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EXECUTIVE SUMMARY
 Synthetic based drilling fluids (SBF) are a relatively new class of drilling muds that are particularly useful fordeepwater and deviated hole drilling. They were developed to combine the technical advantages of oil based drillingfluids (OBF) with the low persistence and toxicity of water based drilling fluids (WBF). In an SBF, the continuousliquid phase is a well-characterized synthetic organic compound. A salt brine usually is dispersed in the syntheticphase to form an emulsion. The other ingredients of an SBF include emulsifiers, barite, clays, lignite, and lime.SBFs contain the same metals as WBFs. All are tightly complexed with the barite and clay fractions of the mud andhave a low bioavailability and toxicity.
 Bulk SBFs usually are not discharged to the ocean. However, drill cuttings generated during drilling with SBFs maybe treated to remove SBFs and discharged to the ocean. The cuttings contain a small amount, usually 5 to 15percent, adhering SBFs. During drilling of each of 21 wells in the UK Sector of the North Sea in the late 1990s, 150to 3000 metric tons of cuttings containing 11 to 300 metric tons of SBF were discharged to the ocean.
 The SBF base fluid (or synthetic) may be a hydrocarbon, ether, ester, or acetal. Synthetic hydrocarbons includenormal (linear) paraffins (LPs), linear-α-olefins (LAOs), poly-α-olefins (PAOs), and internal olefins (IOs). Mostdrilling in the Gulf of Mexico currently is with WBFs. When WBFs are not suitable and OBFs are not selected, IOand LAO SBFs are used almost exclusively.
 SBF cuttings are �oil-wet� and, when discharged to the ocean, tend to clump together in large particles that settlerapidly to the sea floor. Ester SBF cuttings are more easily dispersed than PAO SBF cuttings. If the concentration ofbase fluid on cuttings is reduced to less than about 5 percent, the cuttings will disperse more effectively and acuttings pile will be less likely to accumulate on the bottom.
 Because of rapid settling, SBF cuttings do not disperse in the water column and do not increase water columnturbidity. The cuttings settle in a very heterogeneous pattern on the bottom near the platform, the direction from theplatform of deposition depending on current direction and speed at different depths in the water column. Cuttingspiles occasionally are observed in shallow water, but rarely are higher than 1 m. Cuttings piles rarely occur in deep-water or high energy marine environments.
 Several field studies have shown that the highest concentrations of SBF cuttings usually are located in sedimentswithin about 100 m of the platform. However, SBF cuttings may be deposited 1 to 2 km from the discharge point.Base fluid concentrations as high as 200,000 mg/kg dry wt have been observed in sediments. Concentrations insediments usually are less than 10,000 mg/kg at distances of more than 200 m from the discharge. Base fluidconcentrations in sediments usually decrease with time after completion of drilling and cuttings discharges.However, the rate of decrease is difficult to document because of the heterogeneous distribution of cuttings insediments.
 Concentrations of synthetic base fluids in sediments may decrease with time after discharge by resuspension, bedtransport, and mixing, or by biodegradation. Base fluids are designed to be biodegradable under conditions thatoccur in offshore marine sediments. Sediment-dwelling bacteria and fungi are able to use synthetics as a source ofnutrition, releasing simple non-toxic metabolic degradation products. Several laboratory methods have beendeveloped to measure the rate of biodegradation of base fluids in sediments. The different methods give widelydifferent results.
 Biodegradation of synthetic base fluids in sediments results in a decrease in sediment oxygen concentration. If theinitial base fluid concentration is high enough, the sediments become anoxic. Therefore, ideally, synthetics shouldbe biodegradable under both aerobic and anaerobic conditions. The rate-limiting step in loss of base fluid fromsediments in which concentrations are high enough to cause anoxia usually is the rate of anaerobic biodegradation.
 vii
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The available laboratory biodegradation tests show that base fluids are much more biodegradable under aerobic thanunder anaerobic conditions. The different synthetics also vary considerably in biodegradability. The laboratorybiodegradation tests most widely accepted in North Sea countries rate the aerobic and anaerobic biodegradation ratesof synthetic base fluids in the following order: ester>LAO≈IO>PAO>acetal>ether. Esters, LAOs, and possibly IOsbiodegrade anaerobically at a rate significantly faster than that of the mineral oils used in OBFs. A field study at aplatform in the Atlantic Ocean west of Ireland where a mixed linear paraffin/LAO/PAO SBF was used showed thatthe linear paraffin and LAO were biodegraded rapidly, but the PAO was degraded slowly, if at all. More than 90percent of the paraffin and LAO were lost in two years. Simulated seabed tests with intact sediment cores performedin Norway show that esters, LAOs, and IOs, but not acetals and PAOs, biodegrade under simulated naturalconditions more rapidly than mineral oils. Rapid biodegradation of some base fluids, particularly esters, insediments may produce anoxia, resulting in changes in benthic community structure and function, the organicenrichment effect.
 The toxicity of synthetic base fluids and SBFs have been examined in water column and sediment toxicity tests.Water column toxicity tests with mysids (Americamysis (Mysidopsis) bahia) and the suspended particulate phase ofSBFs have shown that SBFs have a much lower toxicity than OBFs. The SBFs pass the test criterion median lethalconcentration of 30,000 mg/L suspended particulate phase. SBF base fluids and most ingredients and degradationproducts also exhibit low toxicity. Water column tests performed in Europe with a marine microalga and a copepodalso show that base fluids have a low toxicity that passes local acceptance criteria. Solid phase toxicity tests withbenthic amphipods or bivalve mollusks also show a low order of toxicity of synthetics.
 Bioaccumulation tests have been performed with several synthetic base fluids. In all but a few tests, they were notbioavailable. In a few cases, bivalve mollusks appeared to bioaccumulate small amounts; however, it was uncertainwhether the animals were retaining SBF particles in the gills and gut or had actually assimilated the synthetic intotheir tissues. It is unlikely that synthetics are very bioavailable, based on their physical/chemical properties.
 Several field studies have been performed to monitor the biological effects of SBF cuttings discharges on the benthicenvironment. The studies show that where base fluids accumulate to high concentrations in sediments, adverseeffects in benthic communities are evident. The usual pattern of response in sediments is a decrease in the number oftaxa of marine animals in the sediments, accompanied by little change or even an increase in the number ofindividuals present. This change results in a decrease in species diversity. The change in benthic communitystructure is considered an organic enrichment effect. Microbial degradation of the base fluid in sediments results inoxygen depletion and hypoxia or anoxia. Sensitive species are eliminated and are replaced by tolerant, opportunisticspecies. Population size of the opportunists may increase to a high biomass as the fauna use the elevated microbialproduction as food. Recovery of affected benthic substrates occurs when synthetic concentrations decline to levelsthat are low enough that the sediments can become re-oxygenated.
 The information about SBFs discussed in this review was used as the basis for a qualitative risk assessment for SBFcuttings discharges from a platform in deep continental slope waters of the northern Gulf of Mexico. It was assumedthat drill cuttings containing about 10 percent adhering LAO or IO SBF would be discharged during drilling. TheSBF cuttings settle rapidly through the water column and accumulate in sediments down-current from the discharge.At continental slope depths, cuttings would be distributed over a large area of sediments. An upper-bound estimateof 1 hectare (10,000 m2) of sea floor would initially contain more than 1000 mg/kg of synthetic. The estimatedbiodegradation half-life of the IO or LAO at this approximate deposition density in sediment would be in the 65 to104 day range. At this degradation rate, the affected area (>1000 mg/kg SBF) would decrease by about 75 percentper year to an area of about 625 m2 after two years.
 Concentrations of base fluid in solution in the water column are unlikely to exceed about 1 mg/L at any time duringcuttings discharges. Because of the low toxicity of LAOs and IOs to water column organisms, there is no risk ofdirect toxicity of the settling SBF cuttings to water column organisms. The SBF cuttings clump together and settlerapidly through the water column. This generates little increased water column turbidity and phytoplanktoncommunities are unlikely to be significantly affected by the SBF cuttings plume.
 viii
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Biological effects of the SBF cuttings will be restricted to the sediments near the platform where base fluidconcentrations accumulate to more than approximately 1,000 mg/kg. Synthetics are unlikely to accumulate toconcentrations that are directly toxic to the benthic fauna. Changes in benthic communities in sediments where SBFcuttings accumulate to high concentrations probably will include a decrease in the number of taxa and biologicaldiversity and either a decrease or an increase in the total number of individuals of benthic fauna present. Thesebenthic community responses often are associated with a decrease in oxygen concentration in surficial layers ofsediments. They are typical responses to organic enrichment of the sediments. An increase in the concentration ofbiodegradable organic matter (the base fluid and other organic constituents of the SBF) in sediments stimulatesgrowth of resident bacterial and fungal consortia that degrade the organic matter and consume available oxygen.
 With the depletion of sediment oxygen, the resident microbiota use alternative electron acceptors to oxidize theorganic matter, producing hydrogen sulfide, ammonia, and possibly methane as waste products. Some species ofbenthic fauna are sensitive to low oxygen concentrations or high concentrations of hydrogen sulfide or ammonia andare eliminated from the community. Other species can tolerate these chemical changes and they may colonize theaffected substrate in large numbers. Total biomass and benthic production may actually increase in the affectedsediments.
 The slope benthos are not adapted to rapid sediment deposition and may be buried and smothered by accumulationof SBF cuttings on the sea floor. Accumulation of cuttings to a depth of more than a centimeter probably would besufficient to smother most of the smaller slope benthic fauna.
 It is probable that within three to five years of cessation of SBF cuttings discharges, concentrations of synthetic insediments will have fallen to low enough levels and oxygen concentrations will have increased enough throughoutthe previously affected area that complete recovery will be possible. The rate of deep-water benthic ecosystemrecovery will depend on the rate of recruitment and recolonization by the benthic fauna characteristic of the area.Because some species of deep-water benthic animals reproduce and grow slowly, complete recovery may requiremany years. However, ecological succession toward recovery is likely to begin shortly after completion of cuttingsdischarges and will be well advanced within three to five years when the synthetic material will have degraded tolow concentrations.
 ix
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1
 ENVIRONMENTAL IMPACTSOF SYNTHETIC BASED DRILLING FLUIDS
 1.0 INTRODUCTION
 Synthetic based drilling fluids (SBFs) are a relatively new class of drilling muds that are particularly useful fordeepwater and deviated hole drilling. They were developed to provide an environmentally superior alternative to oilbased drilling fluids (OBFs). Although the technical and economic benefits of using these fluids in the deepwaterGulf of Mexico are clear, the environmental impacts of discharged drill cuttings produced during use of SBFs arenot well understood.
 The U.S. Minerals Management Service (MMS) has the responsibility of ensuring that U.S. deepwater oil and gasreserves are developed safely and with a minimum of environmental impact. Therefore, MMS has a special interestin the environmental behavior of SBFs. As a result, MMS has commissioned this review of existing data on theenvironmental effects associated with discharges of SBF cuttings from offshore drilling locations. This reviewsummarizes information published in the scientific literature as well as reports performed for oil and drilling fluidcompanies, industry associations, and government agencies. The available information has been incorporated into anecological risk assessment framework for use by the MMS.
