 
section of this report. 
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SUBMODEL INTERACTIONS 

Following submodel definition, workshop participants defined the linkages 
or information transfers between the submodel s. These ar-e depicted in a 
looking outward matrix (Fig. 1) in which submodels are arrayed as both row and 
column headings. For each element of the matrix, participants identified what 
they needed to know from other submodels in order to meet their responsibil­
ities for quantifYing indicators and for providing needed information to other 
elements of the~matrlx ("i.e';; other'submodels}.-In other words, each subgroup 
was asked to 1I1mi'k-:-outward ll to other subgroups for' needed information. Note 
that this is a'quiHtativelY different question than the more common one of 
what informatio'n.can be provided, rather than what i'nformation is needed . 

. ..... ...:-

IdentificaUon of the information transfers in a looking outward matrix 
is valuable 1h' se'ver.al ways. Firs.f, the exe.rcise promotes interdisciplinary 
communicatidn'L~andbro'adens participants' understanding of ·the system. Second, 
the looking")-outward matrix lays the foundation for building a simulation 
model. Submodel construc;,t~io:hquantifies how th:e"information requested in the 
matrix affects the varia'ble's;':of a particular submodel. If sufficient informa­
tion exists, such relationships can usually be formulated. If not, an informa­
tion gap or research need is identified. Third, the re.sulting sim'ulation 
model can be used to test tihe sensitivity .of the information transfers. 
Sensitive transfers c~nbe noted for further, more detailed, investigation. 

...." . 
The looking _outward' 'matrix. constructed during the workshop contains 

relatively few entrtes,,(Fig., 1). This reflects a focus on direct linkages 
between the discharge (Di scharge/Fa:te submode n-and va'ri ous organi sms rather 
than on how the marine ecosystem :ltself is interconnected (e.g., how corals 
are dependent on plankton or how pelagic fi sh are dependent on benthic..fauna) . 

. ,-,;'. 

------'._.. .. _. _._-------------- ._-----.•....-., ._-­
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fLgure 1. Workshop LookLng outward matrLx of 
LnformatLon transfers be~~een submodeLs. 
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SUBMODEL STRUCTURES 

DISCHARGE/FATE SUBMODEL 

Responsibilities 

The Dis¢'harge/Fate submode,l was responsible for determlning characteris­
tics of drii'ling muds and cuttings discharge plumes and fates of various 
materials in those plumes. Specific indicators of interest included discharge 
frequency and duration and associated plume size, dispersion ratios, concentra­
tions of soluble and solids fractions at differe~t distances/from the platform, 
and both the deptD_of sediment adde¢ andJ.raction whole mud.in sediments at 
different distances. Actions of interest included variations in discharge 
rate and amount, predilution, and shunting. The submodel could also res~ond 

to differences in site characteristics such as current velocity, water depth, 
depth of neutral buoyancy (an approximation for density stratification), and 
sto:m frequency and severity. 

Structure 

-Quantitative prediction of the fate of ocean discharged drilling materials 
generallyrequJres extremely complex mathematical models. This complexity 
arises from te"mporal and spatial variation in current velocity and density. 
stratification, the highly variable composition of drilling muds, and the 
che~ical and physical inleractions of mud components following discharge. A 
number of complex mathematical ocean discharge models have been developed over 
the Jast 10 years (e.g., Koh and Chang 1973; Teeter and Baumgartner 1979; 

_..B.r~rJ.d,s..lJJ.a-e..t_aL ...J..98.0.; Y,9 eJW~) i . t . Q. d' 0 

permit such a complex treatment of plume dynamics; .therefore, a more empirical
approach was taken. . . 

Drilling rigs typically have continuous discharges of solids at low rates 
(1-10 bbl/hr) while actually drilling, and periodic bulk discharges at higher 
rates (lOO-I,OOp bbl/hr). The continuous-discharges primarily contain cuttings 
that are separat~d from the mud befor~ it is reused, while the bulk discharges 
contain s.ome cutti ngsbut are primari ly spent muds that have lost their 
efficiency. These discharges were ,conceptualized as separating lnto two 
components (Fig. -2); an upper plume containing the liquid fractions of the mud 
as well as solids such as fine-grained silts and clays, and a lower plume 
containing cuttings and most of t~e other discharged .solids. Since the contin­
uous, low-rate discharge is primarilycutting.s, only lower plume dynamics w.ere 
modeled for the continuous discharge. Both upper and lower plume dynamics. 
were modeled for bulk discharges. 
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FLgure 2. IdeaLLzed drLLLLng pLatform dLscharge. 

--------_._-- --- ---
Oeplh 0' 

Upper plume - noulrel 
______________ ._ _ _ _ _ _ buoyancy 

Upper Plume 

The upper plume of liquid mud fractions and fine-grained materials was 
conceptualized as 20 m thick, spreading at an angle of 53 0 for the first 
10 min of transport time (a function of current velocity), and maintaining a 
constant width subsequently. The plume was assumed to be at a depth of neutral 
buoyancy, specified for each model run. While plume characteristics can vary 
greatly, these assumptions seemed reasonable based on observations and measure­
ments by subgroup participants on plumes in the Gulf of Mexico, Southern 
California, and the Mid-Atlantic. They represent an empirical alternative to 
the complex mathematics required to model explicitly the convective descent, 
dynamic collapse, and passive diffusion phases of a plume. In actuality, the 
plume would be spread out in a wider, thinner layer following its dynamic 
collapse phase, but the assumptions above yielded reasonable plume character­
istics for purposes of this model. 

Plume volume (m J 
), dilution and concentration of the soluble fraction 

(mg/l or ppm), and dispersion ratio and concentration of the solids fraction 
(mg/l) were calculated at distances of 1, 50, 100, 500, and 1,500 m from the 
drilling rig. Soluble fraction dilution occurs by entrainment of seawater 
into the plume and was calculated as the volume of liquid discharged divided 
by the plume volume at each distance. Soluble fraction concentration was 
calculated as initial concentration divided by the dilution factor. Dispersion 
of the sol ids fraction occurs through entrainment of seawater as well as 
particulate settling. The dispersion ratio (suspended solids in discharge/ 
suspended solids in plume) was calculated from a multiple regression using 
transport time and the inverse of discharge rate as independent variables: 
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DISPR = 104.4495 * (1/DSCHR)0.35674 * (TT)1.1001 (1) 

where DISPR =dispersion ratio 

DSCHR = discharge rate (bbl/hr) 

TT = transport time (min) 

This regression was based on measured dispersion ratios from wells in the Gulf 
of Mexico, Tanner Bank, and the mid-Atlantic summarized in Petrazzuolo 
(Table 6-4, 1981). The squared correlation coefficient (R 2 

) for this regres­
sionwasO.74. 

Lower Plume' 

!twas as-s',umedthat, overa,'sufficient\Y",.long time. period), soJi.cts from 
the, lower plume (cuttin'gs and spent. muds) would be"deposited evenly,..overa 
circ.ular area ,around the platform. In actuality, solids from indiVidual 
discharges are deposited' primarily inahe direction away from the platform. by 
prevai 1ing currents. As currents change through the 1He of a platform, a 
starburst depositional pattern is often produced with greater sediment depths. . ...'. .~. 

nearer the platform. An attempt was made ·to incorporate. varying sediment 
depths based on·Petrazzuolols (1981) empirical model of fraction of whole muds 
in.,surfa'ce. ~se(i;'ment-s';, how'ever, an adequa,te formulation could not be de'rived in 
the time available:.. Although discussed during the workshop, time also did not 
permit incorporatici~ of hori~ontal spreading of the descending plume near the 
sea bed or resuspensive spreading of deposited m~terials in this first cut 
model. The approximation of even deposition over a circular area, therefore, 
did~ not completely r,efle.ct the spatial variability of deposition or severity 
of impact. The circular area and depth of added sediment' were, however, 
useful indicators for comparing scenarios and for use by other submodels. The 
radius of this circle was calculated as: 

-~-~------

RADIUS = tangent (ANGLE) * (DEPTH) (2) 

where RADIUS = radius of deposition (m) 

ANGLE = angle of drift, 

.DEPT~ ~'depth from dis~harge to bott~m (m) 

12
 



The angle of drift was calculated as: 

ANGLE = arc tangent (CURR/PSR) (3) 

where ANGLE = angle of drift 

CURR = current velocity 

PSR = particle settling rate 

A portion of this circle could be specified to receive the total deposition, 
thus simulating situations where currents are predominantly in one direction. 
Depth of added sediment (cm) was calculated by dividing the total volume of 
discharged solids by the area covered. These added solids can also change the 
sediment particle size distribution which may in turn affect indigenous benthic 
organisms and recruitment of benthic organisms. Particle size effects were 
not incorporated in the workshop model. 

The fraction of a sediment sample that is whole drilling muds has been 
used as an indicator of toxicity to benthic organisms. This is usually 
measured by sediment barium concentrations. In the Discharge/Fate submodel, 
excess barium added to the sediment from each well at different distances from 
a drilling rig was calculated from the following empirical relationship 
modified from Petrazzuolo (1981): 

EBAR = (50,000 * e-· 003 * DIST)/(IO + DIST· 5) (4) 

where EBAR = excess barium (mg/kg) 

DIST = distance from rig (m) 

The fraction of whole muds was calculated as excess barium in the sediment at 
each distance divided by the concentration of barium in whole muds. 

Sediments near drilling rigs are also affected by periodic severe storms 
that can displace the upper 1 cm or more of sediment and thereby eventually 
eliminate any indication of drilling solids deposition. In the Discharge/ 
Fate submodel. the average time between such major storms and the amount of 
sediment displaced could be specified to represent different geographical 
locations. The effect of these storms in the submodel was to reduce added 
sediment and associated excess barium. 
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Behavior 

The Discharge/Fate submodel could be parameterized to simulate either an
 
exploratory rig or a production platform. It was assumed that an exploratory
 
rig would drill a single well over a 3-month period with bulk discharges of
 
600 bbl every 3 days and a total solids discharge of 2,250 metric tons. A
 
production platform was assumed to drill 20 wells consecutively at 6 weeks per
 
well with similar bu'lk discharge characteristics but a total of only 1,500
 
metric tons of solid~ per well. For purposes of model runs, characteristics
 
o-f a 13 lb/gal mud were assumed.
 

A production pla'tform scenario was run to demonstrate behavior of the
 
Discharge/Fate submodel. Assuming a 10 m/min current and a total discharge of
 
600 bbl, upper plume-'chaTacteristics were calculated for discharge rates of
 
30, 100, 275, 500, 750, and 1,000 bbl/hr. Results are shown in Table 3.
 
Assuming the same current, an 80-m depth from the discharge to the bottom, and
 
no periodic severe storms; sed'ime~t buildup was calculated as 17 cm over a
 
circular area of radius 154 m (Fig. 3). Figure 3 also shows the effects of
 
periodic storms; which occur on the average every 6-months and remove either
 
1 cm or 2 cm of sediment per storm. Assuming no periodic severe storms,
 
sediment buildup characteristics for water columns 20 m and 80 m deep with
 
currents of 1, 5, and 10 m/min are presented in Table 4.
 

Limitations 

The Discharge/Fate submodel provided reasonable plume characteristics for
 
use by other submodels. However, the lack of explicit mathematical treatment
 
of detailed physical and chemical plume dynamics, spatial and temporal vari ­

ability in currents, and density stratifi,cation precluded addressing certain
 
important questions. For example, plume constituents may become concentrated
 
at stratification layers where certain life st~ges of some 5pecies are found.
 
This possible concentration and its effects on'organisms could not be explored
 
with the submodel structure described above. Another question that was not
 
addressed concerns potential inte_grated or cumulative effects of multiple
 

-jil.l·a.M:'o.p.m-s ~'r:l~~,c~l'Q.se.~.p'laG.x~i.m~~t,y •.-Ano.t~,e.r_to.p.i.G._G.f_d.i~s.cu.s.s.i.C1I'l_w.a,s•..1h,e,_e.U.ac.tu.o.f-_ 
shunting. The purpose of shunting discharges to the bottom is to limit the 
area impacted by cuttings and 'solids and to keep the liquid fractions and 
fine silts and clays below the pycnocline. Shunting in the submodel did limit 
bottom areas impacted, but assumed the liquid and fine-grained fractions would 
rise to the specified level of neutral buoyancy and therefore potentially 
still affect the pycnocline. The fate of these shunted upper plume components 
under actual discharge conditions (staying approximately at shunted depth vs. 
ri sing to pycnocl i ne) was di scussed at the workshop but not reso 1ved. To 
address question s such as the ones posed above, a much more deta i 1ed, 
mechanistic modeling approach would be reqUired. 
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Table 3. Upper plume characteristics at various discharge rates. 

(xEy = x * lOy) 

Table 3. Urper plu:re characterhttc$ al vadoui dischtlrge rates. (x£y x • 10>')0 

----._-----,------------._------._-----_. -------_. -.- .. _.. _. 