 2.0 BACKGROUND
 2.1 Offshore Drilling
 Drilling fluids or drilling muds are an essential component of the rotary drilling process used to drill for oil and gason land and in offshore environments. The most important functions of drilling fluids are to transport cuttings to thesurface; to balance subsurface and formation pressures preventing a blowout; and to cool, lubricate, and support partof the weight of the drill bit and drill pipe (Neff et al. 1987; Darley and Gray 1988). During drilling, the drillingfluid is pumped from the mud tanks down the hollow drill pipe and through nozzles in the drill bit. The flowingmud sweeps the crushed rock cuttings from beneath the bit and carries them back up the annular space between thedrill pipe and the borehole or casing to the surface. The mud is then passed through solids control equipment (anintegrated system of shale shaker screens and hydrocyclones) to remove the cuttings. It is then circulated back tothe mud tanks where the cycle is repeated.
 Drill cuttings are particles of crushed rock produced by the grinding action of the drill bit as it penetrates into theearth (Neff et al. 1987). Drill cuttings range in size from clay-sized particles to coarse gravel and have an angularconfiguration. Their chemistry and mineralogy reflect that of the geologic strata being penetrated by the drill. Drillcuttings contain small amounts of liquid and solid drilling fluid components, in addition to formation solids. SBFcuttings discharged offshore in the Gulf of Mexico contain an average of 12 ± 4.8 weight percent adhering SBF basechemical (Annis 1997). Although the drill cuttings themselves are considered toxicologically inert, there is concernthat any adhering drilling fluid ingredients may be toxic, particularly if the cuttings are produced during drilling withOBFs or SBFs.
 2.2 Drilling Fluids
 Over the long history of offshore development of oil and gas resources, a large number of different chemicalformulations of drilling fluids have been used. The different types of drilling fluids can be separated into two basictypes: water based fluids (WBFs) and non-aqueous based fluids (NABFs). WBFs, used in most offshore drillingoperations in U.S. waters, consist of water (fresh or salt), barite, clay, caustic soda, lignite, lignosulfonates and/orwater-soluble polymers. WBFs may also contain low concentrations of specialty chemicals added to solve someparticular problem that is affecting mud properties (e.g. tributlyphosphate to control foaming, ammonium bisulfite toremove oxygen, sodium bicarbonate to remove excess calcium ions). Diesel fuel, mineral oil, or another insolubleorganic liquid may be added to a WBF at a concentration of a few percent to improve the lubricity of the mud indifficult formations. The oil is dispersed in the water phase and the cuttings remain water-wet (Hudgins 1991). The
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 compositions, environmental fates, and toxicological and ecological effects in the marine environment of WBFshave been studied in great detail, particularly in theU.S. The results of these studies are the topic of several reviews(National Research Council 1983; Neff 1987; Neff et al. 1987; Hinwood et al. 1994).
 In NABFs, the continuous phase is a liquid hydrocarbon mixture or other insoluble organic chemical. NABFs alsocontain barite, clays, emulsifiers, water, calcium chloride, lignite, and lime. Water or a saline brine (usuallycontaining CaCl2), at a concentration of 10 to 50 percent, is dispersed into the hydrocarbon phase to form a water-in-organic phase emulsion with water droplets less than 1 µm in diameter (Hudgins 1991; Norwegian Oil IndustryAssociation Working Group 1996). This emulsion is called an invert emulsion because water is dispersed in theorganic phase, and formation solids that come in contact with the NABF become oil-wet. NABFs are moreexpensive than WBFs; however, they may be used in difficult drilling situations where their technical advantages arerequired. NABFs are used frequently to (Norwegian Oil Industry Association Working Group 1996):
 • drill troublesome, hydratable shales;• drill deep, hot wells where WBFs might be unstable;• drill salt, anhydrite, gypsum, and mixed salt zones;• drill and core hydrocarbon-bearing formations near the bottom of wells;• drill through hydrogen sulfide (H2S) and carbon dioxide (CO2) containing formations;• increase lubricity to decrease torque and drag when drilling a directional well;• minimize the likelihood of differential sticking of the drill pipe in the hole;• serve as a packer fluid for corrosion control; and• serve as a workover fluid where water might damage the formation.
 There are three types of NABFs, based on the chemical composition of the base fluid in the mud. These are oil-based fluids (OBFs), enhanced mineral oil based fluids (EMOBFs), and synthetic based fluids (SBFs). OBFs containdiesel fuel or conventional mineral oil as the continuous phase. They are the least expensive NABFs and were theonly ones in use until the late 1980s. Mineral oils were developed as low-toxicity replacements for diesel fuel in theOBF in an attempt to reduce the environmental impacts of discharge of OBF-contaminated drill cuttings (Dicks etal. 1986/87). OBFs have been used extensively in the North Sea, in Canadian offshore waters, and in several otheroffshore development areas in the world. Cuttings containing adsorbed OBFs were routinely discharged to offshorewaters of the North Sea until the early 1990s when such discharges were severely restricted. For example, in the UKSector of the North Sea, 75 percent of the 333 wells drilled in 1991 were drilled with OBFs, resulting in thedischarge of an estimated 11,000 metric tons of oil to the ocean (Munro et al.1998b). In 1995, less than 30 percent of342 wells were drilled with OBFs. The environmental effects of OBF cuttings being discharged in the North Seahave been thoroughly studied (Davies et al. 1989; Kingston 1987,1992; Olsgard and Gray 1995).
 EMOBFs contain an enhanced mineral oil as the continuous phase. Enhanced mineral oils are conventionalparaffinic mineral oils that have been hydrotreated or otherwise purified to remove all aromatic hydrocarbons.Enhanced mineral oils generally contain less than about 0.25 percent total aromatic hydrocarbons and less than0.001 weight percent total polycyclic aromatic hydrocarbons (Jacques et al. 1992; Meinhold 1999). One of theenhanced mineral oils evaluated by Jacques et al. (1992) contained less than 1 mg/L benzene. Aromatichydrocarbons, including polycyclic aromatic hydrocarbons, are considered to be the most toxic components ofOBFs. Although EMOBFs are less toxic than OBFs, EPA does not permit the discharge of EMOBF cuttings to U.S.territorial waters.
 The base fluid or continuous phase of an SBF is a water insoluble synthetic organic material. The EPA (EPA 1996)defines a "synthetic material", as applied to synthetic based drilling fluids, as:
 �A material produced by the reaction of a specific purified chemical feedstock, as opposed to thetraditional base fluids such as diesel and mineral oil which are derived from crude oil solely throughphysical separation processes. Physical separation processes include fractionation and distillationand/or minor chemical reactions such as cracking and hydro processing. Since they are synthesized bythe reaction of purified compounds, synthetic materials suitable for use in drilling fluids are typically freeof polycyclic aromatic hydrocarbons (PAHs) but tests sometimes report levels of PAH up to 0.001 weightpercent PAH expressed as phenanthrene.�
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 The Norwegian regulatory authority defines a SBF as (Norway 1997):
 �A drilling fluid where the base fluid consists of non water soluble organic compounds and where neitherthe base fluid nor the additives are of petroleum origin.�
 During drilling with WBFs, both cuttings and mud may be discharged to the sea. On the other hand, discharge ofOBFs and WBFs containing free oil and the associated cuttings is prohibited in U.S. offshore waters. As a result,when the relatively expensive OBFs are used in U.S. waters, they are taken ashore after well completion andrestored for future use. The cuttings usually are transported to an onshore disposal site; in some situations, it ispossible to suspend the cuttings in water and inject them down a disposal well.
 OBFs were used for more than 20 years in the North Sea, and the cuttings were frequently discharged to theenvironment. In 1992, the Paris Commission set down maximum discharge levels of 10 percent mineral-oil-on-cuttings, with a further stipulation of a 1 percent threshold for all North Sea drilling operations after January 1997(Munro et al. 1997c). The 1 percent oil on cuttings threshold is not economically attainable with current technology;consequently, the oil and gas industry has developed more environmentally acceptable alternative drilling fluids thatretain the favorable drilling properties of OBFs.
 The need to drill increasingly difficult deviated and deep-water wells, coupled with the desire to discharge cuttings,led to the development of SBFs. SBFs are designed to be less toxic and degrade faster than OBFs, and they yieldmud systems similar to OBFs in drilling performance (Friedheim and Conn 1996). Furthermore, synthetics havecertain technical and human health advantages over most mineral oils and diesel fuel. For example, they are lessvolatile than OBFs and their vapors are free of aromatic compounds (Candler, et al. 1996). Thus, the use of SBFscan reduce vapor inhalation by workers in closed, poorly ventilated areas on the drilling platform.
 An SBF was used for the first time to drill a well in the Norwegian Sector of the North Sea in 1990. The first welldrilled with an SBF in the UK Sector was in 1991, and in the Gulf of Mexico in 1992 (Friedeheim and Conn, 1996;Fechhelm et al. 1999). By September 1994, 169 wells had been drilled with SBFs in the North Sea. In 1995, 49wells were drilled with SBFs in the Norwegian Sector of the North Sea, resulting in the discharge to the ocean of anestimated 5,500 metric tons of SBF on cuttings (Norway 1997).
 SBFs can greatly enhance drilling performance over WBFs for difficult wells. Burke and Veil (1995) comparedcosts of wells drilled with SBFs to comparable wells drilled with WBFs. Drilling times were reduced by 50 to 60percent, and well costs were generally cut in half for the SBF wells. In these cases, the SBF cuttings were dischargedto the ocean. If cuttings can not be discharged, however, the added cost of transportation to shore for land-baseddisposal may make the use of SBFs cost-prohibitive. Burke and Veil (1995) also point out that when SBFs are usedinstead of WBFs, the total quantity of waste discharged is greatly reduced. This is due primarily to the fact that onlySBF cuttings are discharged, whereas both WBFs and cuttings are discharged.
 In many cases, SBFs do not appear to have better drilling properties than OBFs, although they are much moreexpensive than OBFs. However, if the discharge of cuttings associated with SBFs is allowed and the discharge ofcuttings associated with OBFs is prohibited, the higher cost of the SBF usually is more than offset by the cost ofonshore disposal of OBF cuttings.
 SBFs have a clear advantage over OBFs in deep water. Fast drilling rates are especially important in deep waterwhere expensive drilling rigs with high day rates must be used. Both OBFs and SBFs increase the rate of penetrationas compared to WBFs and can reduce drilling time. However, wells drilled with OBFs usually take longer becauseof delays associated with handling and offloading OBF cuttings to barges.
 Another potential problem in deep-water drilling results from the relatively long time the mud is exposed to lowtemperatures. As the mud cools, gas hydrates may form and interfere with mud circulation. While both SBFs andOBFs inhibit gas hydrate formation, SBFs may be more effective (Carlson and Hemphill 1994; Zevallos et al. 1996).Natural gas is less soluble in SBFs than in most OBFs, making it easier to detect gas kicks.
 For deep-water drilling operations, SBFs systems promote good hole cleaning and cuttings suspension properties.They also suppress gas hydrate formation, and exhibit improved conditions for well control compared to most WBF
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 systems. The rheological properties of SBFs provide good carrying capacity for cuttings, improving cuttingstransport in long, cold deep-water risers.
 The scientific literature clearly documents that ocean discharge of WBFs and the associated cuttings has little or noadverse, long-term biological impact in the water column or on the seafloor (National Research Council 1983; Neff1987; Hinwood et al. 1994). Other studies, mostly performed in the North Sea, show that discharge of OBF cuttingsmay cause persistent adverse biological effects at the seafloor within at least 1 km of the platform (Kingston 1992;Olsgard and Gray 1995). Because of their low toxicity and persistence, SBFs are thought to have environmentalimpacts intermediate between those of WBFs and OBFs. In some cases, however, SBFs may have environmentalimpacts similar to those of OBFs. Therefore, there is considerable debate in the U.S. and North Sea countries abouthow best to regulate discharge of SBF cuttings.