O'SCha"r~ fale Plume volume ~ Dilution ractor for solubl~ fraction DI~ersfon ratio for solids rractlon 
50m(bb' /hr 1.. ·---su;n---loo.. - oOm---r5OOii 1.. l~-50iiO- '-lSOln '1ii1 -suiii --ffiiiiii -. --Siiiiiil- g(~ 

- -- "--. - . --- ----- ---"---- ._----­
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U1 30 9.9 2.5£4 I. 0£5 9.0£5 2.9E6 1.6U 7.9E4 1. 6E5 2.&5 3.IE5 6.6E2 4.9f4 I. US 6.lf5 Z.1I6 

100 9.9 2.5£4 I. OE5 9.0£5 2.9E6 4.7£2 2.4E4 4.7£4 8.5E4 9.2£4 4.3fZ 3.2£4 6.9£4 ~.0£5 I ~f6 

275 9.9 2.5£4 I. OE5 9.0£5 2.5E6 I. 7E2 8.6£3 1. 7E4 3.IE4 3.3£4 3. tJ£2 2.2E4 4.6£4 Z.&5 9.4£5 

500 9.9 2.5F4 I. OF5 8.9E5 1.3E6 9.5E1 4.7ll 9.5ll 1. 714 1.8£4 2.4(2 1.8£4 3.9£4 2.215 7.6£5 

750 9.9 2.5£4 I. OE5 fl. 6£5 8.6E5 6.3EI 3.2EJ 6.3EJ 1.1£4 1.1f4 2.6£2 1.6£4 3.3[4 2.0£5 66£5 

, ,000	 9.9 2.5£4 1.0£5 6. lI5 6.2£5 4. HI 2.4£1 4.7ll 8.20 8.2ll I. 9£2 I. 4£4 3.0£4 1.6£5 5.9f5 
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fLgure 3. Depth of spent mud soLLds and cUltLngs
under varLous condLtLons. 
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Table 4. 8epositionradius and total deposition ·of drilling ,muds and cuttings. 

--- ­
Water depth (m) 
Current velocity (m/min) 1 

20 
5 10 1 

80 
5 10 

..J 

Deposition radius (m) 3.4 17.0 34.0 15.4 77 .0 154.0 

Total deposition (cm) 35906 1436 359 1750 70 17 
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WATER COLUMN EFFECTS SUBMODEL 

Responsibilities 

The prime indicators of water column IIhealth ll were considered to be 
primary and secondary production. The Water Column Effects submodel focused, 
however, on estimating the proportion of planktonic animals within the plume 
that might be killed by a single discharge of drilling fluids. Subgroup 
participants felt that this would be a sensitive and tractable indicator of 
water column effects, given the spatial and temporal scales of the discharge 
from a single rig. Zooplankton mortality in the plume was used to estimate 
the percentage loss in month 1y recrui tment of 1arva 1 forms to the benthos, 
considering the number of discharges per month and duration of each discharge. 
Zooplankton mortality was calculated separately for the discharge and post­
discharge phases of the plume. Development and movement of the plume during 
these two phases is depicted in Figure 4. 

Structure 

Morta1i ty duri ng di scha rge phase. The form of the plume assumed by the 
Discharge/Fate submodel was divided into slices, each representing 1 minute's 
discharge (Fig. 5). Since the plume was assumed to remain at constant width 
after 10 minutes, organisms were entrained only within slices 1 to 10. The 
submodel considered only the lI area ll of organisms entrained, since plume depth 
was assumed to be constant. Zooplankton populations were thus represented by 
areas (m 2 ), which could be converted to more conventional measures of number 
of individuals or biomass by utilizing the constant depth of the plume and a 
site-specific estimate of zooplankton density. The area entrained within a 
given slice lIi ll was simply the area of slice i minus the area of slice (i-I). 
It was assumed that animals entrained at a given point within the plume (i .e., 
somewhere in slices 1 through 10) would be carried with the current and thus 
exposed to a declining concentration gradient (Fig. 6). The duration of a 
sUbpopulation's exposure to this gradient during the discharge phase depended 
upon which slice entrained it and how long the discharge continued after the 
subpopulation was entrained. For example, within a 36-minute discharge, there 
were 315 different subpopulations with different exposure IIschedules ll 

• 

The concentrations of solubles in the slices (calculated as outlined in 
the Discharge/Fate submodel description and shown for a test run in Fig. 6) 
were used to compute an average concentration (c t) for the period of exposure 
(t) of each subpopulation: s 

s+(d-t)

i;S c(i) 
Cst = "':'-"';7-(d-;---:-t-+7"1'")- (5) 
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PLgure 4.. , lop vLew of assumed deveLopment. and 
movementef upper pLume at severaL t.~mes durLng 
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f~gure 5. Top v~ew of upper pLume sL~ce8 used Ln 
water coLumn submodeL caLcuLalLons. 
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fLgure 6. ConcentratLon gradLent of soLubLe phase 
Ln dLschorge pLume at 1rnID bbL/hr dLscharge rOLe. 
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where c t = mean exposure concentration for organism entering slice " s" at 
s time IIt ll (where t=l is first minute of discharge) 

c(i) = concentration of solubles (ppm) in slice lIi ll 

".' ,. 

d = ~;total duraH.on oJ dtschar:ge _(min) 

Following Petrazzuolo (1981), an LCso value appropriate to each subpopula­
tion1s IIt ll minutes of exposure was estimatea for the discharge phase by 
converting the 96-hr LC so according to: 

(6)t-minute LC = 96-hr LC *( 96 hr * 
50 SO t min 

Using equation 6, 60 IItoxicity curves ll ,were constructed for r to 60-min 
exposures, assuming that the general sigmoid shape of Figure 7 applied in all 
cases. A 96-hr LCso of 50 ppm was assumed in the right hand side of 
equation 6. This is a conservative value for 96-hr LC so since a value of 
100 ppm whole mud is reported as the 96-hr LC so for the most sensitive species 
tested (Petrazzuolo 1981). The .survival rate of each subpopulation was then 
calculated and used to compute the total loss of plankton, expressed as a top 
view area of plume (m 2), duri:n.g-the- discharge phase (TLDP):- ­

n 
TLDP = r A.(l-SD.)

j=l J J 

where A. = area of subpopulation j (m 2 
)

J 

j = sub 0 ulation index 

n = total number of subpopulations (= 10d-45) 

d = total dur~tipn. of discharge (min) 

SD - survival of subpopulation j in discharge phasej 
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r~9ure 7. GeneraL~zed loxLcLt~ curve used La 
caCculale survLval rales Ln lhe waler column 

at dLfferenL concentratLons. 
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Mortality following discharge. Although observed concentrations from the 
upper plume gradually decline over several hours following the discharge, the 
model assumed that exposure during the post-discharge period could be repre­
sented by an exposure at the concentration found at the end of the discharge; 
rather than a series of decreasing concentrations resulting from continued 
dilution. The plume was thus assumed to remain the same size throughout the 
post-discharge period (Fig. 4). This assumption was necessary since the 
dynami cs of the upper plume duri ng the dynami c co 11 apse phase were not 
explicitly represented in the Discharge/Fate submodel. For discharges less 
than 1 hour in 1ength, the post-di scharge peri od was assumed to be 2 hours 
long. Exposures during discharges greater than 1 hour duration were (for ease 
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of computation) divided into a discharge phase 1 hour long (at declining 
concentrations) and a "post-dischargephase:" with exposure in the IIpost­
discharge phase" fixed at the concentrations existing after 1 hour. This 
simplifying assumption is reasonable due to the slow rate of change in concen­
trations after 1 hour. A survival rate for the post-discharge period was 
computed for each subarea (or subpopulation), following the same procedure as 
outltnedfor the discharge per·iod, but substituting t::120 mi(1utes or more in 
equat i'on 5. ' " 

, 
Total'plume mortality and potential monthly be~thicrecruitment losses. 

Total ,.p'lume,mortalityrate(TPM0,over the,two phases was calculated as: 

- n " 
TPM = L A.*(I-SD.)*(l-SPD.)/(FPA) (8) 

j=1 J J J 

wher.e ,.,sPD = sur,vi,y.a~lofsubpopulation j, during the post-djscharge phasej 
. - ·... 'r. 

FPA = final area of plume (m 2 ) 

j, n, Aj , and SD are as defined in equation 7j 

.. 
The relative .loss in" monthly recruitment to the benthqs (RLOSS) was then 

computed (on a scale from 0 to 1) by: 

NDIS * DDIS * TPMRLOSS = -=-3O-=-("-'d"-a-y-s/7mc...:;o";;"n-'th"),-','-'-*~24""""(""""'h";;"r-sj-'-d"-a-y""")-*'--"'-K (9) 

where NDIS = number rif'~JscKaf~~sper month 

-- -----DGH~S~=~dl:H"·aoM·l:Hl-0,f-<:M ha-5e,,,s,,··Ol,r=)-,~- _,~-, _s-Gha.r.g,e~a'r:l.€l-po,st,,"'d.i"s,Ghay;'.g,e~.p ~, 

TPM = total plume mortallty rateas defined in equation 8 

K = depth of' Iwat:er 'co 1umn:~; , 
depth ,of"pl~me J'. 'j! 

i ~ t r 
, ; > 1:). ,. ~ • 

Equation 9 illustrates th:at:'e~e'~' 'fb6Hl.QQ%mo'rtality in the plume, the monthly 
reduct ion in potential berithi,c "recr..uits wo,uid be very isma 11. Assumi ng 10 
discharges per month, eachl-asting- :2.:S"our,s (discharge + post-discharge 
phase) and causing 100% mortal hty:, ;be'nthic:recruitment would be reduced by 
only 1.7% in a 40-m water column: 

-. 
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Behavior 

Normal discharge rate. The water column concentrations of solubles for a 
36-minute, 1000 bbl/hr discharge at a 10 m/sec current velocity were as shown 
in Figure 6. Although concentrations of solubles in the post-discharge phase 
were generally lower than in the discharge phase, survival rates in the post­
discharge phase were also generally lower. Lower survivorship in the post­
discharge phase was due to longer exposure times. The total mortality under 
these conditions over the two phases was 8.2%, with 96% of this mortality 
occurring in the post-discharge phase. 

Although survi va 1 rates duri ng the post-di scharge phase were lowest in 
the slices nearest the rig, as shown in Figure 8, the highest plankton losses 
occurred in slice 5 (Fig. 9). This is because the total losses depend upon 
both the survival rates (a function of concentration and exposure time) and 
the size of the exposed population (area of plankton) that are in a given 
slice. As one moves away from the rig, these variables change at different 
rates, producing the largest total losses in slice 5. 

Decreased discharge rate. When the discharge rate was reduced from 
1,000 bbl/hr to 30 bbl/hr the water column concentrations dropped from the 
levels shown in Figure 3 to those in Figure 10. Total plankton mortality per 
discharge fell from 8.2% to 0.003%. 

PLgure 8. SurvLvaL Ln pos~-dLscharge phase versus 
posltlon Ln pLume. 
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fLgure 9. TotaL Loss of pLankton Ln post,-dLscharge .. 
.. .pnas~_ver:':s us po~l tLon In .. pL uma. c .. _ 
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Limitations 

The Water Column Effects submodel consists of a collection of hypotheses 
about exposure and effects of dri 11 i ng muds. These hypotheses need to be 
stated explicitly and criticized to reveal the uncertainties associated with 
model predictions and the priorities for information needs. This section of 
the report challenges the basic hypotheses of the Water Column Effects submodel 
as a means of discussing the major difficulties with effects prediction. 

It was clear at the workshop that 96-hr toxicity tests at constant concen­
trations do not accurately simulate the exposures experienced by organisms in 
the field. Equation 6, used to convert 96-hr LC so values to shorter periods 
of exposure, assumes that the LC so for a shorter period should be increased by 
a factor equal to the square root of the relative exposure time (e.g.,/96/1 
for a I-hour exposure). For example, equation 6 predicts that a population 
exposed to a toxicant for 1 hour rather than 96 hours would require a concen­
tration equal to about ten times the 96-hr LC to kill 50% of the exposed 
population. Estimates of mortality in the plumeso itself are quite sensitive to 
the assumptions used to apply 96-hr tests to other time periods. Although 
assumpt ion s used in the LCso extrapo 1at i on produce 1arge di fferences in 
morta 1ity withi n the plume, they do not have a 1arge overa 11 effect on a 
variable such as benthic recruitment because the bulk discharge plumes occur a 
relatively small fraction any month as indicated in equations 9 and 10. 

A second problem with assessment of plankton survival is the assumption 
that survival through an exponentially decreasing series of concentrations 
over the discharge can be estimated by survival at the mean concentration over 
this period. An alternative approach to this problem would be to use only 
I-min toxicity curves, and use the product of the respective survival rates to 
estimate survival over the whole discharge period. This method potentially 
runs into other conceptual difficulties, namely, the issues of variability 
(within a subpopulation) in individual organisms' sensitivity to the toxicant, 
and selection for tolerant individuals over the duration of the plume. 

To clarify thi s conceptual problem, consider a series of two exposures 
(of equal duration) at 50 ppm and 100 ppm to an initial population of 100 
individuals. Survival using the "non-selective" toxicity curve shown in 
Figure 11 for both exposures would yield 5 individuals at the end of the 
second test (0.5 survivorship in first exposure * 0.1 survivorship in second 
exposure * 100 = 5). However, if one assumes that the first exposure removes 
the 50 most sensitive organisms, then the toxicity curve for the remaining 50 
individuals might be as shown in the "selective" curve of Figure 11. Under 
this toxicity curve, exposures of 50 ppm or less have no effect, because the 
population receiving such exposures consists of the more tolerant individuals 
from the original population. The second exposure of 100 ppm would only cause 
20% of these hardy organisms to die (Fig. 11), leaving 40 individuals at the 
end of the second exposure. Table 5 summa ri zes these cal cul at ions. Though 
consideration of selection for toxicant resistance is probably unnecessary for 
very short exposures, it may be important if longer term survival is to be 
considered as the result of a large number of such exposures as might be the 
case in more "closed" water bodies or multiple platform fields. 
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fLgure 11. SeL.ectLve and non-seL.ectLve lo:><~c,Lt~' 
::-1 cur-ves. 

O-t-------,--------,.------=-Joo, 
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Table 5. Effects of assumptions on population variability in 
sensitivity and selectivity of toxicant. 
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It would be interesting to do some 2-hr toxicity tests with exponentially 
decreasing concentrations of drilling muds, using organisms that have pre­
viously been extensively tested at constant concentrations. 

The assumption that the 96-hr LC so of 50 ppm is representative of most 
zooplankton seems unduly conservative. Measured EC s values of 50 ppm were 
attained for scallop larvae using relatively toxic Mo~ile Bay muds, but values 
are as high as 50,000 ppm for low density muds (Tom Gilbert, see 
ACKNOWLEDGEMENTS Section). Similar ranges in toxicity have been found for 
grass shrimp larvae and copepods. When the assumed 96-hr LC was varied in 
the model, the total plankton mortality under normal dischar~~ (1000 bbl/hr, 
36 min) decreased according to Figure 12. At 96-hr LCso values greater than 
930 ppm there was zero mortality. 

The assumption that concentrations in the plume remain constant during 
the post-discharge phase and return to background levels after 2 hours may 
have led to either an overestimation or underestimation of post-discharge 
phase mortality. The direction of error depends upon the extent to which the 
real world decreases in concentrations over those two hours compensate for the 
fact that parts of the plume may remain above background concentrations for 
longer than 2 hours. 

f~gure 12. SenaLt~vLt~ of LotoL pLankLon mortaLLt~ 
of exposed popuLolLon La assumed 96-hr LC~ . 
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The estimation of water column effects depends on the assumptions used to 
represent plume dynamics. The behavior of the plume in relation to water 
column stratification (th~ pycocnline, and more subtl~ str:q~ification, layers of 
pa rt.i,cu ia~e s1i s' espec i,9- l,Iyi mpor'4ant".r A re la t.i ve c,o~ceritr.at i on of, Si i scha rged 
mater'ial" aric:~perhaps'6fthebipta (s'uch as larval.stages), in these zones' 
might l,ea9 togr:,eaJer effect$' 'than ,tHo,5e i.ndi cated by, the a.ssumpti ons used' "';. - "' ,'..here. 

, \ 

- Notwithstand'ing the ab'ove unCertainities about'zoo,p1anktbi1 'rriorta1+ty,'­
within the upper plum'e, the" relatively 'rapid return of water-' cOlumn.'concentra­
t i ons ,to ,b,ac ~g.rou~.c! r~.ve~ s s;ugge~,ts tha t.,~~~ i m,~~ct ."Clf ,a. ,s i ~,g 1e:d~fn in-~_'r i 9 
on benthlc recrultm'ent, ln the" open ocean lS' llkel.1'to be negl\glble'; _The,' 
impact might be more serious with multiple drilling rig~, in enclosed areas, 
or in situations where a species is present in the ,water column for a very 
short time (e','gr~;l,asA_larval'stage) or' ina re'strfcte¢location (such as a 
pa rtJcu 1ai' st Y'-a. tifi ca. t'io n, rayer) that co i nci des with" 'h i gh ' co ricerit rat i on s' 0f 
d i sch~arged ma.teri a1s. ' , " 

. ", _ .': f·h.~· ..:' ~ .': . .~\ < 

"SOFT BOTTOM EFFECTS ~0~MODEL 
.~ '.: 

Responsibilities, 

'This submodel had a deceptively simple set of responsibil it'ies. The 
first was to represent population levels, ex'pressedasg/m 2 or numbers/m 2 , of 
microblil, "mei'ofaunal,infauna.l'; and 'epifaunaT components aT a hypothetical 
benthic community. The second responsibility was to produce' an index of 
bioaccumulation levels and sublethal effects due to exposure to sediments 
containing a fraction of deposited spent mud,and cuttings,

.'" ,. '.._. .1. 

Addressing the~ere~~onsibili~i~s reqUired co~~ider~ble simplification of 
complex biological processes. Howevet', subgroul:l"m'ernbers, after much agonizing, 
decided that the general behavior of the separate components of a generic soft 
bottom benthic community could be reasonably represented although such a model 

_~__w. 'ghl de. 'c' t' e. "t e,Q :t t'o _0' te ctio ,e.t~ee"""",,-_ 

benthic components. 

One of the consequences of construction of such a genera~ conceptutal 
model was that specific examples could not always be used to define the 
responses of the hypothesized community. For example, recolonizaton by infauna 
and epifauna or redevelopment of the oxygenated zone were generalizations 
developed from the collective input of the subgroup participants. If another 
type of community had been hypothesized, it may have been,equally valid to use 
the results of specific experiments (i ,e., Boesch and Rosenberg 1981 or 
Cantelmo et al. 1979) to derive, appropriate response behavior. The main 
point is not how accurately the submodel portrays a particular site, but what 
has been learned about the 'information needed if a credible predictive model 
of soft bottom benthos is to be constructed,' , 
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Structure 

The subgroup members first emphasized that the basic assumption under­
lying this particular submodel is that the soft bottom ecosystem represented 
by the model is dominated by storm events. Therefore, the resulting community 
is composed of lIinvader ll species. The lack of stability in the substrate 
structure means short recovery/colonization times often characterized by 
overcompensation (increases) in the biomass of microbes and meiofauna. If a 
different type of benthic community (i .e., one from a stable substrate) had 
been mode 1ed, the above cha racteri st i cs woul d certa i nly be very different. 
The submodel dealt with bioaccumulation, survival, and sublethal responses of 
four indicator groups (expressed as g biomass/m 2 or numbers/m 2 ). 

Bioaccumulation of chromium depended on exposure to deposited sediments 
expressed as fraction whole mud (Fig. 13). Tissue buildup continued until all 
of the drilling mud was removed by storm events. Estimates of tissue concen­
tration of chromium (in oysters), in this case ppm above background, were 
derived by the subgroup members based on work by McCulloch et al. (1980). The 
subgroup was presented with the dilemma of how to deal with the ability of the 
organism to flush excess chromium from its system while accounting for exposure 
on a monthly time step. Oyster flushing rate was considered sufficient to 
reduce tissue concentrations to ambient levels in less than one month. There­
fore, the subgroup concensus for the modeling approach was that if more than 
four drilling fluid discharges occurred in a month, the tissue concentration 
of chromium would be that which would be expected from exposure to the sediment 
input during that month (i .e., additional exposure). 

F~gure 13. EpLfaunaL l~ssue concentralLon of 
chromLum (above background) as a funclLon of 

fraclLon whoLe mud Ln sedLment. 
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Mortality of soft bottom organisms was caused by burial with spent mud 
and cuttings (Fig. 14), by toxicity of the spent mud (Fig. 15), and by removal 
of deposited sediments by storms (Fig. 16). Burial survival rates were esti ­
mated using data collected by U.S, Army Corps of Engineers (CE) in the Great 
Lakes. Toxicity estimates due to exposure to barium concentration in the 
sediments were derived by Petrazzuolo (1981). When interpreting the responses 
of the soft bottom community it must be kept in mind that use of the 
Petrazzuolo (1981) toxicity responses assumes that the community represented 
in the submodel is /not qualitatively or quantitatively different from those 
used by Petrazzaolo to derive the toxicity responses. Storm events only 
affected deposited sediments. Population changes due to storm intensity were 
indexed according to the amount of sediment removed by each storm. Sublethal 
effects were derived from Petrazzuolo (1981) and expressed as the percentage 
of organisms showing altered physiological indicators in response to various 
fractions of whole muds (Fig. 17). Although it was recognized that sublethal 
effects will, in part, govern such things as recovery rates and population 
levels, the functional relationships were unknown and therefore not incorpor­
ated into the submodel. Therefore sublethal effects stand as an unconnected 
indicator. 

Population recovery, or colonization, was affected by the depth of 
deposited sediments, the fraction whole mud, and the time required for re­
establishment of the layer of oxygenated sediment. In the cases of microbes 
and meiofauna, population response due to addition or removal of sed'iments 
resulted in considerable overshoot in the populations in the month of the 
disturbance (Figs. 18 and 19) before settling back to original biomass levels 
after 2 months. Recovery to original population levels was modified by the 
time required for re-establishment of the oxygenated layer. The rate at which 
the oxygenated layer was reformed depended on the degree of disturbance, which 
was estimated by the ratio of the post-disturbance population to the pre­
disturbance population. Therefore, the original 3-cm oxygenated layer was 
re-established according to the formula: 

OXYGENATED LAYER (cm) =M+ (Pd/Ps)(K-M) (11 ) 

where M=minimum depth of reoxygenated sediment (cm) regardless of degree 
of disturbance (set at 1.0 cm for all model runs) 

Pd = population size after disturbance (note: this may be a partially 
recovered population) 

P = population size before disturbance s 

K = maximum depth (cm) of undisturbed oxygenated layer (set at 3.0 cm 
for all model runs) 
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fLgure 16. MonthL~ survLvaL rates of soft bottom 
fauna as a functLon of sedLmenl removaL by storms. 
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fLgura 17. fractLon of soft bottom fauna 
exhLbLtLng subLethaL response as a functLon of 
froctLon whoLe mud Ln sedLment. 
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The potential increment of recovery of the infaunal and epifaunal compon­
ents of the macrofaunal group was decremented by residual toxicity of the 
sediments as represented by the fraction whole mud (Fig. 20). 

Limitations 

Comments by Donald Boesch, a workshop participant, on the approaches 
taken in the Soft Bottom Submodel are attached as an appendix. 

One major deficiency in the submodel was that there was no interdependency 
between the faunal groups. While such interactions obviously exist, the 
relative importance of their omission on the qualitative behavior of the 
submodel was unknown. A second major problem was the necessity for using 
short-term toxicity information to predict effects of longer-term chronic 
exposure. This probably resulted in an overestimate of survival of soft 
bottom organisms. Finally, there were no vertebrates included in the submodel 
because of a lack of information. 

Use of burial survival rates based on experience in the Great Lakes 
probably represents extreme tolerance to burial. While this is not inconsis­
tent with expected behavior in a storm dominated system, it indicates how 
model behavior would be altered by using different assumptions of community 
composition. There was some evidence that population recovery times may be as 
much as six times longer than those currently incorporated in the model 

FL9u~a 20. F~octLon of fL~st month potantLaL 
racoLonLzatLon Lnc~ement reaLLzed due to toxLcLt~ 
of ~a8LduaL drlLLLng muds. 
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(Fredette 1980; Tqgi3-tz et al. 1980; Boesch·and Rosenberg 1~81;:Shaffneret al. 
1981):.,. A1thoug..h there.w~s in,suff.icient time at:t,h~wQ.rkshop',:to.investi,gate.. 
the effec,tso;f this as,sumpt.ici'n on mO,del behavior;e:~amination, of. variation. jn 
natural Ci0mmuni tlY rel;o,ve:ry,. rates and: th,e factorsr i nfl.uen~\i og .that vaT·i Cj.,tton ti.~ 
an, 1mpor:til.nt ,area' .qf iu;d:her, j nvest i"gat.:i or)' i n'pr:ed,;,ct'; ng .>'ef.fect~ of a'riYJ,i ng; ~ 
mu.ds·and~u·tt ings:.di,s<:Jlar,ge.s 00, th,ese· communi t i eS,,!,h ~ cn ,was Jl0t.,t:U~ llY add,re s sed 
dU.e to.::tim'~ constra,;ntsat the wor~s~op.. ~: 

. ( . 

. . . - , . . , 
. .
 

HARD ·BOTJOM
".."

,EFFECTS -SUBMOPEL,
.
~. 

.'~ ~ ...,., "\""~""l~l''';· Qr ".,',"	 ........... -... _... ~ ,.. ~
 

Re.spons,ibi·Htie-s.' '" ~ , 
'- :~~• • ,'''';-' ....- ~. 1,.	 ~ ut _ ..... , . 

i, lhe ,Hi3.:r.d ~B0t:tom Effects sub,g:rou,p wa s r.~spon sibleo for re,pre.sent,ing; .~r~ 
potent'; alrA.mp,c3.ctt·s PI, vario,u·s disch9.rg~; pat:ter[1s o·f dri 11 i,ng muds a,r~ cu.tti ngs. 
on", ,th~;/l9ynqm,~ c~;oC~ ~'typ,ica 1II ,ha.rd botto,m comf!1~f1~ty. in. :the G~lf o~M~x i CQ;, . 

Ba=s',iG>i.n'formaitton?va..q apl e, "~l1PIl1 o~her" syJ),group.s inc1udeds.edi ment depth~" 
conc;entJ.a;t;i on sof va riQl,Js ~"onst itu.en.ts ,.,in" the,s"ed i rnents, and,con.centrat.i on,s..of 
dril,l;-n:g:muds, t·n the,'\"(iat,e,y.' cO,lumn (both solid and soluble Jr..Cj.ctions.),., The ­
ta~kof the Hard B6ttom Effects subgroup_was to formulate math~matical expres­
sions des'cribing' how hard bott.om organisms mi:ght ..respondtothese djscha.rg~s 
as reflected in indicators such as biomass, growth rate, mortality rate, and 
recTui tme.nt", 

Structure 

In an attempt to simplify the task into something manageable in the time 
available, the subgroup made several initial assumptions. 