 EPA recognizes that SBFs and EMOBFs are new classes of drilling fluids, but the national effluent limitationsguidelines (ELGs) do not currently address them (Veil and Daly 1999). EPA Region VI permits discharge ofcuttings associated with SBFs in the Western Gulf of Mexico provided they meet discharge limitations for cuttingsassociated with WBFs. The discharge of cuttings associated with EMOBFs is prohibited.
 EPA intends to modify the ELGs to include requirements for discharge of SBF cuttings, but needs more information.An industry consortium of operators and mud suppliers is working with EPA to develop the new environmental andoperational information needed to modify the ELGs (Veil and Daly 1999; Veil et al. 1999). This effort includes amulti-year field study to evaluate seafloor impacts of SBF cuttings in the Gulf of Mexico. The field study isscheduled to begin in 2000. Both the MMS and the U.S. Department of Energy are participating with the industryconsortium in the field study.
 3.0 CHARACTERISTICS OF SYNTHETIC BASED FLUIDS
 3.1 Base Chemicals
 Synthetic base fluids may be classified into four general categories:
 • synthetic hydrocarbons,• ethers,• esters, and• acetals.
 The chemistry of these basic classes of synthetic base materials is discussed in the following and example chemicalstructures are shown in Table 1.
 3.1.1 Synthetic Hydrocarbons
 Polymerized olefins are the most frequently used synthetic hydrocarbons in SBFs today. Polymerized olefinsinclude linear alpha olefins (LAOs), poly alpha olefins (PAOs), and internal olefins (IOs) (Friedheim and Conn1996). Linear alkyl benzenes (LABs) originally were included in this class of SBF base chemicals. LAB muds wereused to drill 33 wells in the UK Sector of the North Sea before September 1994. However, because they contain abenzene molecule, they have been reclassified as environmentally unacceptable and are no longer used (Friedheimand Conn 1996). They never have been used in U.S. offshore waters.
 Linear paraffins (LP) (also sometimes called n-paraffins) sometimes are included in this class; however, theyusually are prepared from a petroleum feedstock. Synthetic linear paraffins are available commercially for use inSBFs, but are not widely used because of their cost. Synthetic paraffins are produced by the low-pressure Fischer-Tropsch synthesis, involving catalytic hydrogenation of carbon monoxide. Because EPA classifies syntheticparaffins as SBFs, synthetic LP cuttings are permitted for offshore discharge in the Gulf of Mexico.
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 Table 1. Names and chemical structures of several synthetic base chemicals.
 TYPE CHEMICAL STRUCTURE
 Synthetic Hydrocarbons
 Linear Alpha Olefin (LAO) CH3 - (CH2)n - CH = CH2
 Poly Alpha Olefin (PAO) CH3 - (CH2)n - C = CH - (CH2)m - CH3 \ (CH2)p - CH3
 Internal Olefin (IO) CH3 - (CH2)m � CH =CH - (CH2)n - CH3
 Linear Alkyl Benzene (LAB) CH3 � CH - (CH2)n - CH3 \ C6H5
 Other Synthetic Base Chemicals
 Ether CH3 - (CH2)n - O - (CH2)n - CH3
 Ester CH3 - (CH2)n - C = O
 \ O - (CH2)m � CH3
 Acetal CH3 - (CH2)n - O O - (CH2)n - CH3 \ / CH - (CH2)m - CH3
 Linear Alpha Olefins
 LAOs are produced by the polymerization of ethylene. Ethylene (C2H4), the smallest unsaturated hydrocarbon, isoligomerized by heating in the presence of a catalyst and triethyl aluminum to produce LAOs with differenthydrocarbon chain lengths (Friedheim and Conn 1996; Lee 1998). Each LAO molecule has a single, double bond inthe alpha position (between the first and second carbon in the chain) (Table 1). LAOs have molecular weightsranging from 112 (C8H16) to 260 (C20H40). The LAO mixture is distilled to produce different molecular weightblends. The physical-chemical properties of the mixtures can be altered systematically by changing the chainlengths and branching of the LAO molecules. Typical LAO mixtures used in SBFs are LAO C14C16 (a blend ofC14H28 and C16H32 LAOs) and LAO C16C18. In a typical LAO, about 28 percent of the molecules contain branching;most branches are methyl groups (-CH3) (Rabke et al. 1998).
 Poly Alpha Olefins
 PAOs are manufactured in a four- to five-step process: 1) polymerization of ethylene to form a series of linear alphaolefins; 2) distillation to isolate LAOs of the desired chain length; 3) oligomerization of the LAOs to producePAOs; 4) hydrogenation to saturate the PAOs (sometimes); and 5) distillation to isolate PAOs with the desiredphysical-chemical properties (Friedheim and Conn 1996). Typical LAOs used to manufacture PAOs include1-octene (C8H16) and 1-decene (C10H20) (Burke and Veil 1995). PAOs may be hydrogenated, producing alkanes forsome applications (Friedheim and Pantermuehl 1993). However, the unsaturated PAO is more biodegradable than
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 the saturated alkane; therefore, unsaturated PAOs are preferred to the saturated congeners in applications wherePAO cuttings may be discharged to the ocean.
 Depending on the chain length of the LAOs and the nature of the oligomerization reactions, PAOs can be producedwith varying degrees of branching and carbon chain lengths (Lee 1998). In a typical PAO SBF, more than90 percent of the molecules have branching (Rabke et al. 1998). The PAO fluid may contain a mixture of severalPAOs from C8H16 to C30H62 and sometimes to C40H82 (Vik et al. 1996a; Rabke et al. 1998). The average PAO isC20H42 (Eicosane) with a molecular weight of 282.6 and an aqueous solubility less than 1 µg/L.
 Internal Olefins
 IOs are formed by isomerization of LAOs in the presence of heat and a suitable catalyst. Isomerization shifts thedouble bond from the alpha position to a position between two internal carbons (Friedheim and Conn 1996; Lee1998) (Table 1). Isomerization of a LAO decreases its pour point and flash point. Commercial IOs usually have achain length of 16 (C16H32) or 18 (C18H36) carbons, and usually contain more than 20 percent internal branching(Vik et al. 1996a; Rabke et al. 1998). As for LAOs and PAOs, the IO mixture may be hydrogenated to producesaturated hydrocarbons; however, they are still referred to as LAOs, PAOs, and IOs.
 In today's market, LAOs and IOs usually are preferred over PAOs. LAOs and IOs often are used in blends that aredesigned to achieve a balance among the physical properties important to the drilling operation (e.g. viscosity, pourpoint, flash point, etc.).
 3.1.2 Ethers
 Alcohols with different chain lengths are condensed and partially oxidized to produce mono- and di-ethers. Ethersare saturated hydrocarbons with an oxygen atom in the center (Table 1). Hydrocarbon chain lengths and branchingare selected to optimize drilling properties and minimize toxicity (Candler et al. 1993). Ethers are more stable bothchemically and biologically than esters or acetals. Ether SBFs have a high hydrolytic stability. This is an advantageduring drilling, but results in low biodegradability following ocean disposal of SBF cuttings (Friedheim and Conn1996). At one time, ethers were used frequently in the North Sea; before September 1994, ether or acetal SBFswere used to drill 13 wells in the UK Sector of the North Sea (Friedheim and Conn 1996). However, they are nolonger used in the North Sea. Ethers have never been used in U.S. offshore waters.
 3.1.3 Acetals
 Acetals are dialkylethers that are closely related to ethers (Slater et al. 1995). They are formed by the acid-catalyzedreaction of an aldehyde with an alcohol or carbonyl compound (One mole of aldehyde and two moles of alcohol)(Patel 1998). A typical acetal in a SBF has the formula, C20H42O2, and has a molecular weight of 314.3 (Vik et al.1996a). Acetals are relatively stable under neutral and basic conditions, but may revert back to the aldehyde andalcohol under acidic conditions. At one time, acetals were used frequently in the North Sea; however, they are notused today. Acetals have never been used in U.S. waters.
 3.1.4 Esters
 Esters are formed by the reaction of a carboxylic acid with an alcohol under acidic conditions (Norman 1997). Theingredients of esters used in SBFs include fatty acids (carboxylic acids) with 8 to 24 carbons and alcohols withdifferent chain lengths. 2-Ethylhexanol (C8H18O, molecular weight 130.2) is the alcohol used most frequently;however, mono- and poly-hydric alcohols (glycerols) may also be used. The fatty acids usually are derived fromnatural vegetable or fish oils. They also can be made by oxidation of the terminal double bond of LAOs (Friedheimand Pantermuehl 1993). An example of ester used in SBFs is a mixture of C8 through C14 fatty acid esters of2-ethylhexanol. The original Petrofree SBF system consisted of a mixture of five homologous fatty acid esters, ofwhich the main component was 2-ethylhexyl dodecanoate (Schaanning et al. 1996). A typical ester has a molecularweight of 396.4 and the chemical formula, C26H52O2 (Vik et al. 1996a). Esters are somewhat polar and more water-soluble than would be expected from their molecular weights. Chain length and branching of the fatty acids andalcohol are modified to optimize viscosity, pour point, and hydrolytic stability (Friedheim and Pantermuehl 1993;
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 Norman 1997). Esters also may be mixed with synthetic hydrocarbons (LAO, IO, or PAO) in an SBF to attain someparticular drilling performance characteristic. Esters are relatively stable under neutral conditions, but may undergohydrolysis and revert back to the acid and alcohol under basic or acidic conditions. Esters are commonly used in theNorth Sea and have been used extensively in the Gulf of Mexico.
 3.2 SBF Usage Trends
 A large number of trade name SBF products are available from drilling fluid suppliers in the U.S and Europe.Examples of some of the SBFs available from three U.S. suppliers are summarized in Table 2. The products listedare the ones used in most SBF drilling mud packages for offshore drilling in the Gulf of Mexico. Additionalproducts from these and other suppliers are available in the U.S. and elsewhere in the world.
 Table 2. Trade names and SBF base chemical compositions of some representative SBFs currentlyavailable from three drilling mud suppliers for offshore drilling in the United States.
 Trade Name SBF Base Chemical Supplier
 ISO-TEQ IO (C14 � C20 blend) Baker Hughes INTEQ
 NX-3500 Ester Baker Hughes INTEQ
 BG-550 Ester Baker Hughes INTEQ
 PT-3500a Iso-Paraffin Baker Hughes INTEQ
 ALPHA-TEQ LAO (C14 � C16 blend) Baker Hughes INTEQ
 NOVAPLUS IO (C16 � C18 blend) M-I
 ECOGREEN Ester M-I
 NOVATEC LAO (C14 � C18 blend) M-I
 PARADRILa Paraffin M-I
 PETROFREE SF IO (C16 � C18 blend) Baroid
 PETROFREE Ester Baroid
 PETROFREE LEb LAO (C14 � C18 blend) Baroid
 XP-07a Linear Paraffin Baroid
 a These SBFs contain synthetic paraffins. EPA currently does not permit discharge of drilling fluids cuttings containingpetroleum-derived paraffins.
 b PETROFREE LE originally was a blend of LAO and ester. The ester was phased out in 1997.
 In today�s market, concerns about toxicity, biodegradation rates, environmental impacts, and costs have essentiallyeliminated all SBFs except olefins and esters from use in offshore drilling. Olefins are less costly than esters, morestable at higher temperatures, less viscous at low temperature, and more adaptable to deep water drillingenvironments. Olefins usually are preferred if only drilling properties are considered. However, esters are muchmore biodegradable than olefins, giving the impression that they are more environmentally compatible than olefins.