(1)	 While other organisms (e.g., sponges or gorgonians) 'may w~ll dominate 
a typical hard bottom community:", corals were used asan i.ndicator. 
This dec~sion was necessitated b~ the l~ck of ~at~ o~ the toxicity 
of drilling muds to other hard bot~om organisms .. 

--------(...4-).-.~bGl,y:,acl-s-w,ar..e~Q,r:Jrs.i.de~l'1El.d_i,n_a~r:l,Q,r:l.ce.e~f~s$i&t.u,a~t.i.o,r:l_t.o-r..e,dJJ.c..e...(;,oJl].p-U.caij.o.n.s _ 
caused by the dynamics of a plume striking an irreguiarity in the 
ocean bottom. 

(3)	 Coral dynamics were represented in biomass units of grams carbon per 
.,,~squ9-~r:e~me:~er (gC/ml) .. 

(4) Coral biomass was represented only at discrete distances (0, 50; 
.:;::......_ ~ ~.90 l2'?Op, ,:,al!d 1500,:-,m):do.'1n curr.§!~t :fr_~m ~~ drill:J ngdg;:..._ .­

... 
.:. ~.	 I:" I _ _. ....._ " • .' ".' l1'C 

(.5).	 ThedriiJJing rig,·waslocated on the hard bottom cqrnm,unHy. 

(6)	 .~n,c~~t~i~t{esw~re, .i nsofar as possible, resolved in favo'~ of a 
, worst case assumption. 
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Initial subgroup discussion highlighted four major potentia1 impacts of 
drilling fluids on non reef corals: direct mortality due to sediment deposition; 
direct mortality due to plume toxicity; reduced growth due to plume toxicity; 
and reduced recruitment due to burial of appropriate substrate by sedime~t$. 

Several other possible mechanisms were discussed at length and, for the pur­
poses of the modeling exercise, ignored on the basis of having lower potential 
for significant effects than the four listed above. For example, there was 
considerable discussion concerning the possibility that light attenuation by a 
discharge plume passing over, but not in contact with, corals would signifi ­
cantly reduce photosynthetic activity. Such a mechanism was eventually 
discarded on the basis that plumes would simply not be present for a signifi ­
cant fraction of the daylight hours, and that photosynthesis recovers rapidly 
following periods of reduced light. Possible growth rate reductions due .to 
temperature variations were ignored for similar reasons. In addition, larval 
mortality due to plume toxicity was discussed as a factor having potential for 
reducing recruitment of new corals. In the context of the spatial and temporal 
scales of the model, however, this factor was judged to be relatively insignif­
icant for organisms (such as coral) with planktonic larval forms, since the 
moving water mass would likely replace the larval community in a matter of 
hours. The significance of this factor for organisms having nonplanktonic 
larval forms may deserve further attention. 

Biomass dynamics of coral were thus conceptualized in the framework of 
the following equation: 

Ct+1 = Ct - S*C t - p*Ct + G + R ( 11) 

where C = coral biomass (gC/M 2 
) 

S = mortality due to burial (%) 

p = mortality due to toxicity of plume (%) 

G = growth (gC/m 2 
) 

R = recruitment (gC/m 2 
) 

The following sections discuss model formulations for each of these 
factors. 

Sediment deposition. Sediment depths at each of the five distances 
downcurrent from the simulated rig were calculated by the Discharge/Fate 
submodel. Corals were assumed to be uniformly covered with sediment of those 
depths, and resulting survival reductions were computed using the relationship 
shown in Figure 21. Data values for Figure 21 were extrapolated by subgroup 
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fLgure 21. CoraL monlhL~ survLvaL role os a 
functLon of depth of muds and euttLngs.­
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members from inform~tio·n given.b.}CT~om~so-n ({980).;; Lack of _~nformation pre­
vented consideration of other aspects of sediment deposition, such as growth 
rate reduction and recovery following incompleteburia-l., and effects of 
repeated intermittent burials followed by flushing or clearing. 

Plume toxicity. Coral survival was further reduced due to toxicity of 
the plume. Maximum concentrations reached at each of the five locations 
downcurrent during any single discharge were generated by the Discharge/Fate 
submodel. These maximum concentrations were modified by a multiplier (nomin­
ally set at 0.5) designed to reduce the maxima to average concentrations to 

--------wl'1i·0h·..oo.r'8~1·s_cm-;,g-h,t-~lD e~e·x,FJ-0,sed-o¥e- t-l;le=c.ou.rcse.~G.f~,a~d,is,Gha,r.g,e,. . 

Survival rates were calculated for these average concentr,itions using 
duration of discharge, number. of discharges per month (both supplied by the 
Discharge/Fate submode1), and unpublished toxicity data contributed by Eric 
Powell (see ACKNOWLEDGEMENJS section). Powell found that Acropora cervicornis 
'suffered no mortality an-d no obvious zooxanthellae loss during a 24-hour 
exposure to 100 ppm whole drilling mud, and total zooxanthe11ae loss after a 
24-hour exposure to ~OD ppm. It was assumed, based on visual and biochemical 
data, that the corals exposed to 500 ppm drilling mud were dying and would 
have suffered 100% -mortal ity. These experiments used a 'Mobile Bay dri 11 i ng 
mud judged by Conxlin et al.(1980) to be more toxic than most to Plaemonetes 
~. An LC so of 300 ppm w.as therefore arbitrarily assumed for purposes of 
the workshop model. Concentrations likely to produce 0,50, and 100% mortality 
for discharges for durations other than 24 hours were calculated using equa­
tions of the following form (after Petrazzuolo 1981): 
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1<
3-hr LC SO = 24- Ir LC 'Ie (24/3) 2 • (15)SO 

The results of these calculatior 
survival rates in Figure 22. A new e 
using the duration of discharge pre 
Survival rate for a particular aver, 
from the curve and applied repetiti\ 
during the month. 

Growth. Growth of the cora 1 re 
deposition and plume effects was trE 
growth rate and a proportion of the 
plume concentrations. Formulation 0 

function prevented unlimited exponent 

, for a 3-hour discharge are depicted as 
:rve was calculated for each simulation 
'ided by the Discharge/Fate submodel. 
:e concentration was then interpolated 
·ly for as many di scharges as occurred 

alnlng after mortality due to sediment 
.ted using a density-dependent potential 
)otential growth rate realized due to 
the growth rate as a density-dependent 

:11 growth of coral s in the model. 

fLgure 22. CoraL mar ,hL~ survLvaL rate as a 
funclLon of soLLds C lncentratLon for a 3-hr 
exposf..,.r_s_"__.... 
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The densi;ty-dE!pendent potential g.row-th rate (Fig, 23) was der:iyed in the 
following manner. An estimate of the.. biomass of ;the cora} Montastrea annularis 
in gC/m 2 of tissue was obtained from unpublished data contributed by Alina 
Froelich (see ACKNOWLEDGEMENTS section). She found an average of about 65 ~g 
atoms N/c'm 2 of tJssue .'AssCJmi nga-carbon/n itrogen-' rcftro- ofapprcixlmate ly7 , 
and adjusting for the molecular weight of carbon, this translates to about 
54.6 gC/m 2 of tissue. An annual H[1ea:r growth,rilte oJ-5 c.m was assumed and",: 
uS'ing a_ hemisp,herei as ali - approximation of nfe growth form of this coral, 
annua-l.i ncreases.:i,n surface: ·a-rea were comput~d for corals ,.rang.ing.; from··S .to.· 
50 -cm:-radi us (Table '-6-). -- I;ncreases in surface area weY1e:-:.,converted ;:co-gG' ad<:ied 
annually by multiplying by 54.6, and expressed as a percentage of the biomass 
pre-seilt at the sU.rt"oT the yeiff. -- Tner'esuTti rig-'va lues ,'in crned--as a 'function 
of b:;:Q[TI,SlSS present, are shown in Fi gure 23. Month ly growth rates were obta:i ned 
simply Oy dividing,values interpolated from Figure 23 by 12; 

. , 

f~9ure 23. Potent~aL coraL annuaL gr.owLh rate. 
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Table 6. Derivation of a density-dependent coral growth 
rate, assuming a hemispheric growth form. 

Radius of 
hemisphere (cm) Surface area(m 2 

)1 Biomass(gC/m2 
) 

Biomass Growth 
Start of End of Start of End of Start of End of added rate 

year year year year year year (gC/m 2 
) (%) 

0 02 500 2 

5 10 0.016 0.063 0.86 3.43 2.57 300 
10 15 0.063 0.141 3.43 7.72 4.29 125 
20 25 0.251 0.393 13.72 21.44 7.72 56 
40 45 1.005 1.272 54.87 69.45 14.58 27 
50 55 1.571 1.901 85.78 103.78 18.00 21 

>50 150.00 2 02 

lAssuming annual growth of 5 cm. 
2Arbitrarily assigned value. 

Potential monthly growth rates were treated as maxima and reduced accord­
ing to drilling fluids concentrations produced by the Discharge/Fate submodel. 
A concentration/growth response curve was derived from unpublished data con­
tributed by Eric Powell for 24-hour exposures of Acropora cervicornis to 
various concentrations of whole drilling mud (Fig. 24). The mud and corals 
used were the same as those mentioned earlier in the discussion of mortality 
data. Growth rate reductions for exposures of durations other than 24-hour 
were simply calculated as proportions of the 24-hour reduction; that is, a 
12-hour exposure to a given concentration resulted in half the growth rate 
reduction caused by a 24-hour exposure. Multiple exposures in any month 
resulted in continued reduction of the growth rate. Recovery of the growth 
rate was allowed only in months without discharge. In the first such month, 
recovery halfway to the maximum was allowed. A second consecutive month 
without discharge resulted in complete restoration of the maximum growth rate. 
These assumptions concerning growth rate recovery and reductions in growth 
rate for exposure durations less than 24 hours were arbitrary, there being 
little or no information of this kind available for corals. 

Recruitment. Recruitment of new coral was allowed only at times and 
locations where: (a) no larger coral was present; and (b) sediment depth was 
zero. Thi s aspect of cora 1 bi omass dynami cs was i ncl uded on ly to ill ustra te 
the potential for recovery fo 11 owi ng ep i sodi c events (such as the storms 
generated by the Di scharge/Fate submodel) that remove sediment and expose 
substrate suitable for establishment of corals. Data on larval settlement 
rates were unavailable for this situation. Spat set was therefore arbitrarily 
designated as 0.05 gC/m 2 for locations meeting the conditions listed above, 
and reduced by the percent reduction in benthic recruitment calculated in the 
Water Column Effects submodel. 
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f~gura 24. ReductLon Ln coraL groyth rata 
as a functLan af soLLds concentratLon for a 
21-hr exposure.
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SYSTEM MODEL 

STRUCTURE 

For each monthly iteration, the Discharge/Fate submodel calculated upper 
plume characteristics and deposition of drilling muds and cuttings. The Water 
Column Effects submodel next calculated impacts of the upper plume on zooplank­
ton and benthic recruitment. Information from these two submodels was then 
used by the Soft Bottom and Hard Bottom Effects submodels to calculate 
potential benthic impacts. 

BEHAVIOR 

In the following section we present sample output generated with the 
workshop model. The output is organized into four scenarios which differ in 
water depth and discharge rate. The baseline scenario represents a production 
platform in 80 mof water, sequentially drilling a total of 20 wells at 6 weeks 
per well, with bulk discharges of 600 bbl every 3 days at a rate of 1,000 
bbl/hr, and a total discharge of 1,500 metric tons of solids per well. Each 
model run represents 20 years with drill ing initiated halfway through the 
first year and ending in year 3. Results from this scenario are presented in 
some detail to establish baseline conditions. Discussion of subsequent 
scenarios focuses on those variables that show large differences from the 
baseline scenario. 

The scenario results are presented in terms of absolute quantities (depth 
of added sediment, coral density). In so doing, we run the risk of inputing 
greater accuracy to this initial model than is justified. We present the 
results in this form not because we necessarily believe them to be entirely 
accurate, but rather in the hope of promoting constructive discussion. Models 
cannot be validated; like hypotheses, they can only be invalidated. Only by 
subjecting the model and its results to criticism can we establish the limits 
of its credibility. In comparing scenarios, it should therefore be remembered 
that qualitative changes and general trends probably have greater meaning than 
actual numbers. The numbers are included only as points of reference and 
discussion. 

Scenario I 

Under baseline drilling and discharge conditions, drilling muds and 
cuttings built up to a maximum depth of 15 cm over a circular area of radius 
154 m (Fig. 25). This added sediment was completely dispersed by periodic 
storms 6 years after drilling stopped. The fraction whole mud in the sediment 
at various distances from the platform showed a similar temporal pattern 
(Fig. 26). At 50 m from the platform, the maximum fraction whole muds was 
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0.12, which also decreased to zero 6 years after drilling stopped. Figure 27 
shows the concentration of fine-grained particulates in the upper plume at 50, 
100, and 500 mfrom the platform. 