 WBFs still are the most frequently used drilling muds in U.S. offshore waters. In deep water or difficult drillingsituations where WBFs are not suitable, IOs and LAOs are used. PAOs and esters were used in the past, but rarelyare used today. Most operators drilling in offshore waters of the Gulf of Mexico �rent� complete SBF packages fromdrilling fluid companies. Formulation, monitoring physical/chemical properties, and recycling of the SBF isperformed by the drilling fluid company on a contract basis.
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 3.3 Synthetic Base Fluid Systems
 The SBF base material usually represents about 30 to 90 percent of the total volume of the complete mud (Rushinget al. 1991) and about 20 to 40 percent of the mass of the mud (Kenny 1993). All SBF systems contain emulsifiers,wetting agents, thinners, weighting agents, and gelling agents. Relative proportions of the different ingredients varydepending on the SBF type and the chemistry, geology, and depth of the formation being drilled (Table 3 and 4).The major ingredients are similar for all SBF systems. The relative amounts of different ingredients in the SBF arevaried to address drilling conditions.
 Table 3. Typical concentration ranges of the major additives in SBFs. Modified from McKee et al. (1995).
 Additive Concentration in Drilling Mud
 Pounds/Barrel Kilograms/meter3
 Emulsifier 9.0 � 14.0 25.7 � 39.9
 Rheological Modifier <1.0 � 2.0 2.9 � 5.7
 Fluid Loss Additive 1.0 � 8.0 2.9 � 22.8
 Lime 6.0 � 9.0 17.1 � 25.7
 Organophilic Clay 5 � 8 15.0 � 21.0
 Wetting Agent 0 � 1.0 0 � 2.9
 Table 4. Major ingredients of a typical PAO drilling mud (SBF) compared to a typical mineral oilbased mud (OBF). Concentrations (except for density) are pounds per barrel andkilograms per meter3 (in parentheses). Modified from Rushing et al. (1991).
 Component Concentration in Drilling Mud
 Poly-αααα-Olefin Mud Mineral Oil Mud
 Base Liquid/Water Ratio 70/30 80/20
 Density (lb/gal & kg/L) 11.0 (1.32) 7.43 (0.89)
 Base Liquid 163.4 (470) 217.0 (620)
 Water 83.5 (238) 64.3 (183)
 CaCl2 36.6 (104) 8.58 (24)
 Emulsifier 5.0 (14) 1.9 (5)
 Wetting Agent 2.0 (6) 1.0 (3)
 Lime (CaCO3) 6.0 (17) ---
 Hot Lime (CaO) --- 2.0 (6)
 Organophilic Clay 2.0 (6) 10.0 (28)
 Rheology Modifier --- 4.0 (11)
 Barite 164.5 (469) ---
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 SBFs and OBFs share many of the same ingredients (Table 4). Water (usually in the form of a concentrated calciumchloride brine) is emulsified in the SBF base material to increase viscosity. The synthetic/water volume ratio isvaried to alter mud viscosity and usually ranges from 55/45 to perhaps as high as 96/4 (McKee et al. 1995;Friedheim and Patel 1999). The brine promotes dehydration of shales in the formation being drilled. It is dispersedin the oil phase to form an inverted emulsion (a water-in-SBF emulsion). The solids in the SBF, including formationsolids (cuttings), are �SBF-wet�.
 Emulsifiers, which often are metal soaps of fatty acids, are added to the SBF to aid in forming and maintaining theinverted emulsion. The emulsifier (surfactant) packages used in SBFs often are different from those used in OBFs.They are modified to be compatible with the physical/chemical properties of the organic base phase of the mud(Friedheim et al. 1991). Wetting agents are added to ensure the solids in the mud are SBF-wet. Wetting agentsinclude polyamines, fatty acids, and oxidized tall oils. Lime is added to make calcium soaps that aid inemulsification of water in the SBF. Rheology modifiers and organophilic clays are added to aid in suspending drillcuttings in the mud.
 Barite (barium sulfate) is used to increase the weight of the drilling mud, counteracting formation pressure and thuspreventing a blowout. The amount of barite added to the mud usually increases as both the depth of the well andformation pressure increase. A typical 11.5 lb SBF may contain about 230 lb/bbl (660 g/L) barite (Friedheim andPatel 1999). Barite has an extremely low solubility in sea water and so is used frequently as a conservative tracer ofthe dispersion and fate of discharged drilling fluids (Hartley 1996).
 Of the major ingredients of SBFs, other than the base fluids themselves, emulsifiers and wetting agents (detergentsor surfactants) are of greatest environmental concern because of their potential toxicity (Rye et al.1997). The exactcompositions of commercial emulsifiers and wetting agents are proprietary. Some common surfactant products usedin SBFs and their generic compositions and use concentrations are summarized in Table 5.
 Table 5. Examples of several emulsifiers used in SBF systems. Some related SBF chemicals are included.
 Product Function Composition Typical Concentration inSBF (lb/bbl)
 Novamul Primary emulsifier Fatty acid/solvent blend 6 � 10
 Novawet Wetting agent Imidazoline 1 � 2
 Novathin Thinner/conditioner Fatty acid blend 0.5 � 2
 Novamod Organic gelling agent Polymerized fatty acids 1 � 4
 Ez Mul NTE Emulsifier/wetting agent Polyaminated fatty acid in ester carrier fluid
 6 � 12
 Le Mul Emulsifier Fatty acid blend insynthetic carrier fluid
 6 � 10
 Le Supermul Emulsifier Polyaminated fatty acid in synthetic carrier fluid
 2 � 4
 Omni-Tec Emulsifier Fatty acids/synthetic blend 4 � 8
 Omni-Mul Emulsifier Polyamide/synthetic blend 8 � 16
 Omni-Coat High Temp Emulsifier Polyolefin/sulfonate blend 1
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 Alkylphenol polyethoxylates were widely used in the past as lubricants, detergents, and emulsifiers in WBFs andNABFs (Getliff and James 1996). Their use has been phased out in most locations because of the high toxicity ofsome of their degradation products, particularly nonylphenol and octylphenol. These products usually are dissolvedor dispersed in the base synthetic fluid. Because of their hydrophobic/hydrophilic structure, they concentrate at thesynthetic/brine interface, stabilizing the brine dispersion in the synthetic fluid and helping to make other mudingredients and formation solids synthetic-wet.
 The thermal stability of emulsifiers controls the upper temperature at which SBFs and OBFs can operate down-hole(Growcock et al. 1994). The thermal threshold for degradation of several emulsifiers is in the range of 130°F to520°F (54.4°C to 270°C). Rheology modifiers have similar thermal stability to emulsifiers. Most SBF based fluidsare stable to greater than 425°F (218°C). Thermal degradation products of emulsifiers and rheology modifiers couldcontribute to the toxicity of some SBFs.
 Several metals are present in WBFs, OBFs, and SBFs. The metals are associated with dispersed cuttings and thesolid additives (barite and clays), not with the continuous phase (water, oil, or synthetic), in drilling fluids. Metalsconcentrations in whole WBFs and OBFs are roughly similar (Table 6), depending mainly on the quality of bariteand clays used to formulate the fluids. No data are available for the metals concentration in an SBF, butconcentrations should be similar to those in OBFs. Aluminum and barium in drilling muds are from clays and barite,respectively. The other metals are associated primarily with the clay minerals and barite fractions and are presentprimarily as insoluble sulfide salt inclusions in clay and barite lattices (Neff et al. 1987). All the metals in drillingfluids are in solid or complexed forms. They have a low bioavailability and toxicity to marine organisms (Neff etal.1989b,c). Metals do not contribute to the toxicity of drilling muds.
 Table 6. Comparison of the concentrations of metals in water based drilling muds and in a typical oilbased drilling mud (Neff et al. 1987; Fillio et al. 1987). Concentrations are mg/kg dry wt (ppm).
 Metal Water-Based Mud Oil-Based Mud
 Aluminum 10,800 52,000
 Barium 720 � 449,000 487,000
 Cadmium 0.16 � 54.4 0.39 � 12
 Chromium 0.1 � 5,960 190 � 1,350
 Iron 0.002 � 27,000 76,300
 Lead 0.4 � 4,226 100 � 290
 Mercury 0.017 � 10.4 Not Reported
 Zinc 0.06 � 12,270 160 � 2,100
 The viscosity of most SBF base materials (other than the olefins) is higher than that of diesel and mineral oils (Table7). The high viscosity of some SBF base materials may limit the amount of barite that can be added to the mud and,therefore, the mud weight. This may limit the use of higher viscosity SBF base fluids in wells in which high mudweights are needed.
 SBF base materials are synthesized in such a way as to avoid inclusion of aromatic hydrocarbons. This was donebecause aromatic hydrocarbons are considered to be major contributors to the toxicity of WBFs and OBFs (Neff etal.1987; Kingston 1992). Because the base materials do not contain aromatic hydrocarbons, the complete SBF mudsystems usually do not contain aromatic hydrocarbons (Table 7). However, crude oil may contaminate the mud,introducing aromatic hydrocarbons when drilling through hydrocarbon-bearing formations.

Page 23
                        

11
 Table 7. The viscosity and aromatic hydrocarbon concentration in several types of OBFs and SBFs.Modified from Meinhold (1999).
 Base Fluid Viscosity (cst @ 40°°°°C) Aromatic Hydrocarbons (%)
 Diesel 3 � 4 25
 Conventional Mineral Oil 2 � 3 1 � 7
 Purified Paraffin Oil 2 � 3 <1
 Enhanced Mineral Oil 1.7 � 3 <0.01 � <0.2
 Ester ~ C26 5 � 6 0
 Ester ~ C20 6.0 0
 Acetal C20 6.0 0
 Poly alpha olefin C20 5 � 7 0
 Linear alpha olefin C14-C16 2.1 0
 Linear alpha olefin C16-C18 3.1 0
 Internal olefin C16-C18 3.1 0
 4.0 FATE OF SYNTHETIC BASED DRILLING FLUIDS IN THE MARINE ENVIRONMENT
 4.1 Discharge of SBF Cuttings
 SBF cuttings are either permitted for offshore disposal or under active regulatory evaluation in much of the world.Cuttings produced during use of SBFs contain small amounts of adhering SBF. This is the route by which SBFsreach the ocean. Drilling fluid is circulated down the drill pipe continuously during drilling. It returns to the surfacethrough the annular space between the drill pipe and well wall or casing, carrying drill cuttings in suspension. On theplatform, the SBF is passed through equipment designed to remove drill cuttings and then is pumped into the mudpits from which it is pumped back down the hole. SBFs may be processed through mesh screens on shale shakers,hydrocyclones, and centrifuges to remove cuttings. In the Gulf of Mexico, most SBFs are processed through two ormore shale shakers with different mesh size screens; hydrocyclones and centrifuges usually are not required (Annis1997). Upon completion of drilling a well, the used SBF is transported to shore where it is cleaned and reformulatedto make new SBF. Bulk discharge of SBFs to the ocean is not permitted in U.S., North Sea, and Australian waters.
 The amount of SBF retained on cuttings following processing is highly variable. It depends on the grain size of thecuttings particles, the type of SBF, the efficiency of the cuttings processing equipment, and geologic characteristicsof the formation being drilled (Annis 1997). As a general rule, if comparable cuttings-cleaning equipment is beingused, the amount of SBF adhering to cuttings increases as cuttings particle size decreases and SBF viscosityincreases.
 Several studies have been performed on the concentration of SBF, OBF, or WBF on processed cuttings dischargedto the ocean. Annis (1997) measured the percent SBF on cuttings from 54 wells drilled in the Gulf of Mexico. Atotal of 738 cuttings samples, drilled with PAO or IO, were analyzed. The average retention of synthetic basematerial on cuttings was 12.0 ± 4.8 percent. An average of 12.8 percent PAO was retained on cuttings, compared to9.2 percent IO (Table 8). The primary shale shaker removes primarily coarse cuttings from the SBF; the secondaryshale shaker removes finer-grained cuttings. The centrifuge removes the finest cuttings. Retention of IO and PAOon cuttings was highest for the secondary shale shakers and lowest for the primary shale shaker or centrifuge (Table8). The U.S. EPA is considering requiring a best management practice involving treatment of effluents from the
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 shale shakers by centrifugation. The wet cuttings from the primary and secondary shale shakers would be directedto a cuttings dryer. The cuttings dryer is a two-stage centrifuge system. The coarse cuttings particles are separatedin the first stage and discharged to the ocean. The liquid from the first stage passes to the second, higher speedcentrifuge system that removes the finer particles from the waste stream.
 Table 8. Retention of SBF base material on drill cuttings produced during offshore drilling in theGulf of Mexico with IO and PAO based synthetic drilling fluids. From Annis (1997).
 SyntheticType
 Discharge Stream Number of Samples Ave. Synthetic Retained(% ±±±± S.D.)
 IO Primary Shaker 48 7.2 ± 3.2
 Secondary Shaker 48 11.3 ± 4.0
 Centrifuge 5 8.7 ± 1.5
 All Streams 101 9.2 ± 4.1
 PAO Primary Shaker 116 10.8 ± 5.0
 Secondary Shaker 116 15.1 ± 4.2
 Centrifuge 5 9.5 ± 1.5
 All Streams 237 12.8 ± 5.1
 Both Primary Shaker 164 9.7 ± 4.8
 Secondary Shaker 164 14.0 ± 4.5
 Centrifuge 10 9.1 ± 1.5
 All Streams 338 11.8 ± 5.1
 In the mid-1990s, the UK government established a seabed monitoring program of single-well sites drilled withSBF. Twenty-one sites have been monitored to date. The distribution of SBFs in sediments around the dischargesites was monitored shortly after completion of drilling and approximately one year later. The operators providedestimates of the mass discharges of drill cuttings and SBFs discharged from 18 of the platforms; information fromthe other 3 wells is not available. The volume of SBF discharged with cuttings from the 18 wells ranged from 11 to730 metric tons (Table 9). Estimated weight percent SBFs on cuttings are approximate because of differences in themethods used to estimate drilling fluid and cuttings weights actually discharged to the ocean.
 The mass of mud on cuttings can be estimated by mass balance (amount of mud used minus amount recovered andestimated amount lost to the formation equals amount discharged on cuttings), or by retort or other chemicalanalysis of the concentration of SBF base fluid on cuttings samples. Retorting entails heating a known weight ofcuttings in a retort to vaporize the liquids (water and SBF base fluid). The liquids are condensed and their volumemeasured in a graduated receiver (Annis 1997).
 The concentration of barium in cuttings also can be used to estimate the mass of drilling fluid solids (high inbarium) adhering to cuttings. Frequently, a distinction is not made between the mass of SBF base chemical and themass of total SBF (base chemical and all other mud ingredients) on the cuttings. The different analytical methodsgive different results; the mass balance method is particularly subject to error because of the difficulty in accuratelyestimating the volume of drilling fluid lost to the geological formations being drilled.
 Weight percent SBF on cuttings varied from 4.6 to 80 percent (Table 9). The highest loading was on ether SBFcuttings from a platform in 95 m of water. The operator assumed that all ether SBF not recovered was discharged tothe ocean, which may not have been true. The operator may have underestimated SBF losses to the formation.
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 Excluding the single well drilled with an ether SBF system, the average percent SBF on cuttings discharged to theUK Sector of the North Sea ranged from 7.4 percent for n-paraffin SBFs to 10.5 percent for linear alpha olefinSBFs.
 Table 9. Estimated masses of drill cuttings and SBFs discharged to the ocean during discharge of SBFcuttings from 18 wells in the UK Sector of the North Sea. With permission of the operatorsthrough the United Kingdom Offshore Operators Association (UKOOA).
 SBF Type Cuttings Discharged(metric tons)1
 SBF Discharged(metric tons)1
 % Mud on Cuttings
 n-Paraffin (Linear 381 30 7.9
 Paraffin) 1,000 70 7.0
 926 78 8.4
 198 13 6.6
 961 44 4.6
 145 11 7.6
 1,068 51 4.8
 1,418 179 12.6
 Average 7.4 ±±±± 2.3
 Linear-α-Olefin 901 76 8.4
 795 115 14.5
 1,920 165 8.6
 Average 10.5 ±±±± 2.8
 Linear Alkylbenzene 413 42 10.2
 655 65 9.9
 1,055 88 8.3
 Average 9.5 ±±±± 0.93
 Ether 914 730 79.9
 Ester 512 53 10.4
 1,062 67 6.3
 3,304 304 9.2
 Average 8.6 ±±±± 1.7
 i Amounts of drilling fluids and cuttings discharged are commonly expressed in barrels (volumetric units) or metric tons(gravimetric units). In most cases there are insufficient data available to convert from volumetric to gravimetric units. Forexample, to convert a cuttings discharge given in metric tons to barrels, one needs the density of the SBF and theconcentration of the SBF in the cuttings (the density of dry cuttings is fairly constant and equal to about 2.6 g/cc). However,there can be a wide variation in the density of whole drilling fluids and the concentration of the fluid in the dischargedcuttings. Typically, one metric ton of SBF cuttings would be equal to 2.5-3 barrels.
 4.2 Evaporation of Chemicals from SBFs
 Because drilling fluids are heated during use by elevated temperatures in the geologic formation being drilled, theirtemperature in the mud tanks and shale shakers are well above ambient. During drilling, drilling mud and cuttingstemperatures usually range from about 50°C to 70°C (Candler et al. 1996). At these temperatures, some of the
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 organic chemicals in the muds evaporate and are dispersed in the vapor phase over the mud tanks or shale shakers.These vapor losses are of importance mainly because of their toxicity through inhalation to personnel working nearthe mud storage and treatment systems on the platform.
 In laboratory evaporation studies, organic vapor concentrations over different SBF base chemicals heated to 60°Cto 70°C ranged from 0.5 to 37 mg/L (parts per million) (Table 10). PAOs produced the lowest concentrations ofvapors; LAOs produced the highest concentrations. Emissions from esters were variable, probably due to variabilityin the amount of hydrolysis and release of 2-ethylhexanol (the most common alcohol building block for esters) inthe different samples. Vapors from olefin based SBFs included decene (C10H20), that is the LAO building block forC20 and C30 PAOs, ethylene, that is the building block for LAOs, and low molecular weight volatile alkanes andalkenes derived from SBF base chemical synthesis or degradation.
 Table 10. Concentrations of organic chemicals in vapors over different types of SBF basechemicals heated to 60 to 70°°°°C in the laboratory. From Candler et al. (1996).
 Synthetic Fluid Type Sample Temperature (°°°°C) Vapor Concentration (ppm)
 LAO (C14C16) 60 � 70 15 � 37
 LAO (C16C18) 70 6.9
 IO (C16C18) 60 7.3
 PAO (C20C30) 60 0.62 � 0.78
 Ester F 70 23.0
 Ester H 70 2.9
 Ester PJ 70 1.2
 Ester PU 70 0.5
 SBFs released much smaller amounts of vapors than diesel or mineral oil based drilling fluids in both laboratoryand field studies (Table 11) (Candler et al. 1996). A water-miscible glycol fluid produced vapor concentrationssimilar to those of the SBFs. Overall, the amounts of base organic chemicals and their degradation products lost byevaporation from the drilling mud system are very small.
 Table 11. Comparison of average organic vapor concentrations in laboratory and field studies ofevaporation from OBFs, WBFs, and SBFs.
 Base Fluid Average Vapor Concentration
 Laboratory Studies (ppm) Field Studies (ppm)
 Diesel 310 42.0
 Mineral Oil 166 340.0
 Synthetic Fluids 9 0.3
 Water-SolubleGlycol
 8 1.0
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 4.3 Dispersion of SBFs
 When discharged to the ocean, NABF cuttings tend to clump together in discrete masses that settle rapidly to thebottom (Delvigne, 1996; Brandsma 1996). Water cannot easily penetrate the oleophyllic mass of cuttings, so theydo not disperse efficiently.
 Growcock et al. (1994) estimated the dispersibility of several SBFs by mixing a SBF sample with seawater andallowing the solids to settle for 10 minutes before measuring organic matter (representing the SBF base chemical)in the aqueous phase. The relative dispersibility of different drilling mud systems measured this way was:
 Ester > Di-Ether >> Linear alkyl benzene > PAO > Low-Toxicity Mineral Oil
 This order of decreasing dispersibility correlates fairly well with increasing hydrophobicity of the organic phase ofthe fluids, as indicated by estimated average log octanol/water partition coefficients (log Kow). IOs and LAOs, themost commonly used synthetics today, should lie between esters and PAOs in dispersibility.
 Getliff et al. (1997) reported that low-viscosity SBFs, such as LAO SBFs, allow better separation of the drillingfluid from the cuttings on the shale shaker screens. Cuttings with lower concentrations of adhering SBFs have alesser tendency than cuttings containing high concentrations of SBFs to clump, and dispersion is greater as the SBFcuttings settle through the water column. When cuttings containing 5 percent LAO or less (measured by retortanalysis) were discharged, they dispersed in the water column and no cuttings pile accumulated on the bottom.
 Thus, SBFs, particularly esters and low viscosity LAOs and IOs, are somewhat more dispersible than OBFs inseawater. Higher dispersibility allows the synthetic-contaminated cuttings to disperse and dilute in the watercolumn as the cuttings settle to the bottom, decreasing the concentration and increasing the areal extent of cuttingsaccumulation on the seafloor. Increasing the dispersibility of SBF cuttings may decrease the magnitude ofbiological effects in sediments. Effective dispersion of SBF cuttings in the water column is not likely to havebiologically significant adverse effects on water column organisms. WBFs and WBF cuttings, which do disperse inthe water column, do not cause adverse effects in water column organisms (National Research Council 1983).
 4.4 Accumulation of SBF Cuttings on the Sea Floor
 Because most SBF and OBF cuttings do not disperse efficiently in the water column following discharge, they settlerapidly through the water column and accumulate on the bottom near the platform discharge site. Usually, thecuttings discharge on a platform is located in the upper water column within 10-20 m of the sea surface. However,sometimes cuttings are shunted to or near the bottom from fixed platforms (Cordah 1998). The effect of shunting isto decrease the area of the sea floor over which cuttings accumulate and to increase the mass of cuttings depositedper unit area near the well site.
 Cuttings discharges have been monitored for more than 20 years in the UK Sector of the North Sea (UnitedKingdom Offshore Operators Association and United Kingdom Department of Trade and Industry. 1997). Cuttingspiles were documented around approximately 60 multiwell platforms, from which most wells were drilled withOBFs, in the deeper central and northern parts of the UK Sector of the North Sea. Cuttings piles near multi-wellplatforms that discharged OBF cuttings were up to 26 m high, but most were less than 10 m high (Cordah 1998). Atypical cuttings pile footprint was less than 50 m in diameter and therefore occupied less than 2,000 m2 of sea floor.Cuttings piles usually did not form near platforms in the southern, shallower areas of the North Sea; the depositedcuttings were resuspended and dispersed over a wide area by storm-driven currents.