With high rate of discharge and relatively deep water, coral is not 
subjected to toxic materials in the soluble fraction of the upper plume. 
However, all coral at 50 and 100 m was smothered by cuttings and spent mud 
and they had not fully recovered by the end of the 20-year model run (Fig. 28). 
At 50 and 100 m, microbes and meiofauna showed very little response because 
the stimulation to the population from deposition of new substrate was only 
slightly overridden by the toxicity of the deposited materials (Fig. 29). 
Macro-infauna showed severe reductions in their populations during the period 
of drilling and continued population oscillations until all of the deposited 
cuttings and spent muds had been removed by storm action (Fig. 30). Epifaunal 
tissue concentrations of chromium, above background, were less than 2 ppm at 
50 and 100 m, and a ppm at 500 m (Fig. 31). Change in recruitment to the soft 
bottom communities was insignificant as 99.98% of the organisms survived. 

fLgura 27. SoanarLo I: concantratLon of fLne 
graLned partLculates Ln the upper pLume at 
three dLstances from platform.
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------------

FLgure 30. SconarLo I: macro-LnfaunaL bLomass at 
Lwo dLsLances from pLatform. 
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~, 

Scenario II 

In the second scenario, the rate of bulk di'schargewas decreased from 
1,000 to 30 bbl/hr. All other drilling and discharge chara9~eristics remained 
the same. Decreasing the discharge rate affected concentrations in the upper 
plume but ,had no affect on the lower plume. Therefore, added sediment and 
fraction whole mud were the same as the baseline scenario .. The lower discharge 
rate resulted in concentrations of fine:~rained particulates at~50, 100, and 
500 m from the platform that were 'approx'imately 1/3 of basenrielevE!'ls. 

With the exception of survival rate in the water c;olumn (essentially 
100%), the biological response was identical-to that \seen in Scen~ario I. This 
was due to the tTme- step selected for the mode'l runS. For :e~xample, despite 
the fact that the discbarge rate was much lower, the total amount~of material 
discharged during a month ~a5 the same. 

Scenario III .i 

The thi rd sceniJ,ri 0. had< 'the same di scha rge cha racterii st i cs as the base­
line, but it was.assumed that drilling occurred in only 20 m of water. Upper 
plume characteristics were unchanged from the basel ine scenario because 
di scha rge characteri·st·ics .were i dent-i·cal.·· The- sha 11 ower water depth resulted 
in greater maximum sediment build up (34 cm) oVer a much smaller area (33-m 
radius). The fraction whole m~d$was there'fore higher than in the baseline 
scenario and dispersed much slower (Fig. 32). 

Corals had a very different response than in the baseline scenario, 
Scenario I, (Fig. 33) with the dominant effect in this scenario due to the 
toxicity of t.he solids fractio.n oL.th.e upper plume rather thq.n bu,rial. There­
fore, colonitation can begin as soon asdnilling .is completed without having 
to wa i t for sediment remova 1 from the substrate: Thi s resulted in tota 1 
recovery of the coral after about 16 years. The reduction in organisms avail ­
able for recruitment to the soft and hard bottom communities was somewhat 
greater but still relatively insignificant (99.81% surviVal). There were no 

----e.f~f.,e-&tos-@,r:l.·.,:t~·e_.&e.f8t=taGl ..t;.t_em""GGmm\,J.r.hi~y-a~ a.r:l~_G.f. t,l:1.e-Q.i~st.a.n,Gas....cI:lQ,s,er:l~_f,o.r...,.Q.i..s,p~l.a¥< , 
because there was nosediment'buildup. Note that the soft bottom submodel did 
not respond to the toxicity' of sediments". (i .e., fraction whole--~mud) in the 
absence of a change in sediment depth. ' .". 

Scenario IV 

Scenario 4 assumed a 20-m water depth arrd a 30-bbl/hr discharge rate. 
Upper plume characteristics were the same as Scenario II (als6 30 bbl/hr) 
while added sediment characteristics were the same as Scenarlo III (also 20-m 
depth). 

'.... . 
Coral response at 50 and 500 m was identical to that of Scenario III. 

The difference (at 100 m) between these two sets of discharge conditions is 
that the lower discharge rate allowed sufficient dispersion of the toxic 
portion of the plume so that there was no coral mortality:at 100 m. The rest 
of the biological behavior was the same as that of Scenario III.' 

47
 



- - -- - -- - - --

FLgure 32. ScenarLo 111: fractLon whole mud at 
three dLstances from platform. 
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the,~:afbctpants.:on~. the :. some~hat t.co~~ro,v~ers)al to.p i c .of-t,h:.la t,e :an~" effects 
~f 'ijl?charged drtl.llclng muds?nd cuttln:~,~ ...In,larg~ p;ar~ ,thlS wa·sd~.e to th.e 
lnt,e;re.s,}."exper..tlse". and openness of Hl,dlYldual paptlclpants .. It .re:sulted 1n 
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and :p.J~ns 'for,:t;"N~~u~r:e"~ppperaiiv.:~ i~~.i~1~t}:.·:·"Tnese ,aspe.ct(ir,e. d'Lfficult to 
document for anY1(:wo.r,K.,s:hop i, h~w.,e:)v.er;, ~hey ar~ .,gX,} remel Y, valuablE;!, to .. ,th.~ extent 
that the participants, represent ~a communit.y that will 'continue to be involved 
with the iss.ue Qf,.mar.ine discharg.e oJdr.illing muds and c.utt,ings. 
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critical areas. Some of the most useful discussions concerned composition of 
d i scha'rged ma.te,rj al s:w'and 1i nka,ges befween th'e'processes' i nfT. uenc.fng; ~fates', ~and 
the processes determininger,fects. Several exampJes of thes.e diScusslons",are
pre,s'ente.d',befow .." -'", . ...• ,.' . . ., .:' .. ,,,, "'. ." 

One, subgro~p c6~'c!~n~t-ra.ted :on i den.t iffcafion of factor,S tnatrJ1i ght prci'dLce 
di ffer~pc~s;, in t~e.f'a:\:-~ and. effects ofdri.l ,1, ing,muds, and, c'uttings di.scha'rged 
into more lid osed ll bodi~s of water, such as bays and estuari es.· ResuJ t's oJ 
these_ di,sc,ussions S!.l:'e h(ghl i:ght~d in thi,s sectio.n or c6m~unic:atiqn, }nd al so 
formedm1uch Of fhebas;s of~alafer section summarizing general 'faCtors deter­
mining fa~~ ~nd effee;t"s of m~ri.ne drill ing dischar'ges,_ ' 
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Uncertainty about the composition cif d~schar~~ddri~ling ~ad~ and tuttings 
has complicated analysis of their fate and effects in the marine environment. 
However, they are not unknown substances. The vast majority (by~we:;ght-) of ­
the materiialis rela,t,ively in.ert _and only a .small fraction. of the many com­
po u.nds. ava'Jl apl ~a~" ad~ i tJves are actua,l,l y used at .;.a.:g,iven 's'ite',:fti s,a:l sp _ 
possible t.o identify mud? that are cha.raCterri,sti~ of 'a mud type-representing. ­
t~e .?eEob<.a..-9:1;~·.~scim?i~a.~j'on ~i ,rna~e'r~a.ls tha.:t ,~ould,:b~':us:~d.~in ~.;..,,:ma~L?Ti~y','3!.·~,-
slmllar~!,sJ,t:~:s:.,. '.;." .. 

Discussion centered around the extent to which it was possible to ~~fine 
the composHio n of the material a,s it i.s~ischarge,d., The two initial sides to 
th'i squest,io,r:lwer,e:;, " . 
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(1)	 Drilling muds are closely controlled mixtures tailored to meet 
specific performance criteria. Material s used at a particular 
location can be exactly specified, and in fact are specified in the 
drilling log. The substrate that produces the cuttings can be 
defined. The composition of the material being discharged is, in 
principle, absolutely predictable and is, in fact, measurable with 
respect to elemental composition. 

(2)	 There is much variation in materials added and the composition of 
cuttings at different locations and over time and depth at one 
location. This uncertainty is aggravated by the complexity of 
possible reactions among components and in the breakdown of compo­
nents, variations in temperature and pressure within the "reaction 
vessel" (drilling apparatus and mud circulation system), and the 
possibility that the mixture is not at equilibrium. In combination, 
these factors make it practically impossible to specify the composi­
tion of mate~ial as it is discharged at the level of chemical resolu­
tion appropriate for investigation of chemical toxicity. 

There was some resolution of this question through the perspective of 
drilling muds and cuttings as a dynamic chemical system. There was then 
better acceptance of the levels at which this system could be specified and 
the levels at which uncertainty exists. It was possible to phase meaningful 
statements about the muds and cuttings system from a toxicity standpoint. One 
example was the statement that the bulk of the toxic materials seemed to 
settle out in a relatively unavailable form, bound to clays and fine sediments; 
whereas a large part of the toxicity of the discharge seemed to be associated 
with materials in the more available soluble phase. The actual availability 
and toxicity of particulate and bound materials in "re l atively unavailable 
forms" remains uncertain, especially with respect to long-term behavior in the 
bottom sediments. The question of composition was resolved in the model 
itself by specifying a 13-bbl/gal mud with toxicological properties expressed 
in terms of the ppm or fraction of this whole mud present. Considerable 
concern remained, however, over how various environmental fractions of the 
discharge, such as solubles in the upper plume, corresponded to various 
fractions utilized in laboratory experiments. 

Fate	 and Effects 

Expected exposure levels. The modeling effort provided a logical struc­
ture for discussing expected concentrations over time at various distances 
from the rig. This discussion and the results of simulation runs were 
effective in indicating to biologists involved with toxicity testing the 
approximate levels of environmental concentration that might be expected in 
the field. 

Toxicity evaluation. A considerable amount of discussion occurred among 
the group as a whole and within subgroups on the relationship between the 
results of defined toxicity tests such as a 96-hr LC 50 and the effects of 
time-varying field concentrations on individuals and populations. The problem 
was basically how to convert results from fixed length and concentration to 
exposures of variable concentration over much shorter and longer times. 
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Sugge5t5qrlis ,:,inpl uded ,us ing~he i'ntegra},ofconc.ertrat i on over time ora t:i me­
averaged concentra:tion wJth ",an algqr.Jthm t,oaccount for~dJffeTir),:g',le'n:gt~:s of " 
exposur~e .. Th,e tY.P~,s· o,f func.tiQ~al.rela~i,ons~i,ps.u.~:il::~,zed ".. , in, fa,~t"d-Y'tered 
somewQat. amon.g submode,l s, reflect 1 ng b.oth .un.certa.l.nty.,about. the ,correct· Jorm, 
a ndHperhaps orgariJsm";l' 9,i, f.t:erences_t.ri~ t.he.,'re,l;a~to n,?h.i:'P::' ~'-" ';' c --. . - ~ :.. 

i.i;'. ..- 2 ...~. ~ L.O~ .. -. ( _" . '_ ,~{....... ... I":' ...- ,_ e"· _. - . : •. ~;~ .
 
. S,hortq,f, ex:~r,emely ,c¢mR;l exa,nd,< eXp'e~§\ve, ,.tox i c,it)/'l'tests, "tq,ere _s~emep ,t,p 

be no hi gh ly accurate wa~L0fconnec,tin,g"ptedi C::,t ion~ of vari.~b1e fi e},d ;.c;:,or~:~n­
trations to results of laboratory toxicity tests. Utilization of laboratory 
to:x'i:~~;::ty.;;r~'syl-~s i n~:ttte0wor;k-shopc .mode'l-wa,s more" ;'~ th%-;-modeof- 'i' n~ i ca·t-;-n9 
where toxi city problems m; ght be encounterecf, ra.the,r. .tha,n quanti ta.t;iv.e accuracy 
in predi ct i on of effects. ..., ,-", 

:- '; £	 ~~. .. "r..};.J:J:' ; ~. l(. ::. ! _ '0, :::. • • i 1 "-". ....: ~ _ '::. .... • .... '- \ 

,Worst casesediment',deposition. '" The,pischar.,g~/Fate --,subm~de.l .:required 
that some assumpt i on,~ ,b;% .m~de con,c..;erni ~,g patte,~ns .0(, s.edim~n,i_ ~ep~sit;on. 
There was some uncertai nty about what constituted a' "worst case" assumption 
abou:tt.h~P?t:~er,n,v.f sedJme~t depos,i,tiqQ fro~:th,lLPl~;t.form.., A ;~jve~. qua:n:t\ity 
of mud'l, so.;;1oi ds",andr~cqt.t i:ngs,:dep-9,sH,ed in "a Aeep"i q.y.e~ovet~,. .smal J,a r,E:a would 
kil'l ...a 1:I)gl11. :pro.pQr."t,i'.on. ,.of 'tne,.b,e.n,thi.c,o,r,ganJsmstn th~ta,rea,;.-,whereas a 
shaflow.,~'l.ay.er,ove,·ra ,Jar.ge,r-area,. woulef kill., a: smaller,,: p'ro:po,r£i.o.n of the 
benth'ic 'or'g'an'isms~ in a' farger area.- The Irwo'r:st,~casell, pattern or, maximum 
number of benthic organisms killed thus depend's ci'n organisms' r'esponses to 
sediment deposti.on,. Thi s re~pqnse most 1i kely has a stro.ng threshold COrTmO[lent 
with or.gan.i,.sms•.able t:O:' surv.ivea certain depth' of burial ·'depe,ndi.ng on the 
natu'ral' setd~enta.t:i(ori._:,~~g;l,nie ~o 'which~they are adapted ..-. The woiks,h9P: did not 

ll	 ilresolve a clear II wors t case pattern and, in fact, the "wors t case is likely 
to be "speci es-sp~cific"si nce .iti.s cri ti cally dependent on organ;,sms I ab,i.l i ty 
to ts>.1 era:~e burial. ':' ,. .' ,.... .. '" ­

Shu~ti ng.jhunt i ng, or di's~hargi'ng~.t some greate~dep'th than j:he sudace 
(e.g., below the ,pycnocline), is.considerE;d as a mana,gement 'a~Ct!og topr_Qq.uce 
the fa llowi ng results: ' :' . ". 