 Several monitoring programs have been performed to document the distribution and fate of SBF cuttings insediments near offshore exploration and production platforms and, in some cases, to assess the effects of cuttingsaccumulations on benthic communities. Field studies that included both chemical and biological assessments aresummarized in Table 12. Accumulation and fates of SBF cuttings in sediments are discussed in the paragraphs thatfollow; biological effects of SBF cuttings discharges are discussed later in this review under Biological Effects ofSBF Cuttings Discharges.
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 As part of the SBF cuttings discharge studies in the UK Sector, seabed surveys were performed to document thepresence of cuttings piles on the seabed near some of the single-well drilling operations listed in Table 9. The heightand area of cuttings piles varied widely (Table 13). Cuttings pile heights ranged from not evident (no visible pile) to3 m. Height was not measured at any site in both years 1 and 2, so temporal changes can not be inferred. The areaof the SBF cuttings piles varied from not evident to 94,250 m2 (0.9 km2). The depth of penetration of SBF cuttingsinto bottom sediments was 0.25 m or less in all cases. There was no discernable relationship between the height andarea of cuttings piles on the one hand and SBF type, water depth, or mass of cuttings discharged on the other. Thismay be due to insufficient sampling to characterize these factors. It is probable that discharge depth, rate and totalmass of discharge, and tidal, residual, and storm currents are the main determinants of the dimensions of cuttingspiles near offshore platforms.
 IO cuttings were discharged to the Timor Sea off northern Australia from a platform in 27 m of water (McIlroy1998). After completion of drilling, SBF cuttings were observed mixed with the sandy sediments at the site and assmall, discrete mounds. A storm shortly after completion of drilling apparently had dispersed the cuttings over awide area at this shallow-water drilling site. Similar observations were made by Terrens et al. (1998) near a drillingplatform in about 70 m of water in the Bass Strait of Australia, a high-energy marine area off the southeast coast. Avideo survey of the sea floor near the platform revealed patches of ester based SBF cuttings interspersed with cleansediments. The cuttings accumulations were not thick enough to obscure ripples in the sediment. The cuttingspatches were not evident at a distance of 200 m from the platform.
 In another study, the dimensions of the cuttings pile were mapped with a 3D sonar imaging system followingdrilling of a well in 88 m of water with ether SBF in the UK sector of the North Sea (Hartley 1996). Cuttings weredistributed in surface sediments in a ring around the well site. The maximum height of the cuttings pile was lessthan 1 m and cuttings accumulations above the original seabed level extended out to 10 to 15 m from the drill site.It is probable that most of the accumulated cuttings in the pile were deposited during spudding of the well beforehookup to the riser. However, high concentrations of the ether SBF base chemical were detected in the cuttings pile,indicating that some of the pile was derived from cuttings discharges from the platform.
 SBF cuttings piles also appear to be small at deep-water drilling sites. The fate of SBF cuttings was monitored neara drilling rig in 565 m of water south of the Mississippi River in the northern Gulf of Mexico (Gallaway et al. 1998;Fechhelm et al. 1999). Discharges from the rig included 7700 bbls of WBF cuttings, 5150 bbls of SBF cuttings, andan estimated 7695 bbls of Petrofree LE (a SBF base material containing 90 percent LAO and 10 percent ester).
 The sea floor near the drilling template was surveyed with a remotely operated vehicle (ROV). There was noevidence of cuttings piles of the sizes reported for the UK Sector of the North Sea. Instead, there was a thin veneerof cuttings dispersed over much of the bottom in a patchy distribution near the drilling template. Maximum cuttingsaccumulations appeared to be 20 to 25 cm thick in some locations. The largest deposits of large, chunk-like cuttingswere detected a short distance southwest of the template. These cuttings accumulations probably were derived fromdirect drilling returns to the sea bottom during initial drilling with WBF before the riser was installed. There was noclear gradient of SBF-cuttings concentrations with distance from the rig site.
 Drilling fluid and cuttings discharges at the site occurred between May 1996 and March 1997, and again inFebruary and March 1998. Sediment samples were collected at different distances and directions from the templatefor analysis of SBF base chemicals in July 1997 and March 1998. Highest concentrations of LAO were detected insurficial (0 � 2 cm) sediments northeast of the drilling site (Table 14). They probably were carried to the northeastfrom the rig by the prevailing mid-water ocean currents. The highest LAO concentration measured in 1997 was165,000 mg/kg in surficial sediment from a location 75 m northeast of the template. In March 1998, surficialsediment from the same location contained 198,000 mg/kg LAO. In July 1997, LAO concentrations in surficialsediments from other locations near the rig site ranged from 180 to 47,000 mg/kg; in March 1998, LAOconcentrations in surficial sediments were lower (except for the one high value), ranging from 89 to 49,000 mg/kg(depth distribution). The mean concentration of LAO in surficial sediments (all sampling stations combined) was4,000 mg/kg in 1997 and 2,000 mg/kg in 1998.
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 Table 12. Summary of field studies of the fates and effects of SBF cuttings discharges to the ocean. All studies are discussed in the text.
 SBF Type Water Depth(m)
 CuttingsDischarge
 Field Surveys SBF Fates SBF Effects Reference
 North SeaEster 30 477 mt 4 (pre, 1, 4, & 11
 months)<200 m, ester concentrations to4,700 mg/kg at 4 mos., stilldetected after 11 mos.>200 m, esters nearbackground. Est. t½ ~ 133 d.
 At 4 mos., sediments to 75 manaerobic. Benthic faunadiminished <200 m, minoreffects >200 m. Evidence ofsome recovery <200 m after11 mos.
 Daan et al. 1996
 Ester 67 96.5 mt 3 (at end ofdrilling, 1 & 2 y)
 <200 m accumulation of highconc. of ester. Decrease after 1& 2 years.
 Impoverished fauna <100 m,no impacts >200 m, recoveryafter 1 year.
 Smith & Hobbs1993; Smith & May1991; Smith &Moore 1991
 Unknown(probably ester)
 Not reported 115 mt 1 Post-drilling Low SBF to 2 km of site. Benthic fauna normal. Bakke et al. 1996
 Ester Not reported 46 m3 1 Post-drilling Most ester close to site, lowconcentrations to 500 m
 Benthic fauna highly diverse,minor effects to 500 m
 Bakke et al. 1996
 Ether Not reported 544 mt 1 Post-drilling Elevated concentration to 2 kmdown-current.
 Benthic fauna near site hadreduced diversity. Effects to1 km down-current, 250 m inother directions
 Bakke et al. 1996
 PAO Not reported 55 mt 1 Post-drilling SBF low but detected to 2 kmfrom site.
 Benthic fauna affected to500 m from site.
 Bakke et al. 1996
 Ester 150 304 mt 2 (post-drilling& 1 year)
 Highest ester concentration8,400 mg/kg at 25 m afterdrilling dropped to 1800 mg/kgafter 1 year. Somecontamination to 200 m.
 Numbers of individualsincreased, species numbersand diversity decreased atstations with highest esterconc.
 UKOOA (unpub)
 Linear Paraffin 95 13 1 Post-drilling Uneven distribution in sedimentto 1,600 mg/kg at 70 m.
 Abundance of benthic faunaand no. of taxa decreased withincreasing SBF conc.
 UKOOA (unpub)
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 Table 12. Summary of field studies of the fates and effects of SBF cuttings discharges to the ocean. (continued)
 SBF Type Water Depth(m)
 CuttingsDischarge
 Field Surveys SBF Fates SBF Effects Reference
 North Sea (continued)Linear Paraffin Not reported 57.5 mt 1 Post-drilling Highest LP concentration,
 28,000 mg/kg at 210 m fromsite. Distribution of SBF veryuneven.
 Abundance of benthic faunahigh at most heavilycontaminated sites, butnumber of taxa low. Organicenrichment effect.
 UKOOA (unpub)
 IrelandLP/LAO/PAO 380 Not reported 3 (at end of
 drilling, 1 & 2 y)Highest SBF concentration2,550 mg/kg within 100 m ofsite. Substantial decline inSBF in 2 years.
 Some sediment anoxia. LP andLAO degraded by 90 % in 2years. Little or no degradationof PAO in 2 years.
 Gardline 1998
 Gulf of MexicoPAO 39 45 mt (est.) 3 (9d, 8m, & 2y
 after drillingSBF and Ba unevenlydistributed in sediments to134,000 mg/kg at 50 m. SBFconcentration declined to maxof 19,000 mg/kg at 2 y.
 After 2 y, no effects on benthicfauna more than 50 m fromsite. Decreased numbers ofindividuals and taxa atcontaminated stations <50 m.
 Candler et al. 1995
 Unknown(probably IO)
 33 � 61 (3rigs)
 94-2,390 bbl 10-25 mos. Afterdrilling
 Highest SBF conc. 1,900-23,000 mg/kg at 50 m.
 Contaminated sedimentsanoxic. Sediments not toxic.
 Continental ShelfAssociates, 1998
 LAO/Ester 565 7,700 bbl Shortly afterdrilling
 Very patchy SBF distributionto a max. of 198,000 mg/kg at75 m.
 Increase in numbers of benthicfauna but decrease in taxa atmost heavily contaminatedlocations. Fish attracted to site.
 Gallaway et al. 1998
 AustraliaEster 70 2,000 m3 5 (pre-drilling to
 11 mos afterdrilling).
 Ester conc. declined rapidlyfrom max of 12,000 mg/kgafter drilling to 200 mg/kg 6mos later.
 Change in benthic communitystructure within 100 m ofplatform shortly after drillingwith recovery within 4 mos.
 Terrens et al. 1998
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 In 1997, LAO concentrations in subsurface (2 � 5 cm) sediments were lower than those in surficial sediments at allbut one station (along the most heavily contaminated northeast transect) (Table 14). In March 1998, LAOconcentrations in subsurface sediments from several stations were equal to or higher than those in surficialsediments from the same stations. These results suggest that SBF cuttings mixed downward into the site sedimentsin the year after the first drilling activities. Average LAO concentrations in the 2 � 5 cm layer of sediments were782 mg/kg in 1997 and 1,000 mg/kg in 1998.
 Table 13. Dimensions of SBF cuttings piles near 12 single-well platforms drilled with SBFs in the UKSector of the North Sea. With permission of the operators through the United KingdomOffshore Operators Association (UKOOA).
 SBF Depth(m)
 Cuttings(Tonnes)
 Max. Height ofCuttings Pile (m)
 Max. Depth* ofCuttings Pile (m)
 Area of Pile (m2)
 Y1 Y2 Y1 Y2 Y1 Y2n-Par 80 381 NA 0.6 0.15 0.14 94,250 3,770
 123 926 1.0 0.5 NA 0.15 5,025 5,025
 118 1,303 NE NA 0.05 NA NE NA
 LP 90 145 NA 3.0 0.05 0.10 NA 2,800
 90 961 2.0 NA 0.15 0.10 8,800 8,800
 140 869 NE NA NA NA 40,000 NA
 100 1,418 NA 0.5 0.25 0.24 NA 40,000
 78 NA 0.3 NA 0.09 NA 2,800 NA
 LAO 92 1,920 NA 1.0 NA 0.27 6,830 27,330
 55 NA NE NE NA NA NA NA
 Ester 186 1,062 NA 0.0 NA 0.14 NA 0
 150 3,304 NA 0.2 0.17 0.17 62,800 NE
 NA Not analyzedNE Not evident* Depth of penetration into bottom sediment
 This study showed that SBF cuttings are distributed very heterogeneously in surface and subsurface sedimentsaround deep-water drilling sites. This extremely uneven distribution of cuttings on the bottom is caused byclumping of the hydrophobic SBF-coated cuttings. They settle through the water column as large clumps of solids,rather than as a finely-dispersed rain of particles, as some WBF cuttings do. The sediment samples containing thehighest concentrations of SBF base chemical apparently are �pure� SBF cuttings with little or no admixture ofbottom sediments. The locations of discrete SBF cuttings accumulations on the bottom is controlled by the directionand velocity of water currents at different depths in the water column. At the Pompano II site, bottom currents weretoward the southwest; therefore, mud and cuttings discharged during initial spudding of the wells settled to thesouthwest of the template. However, SBF cuttings discharged from the drilling rig passed through a zone of mid-water currents moving toward the northeast. Most of the discharged cuttings accumulated to the northeast of theplatform. An estimated area of 6,700 m2 of sediments (nearly 65 percent of which was northeast of the template)contained 10,000 mg/kg or more of LAO at the time of the July 1997 and March 1998 surveys.
 Candler et al. (1995) monitored the accumulation and fate of a PAO SBF in sediments near a platform in 131 m ofwater in the Gulf of Mexico. Field surveys were performed 9 days, 8 months, and 24 months after completion ofdrilling. Accumulation of SBF in sediments was monitored as total petroleum hydrocarbons (TPH) and barium.There was a good correlation between concentrations of the two SBF tracers. SBF (as TPH) and barium were veryunevenly distributed in sediments near the platform over time (Table 15). Shortly after drilling, highest SBFconcentrations in sediments were 100 m north (38,470 mg/kg) and 50 m south (134,428 mg/kg) of the platform.After eight months, the highest SBF concentration in sediments was 25 m west (25,747 mg/kg) of the discharge
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 point. Two years after drilling, 19,110 mg/kg of SBF was measured in surface sediments 25 m south of the platformsite. These four sediment samples were the only ones containing more than 10,000 mg/kg SBF. Surface sedimentscontaining more than 1,000 mg/kg SBF were located 50, 100, and 200 m north, 50 and 100 m south, 25 and 50 m tothe west, and 25 m to the east of the discharge site nine days after completion of drilling. After eight months andtwo years, sediments containing more than 1,000 mg/kg SBF were restricted to within 50 m of the drilling site.Between nine days and two years after drilling, SBF and barite concentrations decreased in sediments collectedfrom more than 25 m from the discharge and fluctuated erratically in sediments 25 m from the discharge site. Thetotal estimated area of sea floor contaminated with 1,000 to 10,000 mg/kg SBF decreased by 86 percent from43,984 m2 shortly after drilling to 5,891 m² two years later.
 Table 14. Concentrations of Petrofree LE (90% LAO and 10% ester) measured as TPH by gaschromatography in sediments near the Pompano Phase II subsea template in 565 m of wateroff Louisiana. Concentrations in excess of 1,000 mg/kg (ppm) have been rounded to thenearest 1,000 ppm. From Gallaway et al. (1998).
 TransectDirection
 Distance FromTemplate (m) 11 � 12 July 1997 13 � 14 March 1998
 Depth of Sediment Layer (centimeters)
 0 � 2 2 � 5 0 � 2 2 � 5
 NE (45°) 0 2,000 15 12,000 1,000
 25 3,000 9,000 21,000 23,000
 50 47,000 58,000 6,000 39,000
 75 165,000 8,000 198,000 86,000
 90 --- --- 6,000 30,000
 Mean 54,000 19,000 49,000 30,000
 SE (135°) 0 312 4 2,000 2,000
 25 7,000 68 2,000 5,000
 50 986 33 4,000 524
 Mean 3,000 35 3,000 3,000
 SW (225°) 0 3,000 59 89 103
 25 10,000 3,000 691 77
 50 2,000 309 603 5,000
 75 2,000 13 6,000 209
 90 2,000 528 --- ---
 Mean 4,000 782 2,000 1,000
 NW (315°) 0 5,000 2,000 5,000 4,000
 25 15,000 1,000 8,000 11,000
 50 180 38 6,000 3,000
 Mean 7,000 1,000 6,000 6,000
 Continental Shelf Associates (1998) monitored SBF cuttings accumulation and distribution on the bottom aroundthree platforms in 33 to 61 m of water in the central Gulf of Mexico. Between one and five wells had been drilledfrom the three platforms, and 94 to 2390 barrels of SBF (apparently an IO) on cuttings had been discharged. Thewells were completed 10 to 25 months before the survey.
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 The only sediments containing high concentrations of SBF (measured as total petroleum hydrocarbons withNOVAPLUS as a standard) were located 50 m northwest of the platforms. The three sediment samples contained1900 mg/kg, 6500 mg/kg, and 23,000 mg/kg dry weight total petroleum hydrocarbons. All other sediment samplescontained low (10 to 170 mg/kg dry wt) or non-detectable concentrations of total petroleum hydrocarbons. Severalof the sediment samples, including the ones containing high concentrations of total petroleum hydrocarbons,smelled of hydrogen sulfide or looked anoxic. The sediment sample containing the highest concentration of totalpetroleum hydrocarbons had an Eh at a depth of 2.0 cm of �387 mV, indicating strongly reducing conditions.Bottom waters at 2 of the sites were hypoxic (~ 1.4 mg/L O2 concentration) possibly contributing to sedimentanoxia. Traces of PAHs, probably of petroleum origin, were detected in several of the sediment samples. This studyshowed a very limited contamination of sediments with SBFs near SBF cuttings discharges. Sediment anoxia in thearea may have been natural, but probably was exacerbated by accumulation of SBFs.
 Similar observations were made in the UK sector of the North Sea. The UK government established a program ofseabed monitoring of single well sites drilled with SBFs. In the UK, seabed surveys can be requested by thegovernment as part of an approval to drill a well. The goal of the program was to select five well sites for each keySBF system, whenever possible. At each well site, two surveys were requested, the first survey to be undertaken assoon as possible after cessation of drilling, and the second approximately one year later. To date, the majority ofsurveys have been completed and results reported to the government via the respective operators.
 Data on SBF concentrations in sediments were collected near 21 well sites; full data sets (results from two surveysand additional information about the amount of cuttings discharged, etc.) are available for 17 sites. The wells weredrilled with SBFs containing seven different base materials (Table 16). Water depths ranged from 55 to 186 m.Discharged cuttings contained approximately 4.6 to 14.5 weight percent adhering SBF (Table 10). The mass of SBFdischarged with cuttings from individual wells ranged from 11 to 730 metric tons.
 There was some variation among the well sites in terms of location (water depth, sediment type, and current regime)and drilling program (hole depth and mass of mud and cuttings discharged to the sea). In addition, the surveydesign was not consistent for all wells, survey timing (particularly the timing of the second survey) and stationarrangement varying among the different operators. These combined factors have made it difficult to draw clearconclusions from the combined data sets concerning the amounts and concentrations of SBFs in sediments and therate of change in SBF concentrations with time after completion of drilling.
 Average concentrations of SBFs in sediments within 100 m of the wells shortly after completion of drilling rangedfrom 98 to 52,858 mg/kg, measured by gas chromatography as the specific SBF base chemical type (Table 17).Maximum concentrations of SBFs in sediments within 100 m of the different platforms ranged from 282 to217,513 mg/kg in Year 1 and 118 to 228,474 mg/kg in Year 2. Approximately one year after drilling, average SBFconcentrations in sediments (from 18 sites) ranged from 164 to 34,049 mg/kg. Mean concentrations of SBFs insediments declined between the first and second survey at eight drilling sites and increased at 11 drilling sites. Thedeclines occurred at two each of the rigs discharging linear paraffin, linear alkyl benzene, or ester SBFs, and oneeach of platforms discharging n-paraffins or LAO. The variability in the concentrations of SBFs in sediments within100 m of platforms between the first and second field surveys probably is due to the extremely heterogeneousdistribution of SBF cuttings in the sediments and the difficulty in exactly reoccupying the same sampling locationson the two surveys.
 Because of the variability in the data, it is not possible to draw any firm conclusions about rates of biodegradation,dilution, or washout of different types of SBF cuttings from sediments. The overall impression is that the rate ofloss of SBFs, other than esters, from sediments was low. Ester concentrations in sediments near rigs using esterSBFs were lower than concentrations of other SBFs near the platforms using other SBFs. This observation lendssupport to the hypothesis that esters biodegrade rapidly in sediments.
 There was no clear relationship between concentrations of SBFs in sediments and water depth (Table 17), mass ofcuttings discharged, or mass of SBFs discharged (Table 16). There was a trend for SBF cuttings concentrations insediments near discharging platforms to decrease as water depth increased (Figure 1). However, the regression wasnot significant (r2 = 0.106).
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 Table 15. Concentrations of total petroleum hydrocarbons (used as a marker of SBF) and bariumin surface sediments around a drilling rig in 131 m of water in the Gulf of Mexico 9 days, 8months, and 24 months after drilling a well with PAO SBF. Concentrations are mg/kg. FromCandler et al. (1995).
 Distance &Direction
 Total Petroleum Hydrocarbons(mg/kg)
 Barium (mg/kg)
 9 Days 8 Months 24 Months 9 Days 8 Months 24 Months25 m North 256 158 822 586 1,181 2,478
 50 m North 1,855 2,850 450 1,925 4,521 1,603
 100 m North 39,470 187 383 39,608 1,413 1,884
 200 m North 1,460 297 87 5,641 2,693 1,392
 2000 m North 76 ND ND 681 644 901
 25 m East 1,020 197 560 540 1,679 2,771
 50 m East 62 190 ND 466 1,791 1,796
 100 m East 153 95 55 1,118 1,285 1,461
 200 m East 84 ND 20 766 600 990
 2000 m East 24 ND ND 569 559 822
 25 m South 203 7,283 19,110 803 8,230 17,993
 50 m South 134,428 727 3,620 47,437 2,700 8,415
 100 m South 2,010 562 720 4,618 2,483 3,227
 200 m South 378 270 280 1,282 2,005 1,720
 2000 m South 26 ND ND 642 639 883
 25 m West 2,827 25,747 8,330 4,256 14,670 32,634
 50 m West 2,610 498 1,080 1,887 3,652 4,024
 100 m West 494 108 60 1,929 1,296 1,373
 200 m West 80 24 20 542 848 1,081
 2000 m West 34 ND 46 594 808 871
 ND Not detected.
 Table 16. Summary of SBFs used to drill the 21 wells monitored in the UK Sector of the North Sea.Ranges of water depths and mud and cuttings discharge masses also are given. Withpermission of the operators through the United Kingdom Offshore Operators Association.
 Mud Type No. Wells Water Depth(meters)
 CuttingsDischarged
 (metric tons)
 Mud Discharged(metric tons)
 n-Paraffin 3 80 � 140 381 � 1,000 30 � 7
 Linear Paraffin 6a 78 � 100 145 � 1,418 11 � 179
 PAO 1a 55 NA NA
 LAO 4a 55 � 185 795 � 1,920 76 � 165
 LAB 3 92 � 130 413 � 1,056 42 � 88
 Ether 1 95 914 730
 Ester 3 130 � 186 512 � 3,304 53 � 304a Incomplete data available for one site.
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 Figure 1. Relationship between water depth and maximum concentrations of SBF base chemical insurface sediments near drilling platforms in the UK Sector of the North Sea.
 If the mass of cuttings discharged is the main factor controlling the concentrations of SBF cuttings in sedimentswithin 100 m of drilling rigs, a regression of mass of cuttings discharged versus the normalized (per 100 tons ofcuttings discharge) concentration of SBFs in sediments should yield a statistically significant positive slope. Meannormalized concentrations of SBFs in sediments (mg/kg/100 tons of cuttings discharged) immediately after drillingranged from 54 mg/kg to 138,492 mg/kg. There was no correlation with the mass of cuttings discharged. Theamount of cuttings accumulating in sediments is dependent on a complex interaction of discharge rate and mass,water depth, current structure of the water column, and the type of SBF and cuttings.