(at	 r~quce t,~e yisibleplume; 

(b)	 e'~£ra,p, discha i ge in neph.l 0 i d 1~y.er mi ni mi~in~ i mp,~c:tsM)ove .d'i sch~:r.ge 
,dlept~:; :: ' . :' '~'. _, 

.( c).' a~o;;.c!a·.pote:~~,1·al"bL!:fl~up ofinate~r;a1 as' the ,dis.charg~',·.encou~te,rs,:,f .. 
d i,ffu s ion barri~!a:t the p'ycnoc 1i ne;. and :'.' , '.. , _ ,_ 

, , 

(d)	 ~inimiz{the'~~ea oi deposi,t:ion t~r materia:l, ..set,~,lin.g,'out (i.e:.,mud 
solids and cuttings).' 

. . _ : . . 'i,,: .. I .~..~	 :.. !;''.:" .• "'''' _ 

Ther.e were que,sti,ons ~ra,sed about .some of the benefits ,oJ ,shunting, 
desp~ te ,H::s, v,a'l u~ i ~i r,qu\i rig t~~ p1.ume:aw~y '-from /eatures :.that ri,se, 'above ~he 
bottom. As ~no"ted abpv.e.,_ it,was flot clear tha·t minimiz.ing thear;ea of s.eslimept 
de'pasi t{on' ,mtn i mirz,e.a tne,~~ tota'r impact on 5erithi c.o.rga ni sm.s.: Ther.e. wa s' .aJ.so , 
uncerta'inty' about the behavior and importance of the plume encountering the 
pycnocline. It is also possible that shunted soluble material might rise 
above the depth of discharge, possibly encountering the pycnocl ine, as the 
upper plume moved to a level of neutral bouyancy . 
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IIClosed" water bodi es. Fate and effects of di scharged dri lli ng muds and 
cuttings in closed water bodies such as bays and estuaries was felt to be 
considerably different and more complex than that in more "open" water envi­
ronments such as those treated in the simulation model. Many of the critical 
variables producing these differences have been incorporated in the following 
section (Factors Determining Fate and Effects). Conceptual models of fate and 
effects in these areas would contain components similar to those utilized in 
the open water simulation model with several modifications. 

(1)	 Additional communities, such as aquatic macrophytes and oyster beds, 
would have to be treated. 

(2)	 The importance of "closed" water bodies as food production and 
rearing areas would necessitate more detailed incorporation of 
population-level processes and trophic interactions. 

(3)	 Many of the processes repr~sented in the open water simulation 
model, such as plume dynamics, sediment deposition, and sediment 
redistribution, would require fundamentally different mathematical 
treatment due to shallower water and more complex circulation and 
stratification patterns. 

(4)	 The importance of resuspension in shallower water and slower long­
term dispersion would necessitate more detailed consideration of 
long-term effects of slightly elevated concentrations. 

In addition to these considerations complicating the extension of open 
water analyses to closed water environments, participants felt that a general 
analysis or model was less appropriate for closed water environments because 
of the large amount of variabil ity among these areas in factors strongly 
influencing fate and effects (such as circulation and salinity patterns, 
community composition, and natural sedimentation regimes). 

Much of the possible difference in behavior centers around the extent to 
which these areas are "closed ll or the relative residence time or amount of net 
exchange in water and sediment between these areas and surrounding areas. 
This is a critical factor in determining long term dispersion of discharged 
material. It was suggested that indices expresssing residence or turnover 
time of water and material in the surficial sediments might be useful in eval­
uat i ng di fferences in fate and effects in Ilclosedll areas, and that such i ndi ces 
might be calculated from information on freshwater inputs, circulation pattern, 
volume of the basin, and natural sediment loadings. 

Although enclosed areas were considered more complex and variable than 
those treated in the model, a large base of knowledge and understanding does 
exist for many well-studied bays and estuaries. Information and models 
developed by the U.S. Army Corps of Engineers with respect to fate and effects 
of dredge spoil disposal were identified as being particularly relevant to 
discharge of drilling muds and cuttings. 
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INFORMATION INTEGRATION 

A simulation model is a structure for representing the net result of a 
series of statements,about how the system operates. A number of assumptions 
are often necessary to integrate more well-established individual relation­
ships and lfnkages. Some set of assumptions (often unstated and relatively 
crude) is used in any integrated sta:t.eE!en.~;·;or .management criteria on the fate 
and effects of drilling muds and cuttings into the marine environment. The 
value of a simulation model is that it forces an explicit statement of what 
a's-sumpti;'ons.,a,r:e:-,be.i ng:"used:;-:- .- ~. ,. ,{.. . '.. '._.. ~ . 

- r ".L,~. ""-". --." r"t... ~ ~ ... ,"t-., - f". •... 1'..... " "- '"'i ,"' A'""t ~. .... "'l , •• " ",.- ,.., ....., ',.r -, f'r 

,.' _~T'he ::S,fmu"fat ;'on model. dev,el,oped at the wcirksh'op for' open w~t~re'nv:{r.olrime~~.t.s 
in ",tbe 'Gu'-f, 't1(Mex:,iicO i nGi 1Sate~ }"el~:t ive 1y l:ocal-Lzedeffects of d.rill,i,n,g ~uds;-. 
a~d:,c\:lJt:-in.g's~."djschqrge (?e.e?:YS:J~M MODEL ..~ec.tion). Wat~r colu.mn f?-~,e ,and 
efJec.,ts· .wer.e'.dominate.d bY.reJatively rapJd ,dil.u,tion. Deposition, oJ ,spent. mU,d. 
so,"i ds an§ cu,tjt;.1n.9;s( ~w,a.s'l ocil \?ed spatfa lJY w··ith;. r~;l at{v~rlX' ra'p)~ .~ ?e~,~ve~y,' 
esp~c;:ially i}l, ..soJ:t\bo~to~ben.thic: com(!lu~tpes:: :.J'; ." ,. :",; " 

r ' -~ .... ,t l .. 

This is the behavior generated by the set of assumptions ~bout li~kag~i 
and funct,ional. r,eJa:tj,onsh,ips uS,ed to construct the ,model. There are two 
ge.'ner.ar ways ill ..,.whichs:uch,·a mode,l .cftnbB' inadequate. Jhe- first. is that, 
Lin kage:~,. a·nd:,p,roce:s s.e,si ncJ uded i nt'he m.oq.e l:,may, hCiVe',,!be;erl poor1y J~e,pr~s,elJ.ted. 
Areas of uncertainty in the workshop model. included therelati9nship be"!:wee.n 
time-varying exposures and 96..,hr LC 50 res'uhs,' recovery rates Of benth'ic~ . 
communities" and_r.esponses of,organisms to various.depths and.rates .0J burial. 

" • '." .•• ," , . a.::'f ••_, _ . ,. • '. I", ' "." • ~ ,. ..""" ,... 4.... , :" . . ' ." '. ............. ~! .. \ . ,
 

. The ,·second ,.area .. ' ~" th:;t irnPortant a-;pects of .the syst~m may not have been 
include.d in the mod'e,'" .Many,potential, linkages and pr.oc~ssesare.excluded 
froma,simulation.,model because. they arejudge'Cl to ,be of secondary importance, 
suchvas'.the effech.of light,att.enuation from the pi-ume passing over .corals on 
annuai coral growth. Others are excluded because they are unknown or not 
currently tractable with'in the modeling constraints. They could very well be 
critical in. the behavior of the real world,,~Y,$tem. Some of the interactions 
and ~r6cess;snot1nco~0~aled in the. model ~n~ruded density stratification and 

_____p.o;sr-s.i.b.l,~d.i..s.p.e.r..5.i.G~n-~.r..r..i.e,r. _i..t"'m.i.g.6.t_c.~ta:,.:..rl.o.rJ.g~t,e.~ f.te.c..t.s ~f....s..1j..g,bt~ _ 
ele~v,a:ted,."concenfrat ion s, pqtentt'a l:fpod. chain 't r.an sfers '. ahd' the, i. nteract ion s 
tha( .:rn:i.ght occur' amp~g I discha rges, :frpm;. mu'l ~:i:p:t~ ,:P 1.1 t for!lJ~ .. Some of these 
limitations could be.~partially addressed through mociel rerinements. Some, 
howev.er,~reflect lack"of current understand1ngratherthan lack of ,ability to 
integrate existing information. '.. "', 

i --.' '.,... ' 

~-:. r; '. _~ :. 
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INFORMATION GAPS 

A number of information gaps were identified at the workshop in the 
process of constructing the simulation model and in discussing factors deter­
mining fate and effects in enclosed areas. These represent areas of uncer­
tainty where additional information would be desirable. This does not neces­
sarily mean that no work has been done in these areas. It may merely indicate 
that participants were not fully aware of the relevance of completed work or 
that additional analysis needs to be undertaken to interpret that work more 
fully in terms of its relevance to fate and effects ,of discharged drilling 
muds and cuttings. 

These information gaps are detailed throughout the report in the descrip­
tions of the simulation'model and discussions of enclosed areas, such as bays 
and estuaries. The following list is a summary of the more important of these 
areas of uncertainty identified at the workshop: 

(l)	 The exten si on of 96-hr LC 50 resu 1ts (or any fi xed-concentrat ion, 
fixed-interval toxicity test) to other exposure times at other, 
perhaps time-varying, concentrations was a central problem in esti ­
mating effects on field populations from predictions of environmental 
fate. The relatively simple algorithms utilized for this extension 
involve considerable extrapolation and interpolation from observed 
cases. 

(2)	 The relationship between variation in composition of discharged 
drilling fluids and cuttings (variation in additives, different 
sites, and across time and depth at one site) and variation in 
toxicity does not seem to be well-established. Current research 
(Thomas Duke, ACKNOWLEDGEMENTS section) is addressing this question 
through a series of standardized tests on a large set of drilling 
fluid samples. 

(3)	 There seems to have been little explicit consideration of indirect 
or community-level effects (such as accumulation of materials through 
food chains, indirect effects on a secondary species through direct 
effects on a competing, predator, or food-source species). Detailed 
prediction of effects at this level may, in fact, be beyond the 
state of the art with respect to analysis methods and knowledge of 
the relevant marine systems. It may be possible, however, to 
strengthen the value of toxicity tests on individual species and 
life history stages by more consideration of the position and 
importance of these species in the communities of which they are a 
part. One example in terms of life history stages is the possible 
importance of effects on benthic larval stages of benthic organisms 
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on, these,. populations, which .may be more severe than th~ generally 
verysma.ll effects' on,recruLtment due to effe~ts o'n, planktonic
lirval stag~i.,· ., . .' .' 

.. -,'	 ") i , " '" .. ", "..'" 
(4)	 Variations ,in the ~ateof recove.t;y of disJurbed benthi!c communities,
 

sensitivity of'these communities' and thefr ,re.co,verY,. rates.·to altered
 
particle size distributions, and sensit'ivity'to'depth and rate of
 
burial are all areas where additional quantitative information was
 
needed in model construction. These areas aY'~ -amenable ..to,experi­

me'nt'al inve'stiga-tion and it may be-pas'sible' to-'make-cohside'~able­

progress through 'synthesis of existing information. Recovery rates
 
for .corals.a,f.ter exposure to,driJling Jlutds·are now being in.ves­

-,'.'r" ti9il.te9' c.~~rj.¢~p'qWeJl, ACKNOWLEbGEM.E~T~ sectio~.). ::-.-'; . S ~ , 

• ••	 ;". '. •..._..,... _ ;.. .. 1'-:... __ ~J ~'- ." 

.(5) LiU,~l.e: informat:],0.0 :Ytas. aYiailablr~;. o,n long-;t,:~m,e/!ec,ts of sl),gh1;;lY..,
 
.. elevateq.concentratlQnS ,a.nd;~ub-le,thal effects (suer as gr;pwlh ,rp.te
 

· depression) in ~g'erre'ral. '-"'~:. ""~ ': . =-- ;>,._"_' -::'~'.~,
 

. (6) ,.Information,on, ha~r.d ,.bottom ,community effects ,s.eemed. to,be cO.ncen­
· trated.on 'sev,e,rat '~peci es: of ",coral , A .br:,o.ader se.f oJ. spgcfesand
 
.hopefu,';y c'ommun,iti-le,y.el~-indi cator,s woul abe,~, espec i a n.9· ai!slrable
 

" " f'or ,these ar,e'~s, , ': '. ..,' ~ T '. L, ", ."" '0 ";' <:" .. ' .• 

-.-;,~- ~r~,~ ::l:.·'-..;. ... r.': . .i ..._..•.~: :- ;.: -'::,,', -' .....•..., 

(7) There, wa;so:tpnstderaple uncertainty about be'navioT.,·of t~e plum.eat
 
~" w.a;.ter.~ >~tratifjc~tiprJ 1ayer~... an9. p_o~,;>.i b1ee}fe.cts of ~. ,p'oteQ.ti? 1
 

hi gher concentrat i on of di schar.ged materta lsi n ar.eas wherE~ organ) sms 
might also tend to be concentrated. . .. 

(8,) Th~ i,nJ~ract i 9iiamo~g; d i scha-rg~s ' (rom_. mu'lt i ple ' p1a't f.orms fs' .not
 
.expli,citly treated bycu~rent;,pJumemodels, including "the:' wo~k-s-h_op
 
· s~i.mul:~;.ti,on-.mo.de.l." This intir:ac,tion;:.if important, "would require Ci
 
, much more complex ~mathematicaT'treatrrien{'to'"'adcir'ess integratec)" or­

'cumulat:Jve' erfects., rio den sely utfliied,'l eas.e" area .-'.' '" 
..;;" " ..... '... -, -. ,.'.' ";" , '. .:. 

, _. ,.. " ;"" -: "- I',' If -,. 'f, ., •. . . "." '. ',,' ""I. . .. 

. I ~e>S,0~1.LJ.1;.i~Gl.r.I",,"0.f~t"1;) . ,.~:'l,a.t.i.v.e a,d~~,r.1.t,~\~.e~f. .b\~,r.1·t..1.Q.g. c,.t.....Jij.f..f. e.r..e..c.t,~! _ 
depth,s, W04.ld ,be v.ery.useful from,~aJman.a,g,ement per.spe~;tlve. Q4e,stl0ns 

,-.. were' 'ra-, se'd at the' wor' sh'op ~b:o.ul the ·benents.~_of,·,some Q,ft,he~e' 
alternatives. Cl ear reso 1uti onwnl ''de:pend on be'tter understand'i ng 
of the movement of the upper plume from various densitYPo,i,nts 
(including efficiency of entrapment in nephloid layer) and' a's"i,t 
encounter.,~ thj~ ;py,cno~,l ,i,fl.e",. e,f.f.ec}:s .;at.the ~Rycnocli ne:,;. (ind ~D~~".,o:pt.i mum 
p?.ttern" 9f .S;:dl ment. dep~~ l.~ 1on... The. optJ murl) ,pa~~e ,.f·of~eposTt 1?n. 
ll1ay:-,be ;gep.enq~r:t ..o"n avg 1~a,~ ng.. 1'!lp~ct:s.~ ~n .,!.~? tY.r~S;}7-}? iQ~ aboy e th~ 
surf?c~!suc.9,·a,s cor~L, reefs., A-sw~ll .a.s .mlnl!'Jl:z1rl,9.,: lmpac~s o,n: 

.' ~ hen,th i"c com!JIufl i~ i es:,. < - ,,' - . .' - ,,'~ . ,- s::-~ ~. ' . : .• ' 
. -;.' ~ '.' r -~. t·... L -. . I -....... '-..; 4 ~ •• .. : ~ .. , ~ ....;J;... ~~. . ~ .


nOlo Fi,naUy, -fher-e seerned,to.be amajor"ne~dto synthesiie~information 
. "conce.rn.i n~g, fa'tei", and:'effects" lobe' expected ,i n'_' encl os~ed .a rea;s. ~ A' .
 

. ,r'''. n.umber ..of' hCt:ors; li mi t the a p;p Ti,ca"biTUy of .op.erf wa.t.e.r're·suTts· to
 
these areas : 'The' potential sens'i t, vHy- orthe-S'e' a ~e~·s. ar:.gue~ for:
 
more detailed consideration of fate and effects. Several' factors 
were identified that could support such an effort. A number of bays 
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and estuaries have been extensively studied. Many of the toxicity 
te sts have, in fact, been conducted on estuari ne organ isms. In 
addition, models and a relatively large body of data are available 
on the fate and effects of dredge spoil in enclosed water bodies 
which should have considerable relevance to fate and effects of 
drilling discharges. 

FACTORS DETERMINING FATE AND EFFECTS 

Discharge of drilling muds and cuttings into a marine ecosystem is a 
perturbation of that system. A number of factors interact to determine the 
fate and effects of any particular drilling mud and cuttings discharge, and 
thus need to be considered as a whole in a scientific evaluation of the 
system's response to the perturbation and in management decisions concerning 
an acceptable level of perturbation. 

The workshop addressed identification of these variables and their inter­
actions through two complementary activities. The first approach was construc­
tion of a simulation model of the fate and effects of drilling muds and cuttings 
discharged into several types of open water environments in the Gulf of Mexico. 
This activity identified a set of important variables and their interactions 
for each environment. Discussions were also held to identify features of 
"closedll water environments, such as bays and estuaries, which would need to 
be considered in evaluating fate and effects in these areas. 

The factors identified at the workshop are discussed below in terms of 
three broad categories; discharge characteristics, physical/chemical character­
istics, and biota. The list represents a guideline of variables that need to 
be considered in evaluating and/or regulating the discharge of drilling muds 
and cuttings at any particular site. The list is an attempt to synthesize 
discussions of the workshop participants as to what should be considered. It 
is not intended to substitute for detailed synthesis of the scientific litera­
ture as it relates to these variables, nor does it imply that all variables 
need to be given equally detailed consideration in all management decisions 
concerning discharge of drilling muds and cuttings. 

Discharge 

CompOSition. The drilling muds and cuttings discharge is itself a complex 
and dynamic chemical system varying across different drilling locations and 
over time and drilling depth at a particular location. Mud components are 
adjusted to meet local conditions as they occur. Composition can be defined 
in terms of materials added and in terms of elements and major compounds for 
the actual discharged mixture. Precise composition and activity of discharged 
material (in terms of the exact chemical compounds and chemical associations 
resulting from breakdown of added components, reactions occurring in the well 
at elevated temperatures and pressures, and complexing and sorption processes) 
are more elusive. 
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Aspects of drilling muds and cuttings compos-iti,on that ,mo~t 9irectly 
determi ne di fferencesi n fate and effects fo 11 ow-i ng discharge 'in-to the ma'r'i ne 
e~nv,j,ron.ment,arel- densHY~" p:article .size dt,s\tr:iqu.tion;l~a9Q.tox!;cHY.,DeQsity 
a:nd, :pa rJi c.lle.'~si'Z'e':Q;':s tr~ibu,:ti'Q n a:n,e (,i~mpo.rt:a-:-nct ~aeX~-rtT!Tn-~ri~t:s .o;f:;the tir ans:p-o~r.;t· ,of- ­
var';'ou;Si-::f~r"a¢t ions·o'f thedj scl1a.rg.e .. ~ a:rt:i,c le. s i z,e; d·i~t!,ibut..i,o,n., of~_depo.s~,t~ed \ 
mate,ri,al ,in. !re',lati.onito: :th~~ p~rt}cl e :si~e _,qi str1puti 0.0 .9cfe·?'iisitipg.~s~d:lmen~cS 
c;a,r:j in;f::Jl.uenc~, t:he re~9verY hme ,and ,compo;sjt:i~on of be!1 t b,i c com~unit i.~~ .. f. I C, _ r 

1 ~ : - _ ~~....~~.I 1 .. l':" l~ ... , ;.'- ':;". C).. ~} __! •.~_ .,."I~~ E, . _ t: ~·i"· ~ _,"l.. f ....; • !' ',_ ~)::) i:.:, ... J. tltLl-' 

:: -Ge;ne;raJj za;ti 011 aboJjt ;th~... toxici:ty o·f ;o;ri}lc1ngmud\::and :cu_tt~ ~~s Ed ·.scha;rges 
i:s-'- drtffi,~G ul't:-c1T,l:e-;- tq~3ttTei'I1-'-~a'rt·abchl~i~y. ;a'nd~:co~p-l~~xi tY77Appro a'c hes~hav.e-i'n cJude~ 
toxi city measurements, such as the~Q;6,-hr:)':~50-' \Jtli)~i z)'ng 511.~yp;kaa ~':. w~ho.l.e~m~d: 
samples or fractions of such samples, as well as toxicity measurements of 
indiv,i.du~l:.;a9(HtiN:es .,.: ri~l:Jch·~;ias .;b iq,ctdes... A.l though a .l.atg·e~p;r9PoTt i ~,n _.of- the 
mat~nJal.:;{bY··Wl~Jgpt~;,:i.s.:ir:l:e:la;t:ty'~ly,ine.rtjlittll;! prp;gre'?2 ,ha's",be~n -~a~e 1nr:, 
multilY,a r, •ate; (ap!PJo,acb~e;,s: for :isbJatJng", t.he'·~<;9mpo s i.tion,a) de~t~_r:mi.n~nt.sp.f.-yar.:,'La,:: 
t i'pntS... In. tolS>i<;!ii~\y,'w.l--,- A. s~ri evot r;ea sonab1e "'ffQr $t .. Gas~,'h,)e.x~rlapo,l_ati onl~ ,Jr-9m 
def;i;ned;: t0~;i;.c,j tye~.rile·asureme:ntsaRPear;Sj -:to_rbl~:' J_h.e.on lr~~·,p..ur;r\~nq~'.'3fea,'~i:~J·e 
appr;oachi.,· V":""i..v c <.'(; . ' • ,,: (:!-'.. '5;1'''('~ j """; !'l '~. ..1:-' f. i" ." •~ v 'r:- <j. .. , 

~ ~} It"'; 7'"" ~ ~ L' r'" ,- ~.., .. - ~ -. "'" -;?: I ~ ~ I :. ~ ,.,L.r r,'" "'!' .. ., ~;tf;, ~" "'1', . n , ...j r, c.-. .~J j: 

In add:ilt~i on; Ao· the, reil a:ti v~ 1yo: sho.rt~terin, - ~hi:gh-~;conce.l:l~ r~~:l:9Dc. tax fc.ioW 
associ ated wi th the immedf'ate di schar,g,epJume, ·~possi b~~ ~l ong-,,~;erm {'e{.fe'C;,tsof. 
slightly elevated concentrations of stable constituents, such as heavy metals, 
we,r.e·"ra,i sed .·as·'a ,p,p5 nt·;of" co..n..c,ern. aJ.·;;th,e.. vtprks,hop,:;:. Ihese.po-:;te_ntJ a1....ef"fects 
we,ne,;;!1ot ~jrC9!rp0r;Cl.ted :int.o the. ?imulation lJloqel p.r'i~ari ly,aD~-,-;~.o-:-t~ct";lC2f 
quanJ i t:a·t,iN,~·i:n florma t..i.on",.c It'!f§:s. P9;i.~;teO. oU~J.h~t_ :t_hex_. mi ght .l?e ,e'l<PE¥c:t~d l"to_ 
be,: 'morreimpQ,rtant, ,·i n "a II do sedJl water bo.dy-suc h as a. bay wh.ere ,long,-,term. 
dispers'lon··qf'di;"'Schar..g.ed ma'te,r;;alw04Jcjbe less~rapid. ".:..(:,c·, 

. ~:. "1 ......· . ("" ~ ... -:.:[1: ";' .~ ., -', - ~ t ;.. . t I". c'rl ~ 

Del ;,v,ery.; lhe· rate i~d".imo,un;t, .,of "qi scharge a're .pr~inc,i.p"le-Pii~:~m~\-e:r,s 
determi n'jQg;,the rex}te:nt· ;and, dynami'cs ot.,the di sch.a rge plume. ~J;li'.e_d~i 1,L!,t i.<:>n of 
the d;.~cgar-gEk'wa,:S dj2.~.uss~d a.s a, managem,ent, ,act; on. t~.atwo.uld. arne 1i pra;t~. toxic 
effects, 'especially in the immediate vicinlty of the disCi,argepoint,' by 
reducing concentrations. . - " .. 

" ~ ....... _,'''J''.
 

------"'"',i 60'&a:ro-i·e·r>l;'ii1J~d , ~0'fo1'f, t~'~Ir..a.~i'0'r.1".:0'f, .~~,e-G!-i..s,G:.lila.rig.e_p,0.r. o.r.....p,G.~~,,( .~= .a;.1.-s;6: .r-------­
important, factor ,in de,teqlhini;ng discharge,p,lume b,e.ha.vio!,. D;ischarge ~f.r.Orn a 
seri-es'.,O':f-jp'orts- c:ou·ld"reduae maximum.concen~ra'tion.s' QY distributing the dis-
ch.arge",.over...a. wJd.erarea . __ The 1ocat i;on of the discharge port Tn _the water 
c.olumn ,ci,n r.e·1:a;t iraP: ~to tpe tot,al' de,pth -~nd ~tr::a;~if l~cat ion 19Ye r.,s: "if!. , th~W~t~!' ~ 
coJ umn"c(an, :st·.r.on:gl\y..,affec;t: the resu.l ti n,g dj.scharg,e, ,plume., .Shynt i,n.g:"DtY 1o~at-
ing ·'\ih,e·dJ;sc;ha,rge,-por;.t,below a s:tra:tif·ication ;layer"has .b~;en-~;p,rop6sed.. tq~ 
avo i.dn,i nm,·acts! ,to" f;.e~at.uJ'es aboye ...the:-,_d.i:s_~harge ~,depth~ ..( e.;g:.~, ··,C.~F~ 1~.!:,.e~fs~ ..: 
pychnocline) by entrapping the discharge ina deeper- la~er..,.-- Sb,un.ting should. 
also tend to localize the area of cuttings and mud s6lfds~ eposition 'an,T" , 
mi.n:ill1:iz,.e,·aestp~ticirn'p·act by reduci ng, the -v,i~:ibl'e ,pll!me.,. .J ._. ­

. ··j~F f. I'_-"·~~~ ~ , " ... ~., ., ..f··· ",: ~1 ·;.:r-I';": 

: L5;'Gati 01:1 of ;th~ dj schar.ge por-t.,~Jose to the.pottom. sedim~~..ts, _a~'"woulld~q~ 
una,,,oi da;bJ e- rill' a· -sha..119w~wa,terenvi ro~ment" produces a-fundamental.l y .different 
,plume\behav·.iooiY:. Un,les:s'9v~rt'Act,ion is taken to, re9irectt,he 9~scherg~,.:p.lume 
dY,nam,;,c;s 'in .these situations involvea:.'.lreb9u,Ddll component as.::.the .. dischar.g~ 
hits the bottom and require basicaliy different mathematical treatments than 
those utilized to represent the dynamics in deeper water situations. 
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Physical/Chemical Environment 

Salinity and temperature regimes. Salinity and temperature are important 
factors for several reasons. Stratification of the water column affects plume 
dynamics and resuspension from bottom sediments, which can be especially 
important in shallow water areas. Salinity can significantly influence floccu­
lation of drilling fluids and solids with resulting effects on the proportions 
of various components that remain suspended in the upper plume. In addition, 
temperature and salinity are important determinants of the biota and its 
sensitivity, especially in areas such as near-shore environments where there 
are strong temperature and salinity gradients. 

Depth. Water column depth and its relation to depth of the discharge 
port is a parameter of the representation of plume behavior used in the work­
shop simulation model for open water environments. Discussion of how more 
"closed" water environments might differ suggested that some qualitatively 
different types of behavior would be expected in the shallower water columns 
generally associated with such environments. Depth would be a very important 
varaible in such systems through its influence on circulation within the 
system, expected short-term dilution of the discharge, stratification of the 
water column, and resuspension from sediments. 

Water movement. Current velocity and direction are two of the primary 
parameters governing short-term dilution and direction of discharge. Long­
term dispersion of the dissolved or suspended fraction and movement of 
deposited sediments are also critically dependent on the intensity and pattern 
of water movement. Turnover time or exchange rate for water in "closed" water 
bodies was identified as an important factor distinguishing these environments. 
Long-term dispersion of discharged materials would be reduced to the extent 
that these bodies of water were "closed". Effects of wind and wave action on 
resuspension of deposited material would also be expected to be higher in 
these generally shallower areas. 

Sedimentation regime. The nominal or natural sedimentation regime is 
another site-specific factor determining the effects of sediments introduced 
by drilling solids discharge. Higher natural sedimentation rates result in a 
relatively lower level of perturbation from additional sediment. Differences 
in particle size distribution between drilling mud solids and cuttings and 
naturally occurring sediments could increase the perturbation since particle 
size distribution is an important determinant of benthic community composition. 
Benthic communities might thus recolonize at a different rate and recover to 
an altered state that could be maintained for as long as particle size distri ­
butions remained different. 

Frequency and severity of storms playa major role in redistributing 
sediments. The long-term fate of sediments added to a particular area would 
be influenced by these events much as natural sediments are. Drilling mud 
solids and cuttings might thus be expected to accumulate in certain areas as a 
result of bottom topography, water movement patterns and velocities, and storm 
events. To the extent that these factors influence the movement of natural 
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sediments in the same manner, there is reason to expect that this will result 
in a net dilution of drilling materials with natural sediments in comparison 
to the initial area of deposition. 

Biota 

Composition and sensitivitY.,:o1f;::the biofa'.in a particular area determine, 
in large part, effects of a given drilling fluids and solids discharge into 
that area. Laboratory toxicity tests such as 96-hr LC so experiments can 
prdvtae~ irrdi"caXtJY's 'of" 'selTsi'tiYi-ty:,~-:::e-spet'i'aJ ly 'wHh'-·- re'spe:ct:-'to"shor:t'-teTm- ." 
effect's im>the i.. i'mmedi'ate 1di s'Ch'arg:e area. ' A·s distussede'a:r;lJer,,~ diirec1.,'co:nnec­
t i on of thi s 'i'nforma't ton to p;opul'at i on level' E.ffe'cts ::from va,r;; ou,s :di-s'dfarge 
scenarios is complicated by temporal variation in actual field concentrations. 
In addi'tlon to" 'toxic.i'tY, sen s i tJv:i ty"to'buri,a l,mbrtal:i.ty, gr,owth"reducti 0 ndue 
to sed;tme nt :de'posi':ti'on;' a'nd reeo l:on';,zat',i:on rate s:.o.fiJbenth i c .. commun-itie·s. are 
i mpCirta'ntfa.c,to:rsi:n ra'ss-e:ssi'ng"effectsof a g:i.ven disch'arg:e., " . 

" '''·1: ~., ~{ :.1 ~.; r,"' ~. ""I::':~. .... 

Discussions at the workshop indicated several areas of speci~·L,co.r:l.cern 

where significant, and possibly larger than expected, effects might occur. 
The'se'i'nc~lude-d oy:ster 'bed ,'cora 1 ·reef, and, submer.gentor emergent', aq,uat,ic .' 
macr:ophyte'~communitiie s. ""Concern .was·I'a 1s,o.expre s'sed.' about po s:s i bl'eeffec.ts on 
endangered species and critical life history stages. If sensitiv,e spec..ie;sor 
life stages of species concentrate in portions of the environment, such as the 
pycnocline; where discharged :material (al,so :tendsto concentrate, it might lead 
to greater, effects th'an"to.uld'b'e predi cte:d has:ed ,on' as'sump;t ;,o'n'sofmore' :even 
exposur·e'.' ..', ~ , 

. "",!. 

Little information was available at the worksho,p tha-t quantitatively 
addressed the potential long-term effects of relatively low environmental 
conce'h'tta·tions that mi:ght resl:Jfl-t from_ dri 1-:1 i'ng 'mud' 'and cutt·i ngs di scharge. 
The po s sib~i b.t:)' of ind i rect e,ffects :through -tro;phic intera,ct i:on.s- w.a s,i dent i fi ed 
in cases of a depresslon of primary production affecting higher trophic levels, 
potential for bioaccumulation and transport of toxic materials by rooted 
aquati,c' macrophytes, and possible transfer of introdUced materi·al,s, such as 

-----he·""v;y"'!mewa:,1",s-tm·)O.(!)1l!lg'A....a-b0a-w,el!> w,i~t-h..,.~e!Slu.l~t..i.rF!Y-iir:1i.G<pe.a&e~i.r:t-e;f.'F.e;~.t.i"v.e-do;sie .....;j;Q.r. _ 

certa i~nspeci e:;s ower what "wou 1:d be est i mated ,. ba sed on general ienv i ronmenta 1 
concenitr:ati on's';,:' It: is un li,kely that: eJfects: -i'n -these:ar.ea's 'wiT'lever be 
completely predictable in the general case, due to the variety and complexity 
ofdr,i! lbtng mud andcutt -j ng,s"di'scharges and of-the mari neenvi ronmen':ts 'li nte 
wh;i.ch ·they m·;-ght:be 'dischariged. Theythus.represen't:a responsib,i~lity for 
continued attention and monitori'ng especially i,n::c'onj,unction wHh d-i.sc:harge 
operations in those areas in close proximity to sensitive and "important ll 

bi olog'; ca 1 communi'ti. es. 
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APPENDIX 

Workshop participants raised a number of important and valid points in 
their comments on this workshop report. These points included concern over 
the extrapolation of fixed-length, fixed-exposure toxicity tests to field 
conditions; observations that shunting has been successful in routing plumes 
away from cora 1 reefs; ident ifi cat i on of the importance of con s ideri ng fate 
and effects in "closed" water bodies; and concern over consideration of dis­
charged material at density stratification layers where sensitive organisms 
might also concentrate. In addition, Donald Boesch provided a detailed 
critique of the Soft Bottom Effects Submodel. Although the submodels developed 
in a I-week workshop are often of limited value in themselves, the structured 
modeling approach does provide a well-focused framework for discussing the 
relevant mechanisms and relationships. In this spirit, Dr. Boesch's comments 
are included here as an appendix to the report. 

COMMENTS ON THE SOFT BOTTOM EFFECTS SUBMODEL 

Donald F. Boesch
 
Louisiana Universities Marine Consortium
 

Chauvin, LA 70344
 

Comparison of the Water Column Effects Submodel and the Soft Bottom 
Effects Submodel illustrates the strengths and weaknesses of the adaptive 
environmental assessment approach. The physics of dispersion of contaminants 
in the water column is better known than that of deposited particulate 
material. Bioassay procedures, although not without limitations, more reason­
ably simulate the conditions of exposure of pelagic organisms to contaminants 
than those experienced by benthic organisms exposed to a complex sediment 
medium. Consequently, the water column fate and effects submodels are more 
richly supplied with observations which allow for development of models with 
variable parameters. This permits the heuristic use of sensitivity analysis, 
thus identifying which factors might realistically influence the effects 
predicted and which processes deserve further research. 

The contri butors to the Soft Bottom Effects Submode 1 were evi dent1y 
deterred because a lack of data or sound conceptual framework in which to 
consider variable conditions and used a rather narrow set of assumptions, most 
of which are relatively liberal, in the sense of diminishing the extent of 
expected effects. This is unfortunate because the majority of drilling fluid 
solids are deposited on the seabed rather rapidly, the benthic organisms are 
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exposed·..to them for 1onger p~eriods of "t i me re.la t ;ve to pe.l ag.i c o.rgan.i sm?:,and 
it,is';..o'nly wtth th~. so.ft bottombel1-thQ.~ that ,eJfects~ pf drill.ing, fluid: 
di sc;:harge have'oeend~te~cted ,i n nature, _. __ ., " .. 

iJ~ ~ ::--1 .~' ... _ ._ _ r,] ~ 2' -.- . I ,. . ~.; .'M 

: The ·L.owe'r.LP.Jume Submode 1_ is ,ba sed, on :,unr,ea 1i st i C::, as sumpt io n·s· icon_qern in;g, . 
thesett1ii/l9 Q;fr:cRarticil,es -as:i·nd,i·vJdua.l sf>' whe,reas actual ~obser¥ati onsj,nd;icate. 
a ,n.egat,i ve.;;ly' ",bo,ll~an,t·Je.:t;with hori zQntal ~preaqtngnear-.the seabed .... A1?o 
rE!SU ~pen ~6.ve·Qr _bed, loaf! spreadi ngar:e ,:llot cdeaJ t wioth ,except as, ,asourc.e ,of. 
d i'Jut}onr.The spuri ou s 'natur~ of tl:)\i 5 1!10del i~ i nu;stra:t~db¥: the pred.icti on" 
of~eol),fi nemen-t-oef-,--p'art,ic-le--:aeeret,i,.on c:to-:.:extreme ly~ sm;a;ll ,radJ.,i--,:.E-.;:sl i-t-t-le-- a:?" ­
3.4 m in, 20 'm, oJ,-Water·,w'; th ia ,1. mlmin .curl'1eI1t,;, :T:ab~l.e ,4 ),and:t,he "cpunter,.- i 
intuitive prediction' that deposited muds ,are dispersed much more slowly in 
waters 20 ~ deep than in waters 80 m deep. 

The assumptions of the Soft Bottom Effect Submodel regarding the life 
history characteristics (llinvader ll species) of constituent organisms and their 
resistence to burial restrict the potential relevance of this mode,l to, at 
best, a few extreme environments. Continental shelf benthic communities, 
particular,ly tho.se on the outer shelf, include many lI equ ilibrium" species 
which have long generation times and are slow to recruit. Also, the assump­
tion of 50% survival following burial by more than a meter of sediment is 
probably in error by an order of magnitude or two for continental margin 
macrobenthos, although relevant data do not exist. In environments character­
ized by a low rate of sediment flux (resuspension plus net deposition), such 
as the continental slope, tolerance to burial is probably very low. 

Additional problems relate to the use of Petrazzuolo's (1981) model for 
predicting toxicity effects on soft bottom benthos. Petrazzuolo used two 
approaches: Type I Analysis based on published LC so values with an application 
factor of 0.01, and Type II Analysis based on the relationship of sediment 
barium concentration to community development in laboratory experiments 
conducted on the Florida Gulf coast. It is unclear which of Petrazzuolo's 
analyses were applied, although there are serious limitations to the applica­
tion of either. First, the LC so data represent aqueous concentrations in the 

sea"imen me', m i"frWl1i"Cl1 "ne en "0 ~i e. Poe 010 1 rra1~'S"i Das'eO-----­
on a tenuous inference that IIbenthic impacts of drilling fluids were thought 
likely to correspond to dispersions of these fluids in the water column. 1I In 
fact, both field data and the upper plume and lower plume submodels contradict 
this assumption. Petrazzuolo1s Type II Analysis is based exclusively on a 
series of experiments conducted at Gulf Breeze assessing the effects of drill­
ing fluids and barite on community development in aquaria through which sea 
water was pumped. Benthic colonists of laboratory aquaria represent species 
predisposed for rapid recruitment rather than natural communities. 

As in the case of tolerance to burial, the mortality induced by storms is 
also likely to vary for different habitats. Natural communities are, however, 
adapted to storms and other sediment disturbances which are normal features of 
their environments. Although severe storms undoubtedly cause heavy mortal­
ities,many continental shelf communities (e.g., Middle Atlantic Bight) undergo 
resuspension or erosion of 1 cm or more of sediment with greater than 25% 
s urv i val (F i g, 16). 
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The variable to which the predictions of effects is most seflsitive is 
perhaps the recovery time or resilience of benthos. The justification for the 
model predicting enhanced populations of meiobenthos one month after additions 
of drilling fluids is not supported. As indicated above the estimated macro­
faunal colonization rates are based on experiments in laboratory aquaria 
through which estuarine water flows and are unrealistically rapid for conti ­
nental shelf macrobenthos. Data now exist to show that "recoveryl' of macro­
benthos following its annihilation ranges from weeks to several years depending 
on the habitat and the adaptation of its community and populations to disturb­
ance (Boesch and Rosenberg 1981). Model predictions incorporating a range of 
colonization rates could easily have been included in this assessment. 

64
 