 In most cases, SBF cuttings do not penetrate and mix deeply into surface sediments near the platform. SBFconcentrations usually are higher in the surface layer (0 � 2 cm) of sediments than in deeper layers (2 � 5 cm and5 � 8 cm) (Tables 18, 19, and 20). At one site (Table 19), the concentration of LAO in sediments at the well site(0 m from the discharge) shortly after completion of drilling increased from 7876 mg/kg at the surface to25,023 mg/kg at a depth in the sediment of 5 to 8 cm. This could have been caused by a decrease with drilling depthin the concentration of SBF on cuttings discharged during drilling.
 Approximately a year after completion of drilling, concentrations of SBF in the surface layer of sediments oftendecrease; however, concentrations at greater depths in the sediment core may increase or decrease (Table 18).Temporal changes in SBF concentrations below the sediment surface probably are controlled by the amount ofsediment reworking (by bioturbation and current-induced bed transport) and biodegradation. After more than a year,SBF concentrations at all depths in sediment may decline to low values, particularly if ester SBF cuttings weredischarged (Table 20).
 The area of sea floor near a platform discharging SBF cuttings that becomes contaminated with measurableconcentrations of SBFs varies widely from one site to another. The approximate area of SBF cuttings piles arounddrilling rigs in the UK Sector of the North Sea ranges from less than 2800 m2 to 94,250 m2 (Table 13). The cuttingsare not evenly distributed in sediments around the rig. Most cuttings settle in the direction of the net current flow(integrated for the full water column) (Figure 2). In the example from a single-well platform in the UK Sector of theNorth Sea in Figure 2, the highest measured ester concentration was in surface sediment from 25 m southwest of therig.
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 Table 17. Average and maximum concentrations of SBFs of different types in sediments within 100 m ofwells drilled with SBFs in the UK Sector of the North Sea. Concentrations of SBF are mg/kg.With permission of the operators through the United Kingdom Offshore Operators Association(UKOOA).
 Mud Type WaterDepth
 (m)
 Number ofSamples
 Mean SBFConcentration
 Maximum SBFConcentration
 Year 1 Year 2 Year 1 Year 2
 n-Paraffin 80 47 42,302 15,956 217,513 228,474
 140 30 1,611 1,827 21,218 159,045
 123 24 5,713 28,796 41,338 110,570
 Average 114 -- 16,542 15,526 93,356 166,030
 Linear Paraffin 95 52 277 298 1,603 1,282
 90 36 3,657 4,191 31,371 33,551
 78 21 11,266 ND 33,942 ND
 90 22 653 9,992 3,219 68,023
 80 33 21,670 19,531 133,638 43,337
 100 31 52,858 29,409 149,640 58,866
 Average 89 -- 15,064 12,684 58,902 41,012
 Poly-α-Olefin 55 15 16,815 25,937 51,232 75,050
 Linear-α- 55 16 8,045 13,945 34,533 63,888
 Olefin 80 40 5,449 20,466 22,440 44,945
 185 21 16,642 ND 52,139 ND
 92 16 45,510 8,756 99,365 52,622
 Average 103 -- 18,912 14,389 52,119 53,818
 Linear Alkyl 115 17 2,990 24,501 11,071 104,152
 Benzene 140 18 23,074 16,279 50,024 60,244
 92 16 36,329 34,049 89,732 91,529
 Average 112 -- 20,798 24,943 50,276 85,308
 Ether 95 25 392 1,246 44,260 94,150
 Ester 140 17 98 164 282 1,848
 186 25 388 334 719 1,375
 150 32 1,492 473 8,389 1,785
 Average 155 -- 659 324 3,130 1,669
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 Table 18. Concentrations of Ester SBF at different depths in sediments near a platform in 150 m ofwater shortly after completion of drilling (Year 1) a well and discharge of 3,304 metric tons ofcuttings and 304 tons of ester SBF, and ten months later (Year 2). Concentrations are mg/kgdry wt. With permission of the operators through the United Kingdom Offshore OperatorsAssociation (UKOOA).
 Location (Distance/Direction) Year 0 � 2 cm 2 � 5 cm 5 � 8 cm
 0 1 4,020 1,935.0 23.5
 2 15 5.4 15.1
 25 m North 1 1,578 1,767.0 1,081.0
 2 470 107.0 13.7
 25 m Northeast 1 1,604 10.3 13.3
 2 133 2.1 14.6
 25 m Southeast 1 2,631 0.9 ---
 2 400 83.1 2.1
 25 m South 1 2,262 19.4 11.9
 2 1,785 485.0 17.9
 25 m Southwest 1 8,389 17.0 2.4
 2 1715 459.0 32.9
 25 m West 1 1,055 8.4 0.4
 2 588 380.0 20.5
 25 m Northwest 1 4,318 196.0 0.2
 2 1,239 427.0 57.7
 50 m North 1 1,304 1,613.0 ---
 2 453 0.4 ---
 50 m South 1 1,334 1.8 ---
 2 543 146.0 ---
 50 m Southwest 1 1,243 1.4 ---
 2 629 687.0 17.8
 50 m Northwest 1 2,371 105.0 ---
 2 471 206.0 60.5
 75 m West 1 136 8.7 ---
 2 184 16.9 ---
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 Table 19. Concentrations of LAO SBF at different depths in sediments near a platform in 185 m of watershortly after completion of drilling of a well and discharge of 795 metric tons of cuttingscontaining 115 tons of LAO SBF. Concentrations are mg/kg dry wt. With permission of theoperators through the United Kingdom Offshore Operators Association (UKOOA).
 Location (Distance/Direction) 0 � 2 cm 2 � 5 cm 5 � 8 cm
 0 7,876.0 13,965.0 25,023
 50 m North 9,766.0 954.0 ---
 50 m Northeast 44,515.0 842.0 ---
 50 m East 48,042.0 17,375.0 2,804
 50 m Southeast 50,908.0 542.0 ---
 50 m South 40,125.0 28,669.0 ---
 50 m Southwest 7,798.0 38.2 ---
 50 m Northwest 5,266.0 503.0 ---
 100 m Southeast 2.9 2.8 ---
 Figure 2. Average concentration of ester in surface sediments at different distances from a platform in150 m of water shortly after completion of drilling.
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 The distance from the rig to the highest concentration of SBF cuttings on the bottom varies depending on distancefrom the discharge to the seafloor, the net water current speed, and cuttings density. For example, the highestconcentration of Petrofree SBF in surface sediments near a drilling rig in 565 m of water off Louisiana was located75 m northeast of the drilling template (Table 14). Lower concentrations of SBF accumulated in sediments closer toand farther from and in different directions from the rig. Midwater currents at the site were toward the northeast,explaining the distribution of cuttings on the bottom.
 The studies of SBF discharges to the UK Sector of the North Sea reveal a complex pattern of SBF distributionaround drilling rigs. Shortly after drilling, the highest concentrations of SBF in sediments were located 0 m to 224 mfrom the rig (Table 21). Approximately one year after completion of drilling, the highest SBF concentrations insediments were located 5 m to 153 m from the former drilling sites. The distance from the rig sites to sediment SBFconcentrations below about 1,000 mg/kg ranged from 40 m to about 500 m from the rigs. Many surface sedimentsamples from closer to the rigs contained less than 1,000 mg/kg SBF. Thus, the average radius around the rigs wheresediment SBF concentrations were greater than 1,000 mg/kg was less than the maximum distances.
 Table 20. Concentrations of ester at different depths in sediments near a platform in 186 m of water19 months after completion of drilling of a well and discharge of 1,062 metric tons of cuttingsand 67 tons of ester SBF. Concentrations are mg/kg dry wt. With permission of theoperators through the United Kingdom Offshore Operators Association (UKOOA).
 Location (Distance/Direction) 0 � 2 cm 2 � 5 cm 5 � 8 cm
 0 1,070.0 644.0 33.8
 25 m North 289.0 7.8 ---
 25 m East 418.0 17.2 2.8
 25 m South 570.0 161.0 36.3
 25 m West 943.0 50.3 ---
 50 m North 1,295.0 41.3 ---
 50 m Northeast 1,375.0 682.0 ---
 50 m East 5.4 7.1 6.7
 The uneven distribution of average SBF concentrations around a rig can be seen in Figure 3. In this example,1,055 metric tons of cuttings and 88 tons of LAO SBF were discharged; the highest average concentration of SBFin surface sediments was located 90 m from the platform shortly after drilling and 110 m from the platform a yearlater. A year after drilling was completed, there also was a high concentration of LAO in surface sediments 300 mfrom the rig site. Low concentrations of LAO were detected in sediments from 500 m and 1,200 m from the rig. Intwo other examples (Figures 2 and 4), ester and PAO concentrations in sediments were highest 20 to 25 msouthwest and northwest, respectively, from the rig and SBF concentrations in sediments declined sharply withdistance from the rig sites. SBF concentrations in sediments were below 1000 mg/kg in all directions from the rig75 m and 50 m, respectively, from the platforms.
 Accumulation of SBF cuttings in sediments was monitored near a rig in approximately 380 m of water off the westcoast of Ireland (Gardline 1998). Field surveys were performed shortly after completion of drilling and one and twoyears later. The well was drilled with a commercial mud formulation containing linear paraffins, LAOs,and PAOs.
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 Table 21. Relationship between water depth, mass of cuttings discharged, and SBF type and distance tomaximum SBF concentration in sediments and maximum distance to nontoxic (<1000 mg/kg)SBF concentration in sediments. With permission of the operators through the United KingdomOffshore Operators Association (UKOOA).
 MudType
 WaterDepth (m)
 CuttingsDisch. (mt)
 Max Conc. Distance toMaximum (m)
 Distance to< 1000 mg/kga
 Year 1 Year 2
 Ester 130 512 282 106 37 43
 150 3,304 8,389 25 25 200
 186 1,062 719 0 50 100
 Ether 95 914 44,260 74 30 497
 PAO 55 ND 51,232 20 20 200
 LAO 55 ND 35,533 7 7 50
 80 901 22,440 25 10 168
 185 795 52,139 100 ND 500
 LP 78 ND 33,942 50 ND 200
 80 1,068 133,638 77 153 496
 90 145 3,219 224 50 497
 90 961 31,371 30 80 500
 95 198 1,603 70 ND 80
 100 1,418 149,640 50 25 500
 n-Par. 80 381 217,513 50 50 500
 123 926 41,338 40 5 500
 140 1,000 21,218 50 50 300
 LAB 92 1,055 89,732 96 77 501
 115 413 11,071 105 78 498
 130 655 50,024 94 94 500a Concentration of OBF in sediments that is considered the threshold for effects on benthic community structure (Berge 1996).
 Shortly after completion of drilling, SBF were detected at concentrations of 21 to 2550 mg/kg in sediments within100 m of the drilling site. After one and two years, SBF had spread at low concentrations as far as 500 m from thedrilling site. The highest concentrations in sediments within 50 m of the site had declined to 1110 mg/kg after oneyear and 520 mg/kg after two years. Careful examination of the gas chromatograms of sediment samples revealedthat linear paraffins and LAOs were degraded rapidly, but PAOs were degraded slowly, if at all. After two years,there was a 90 percent reduction in the concentration of LAOs in sediments, but almost no reduction in theconcentration of PAOs. This study provides the strongest evidence to date of the limited biodegradability of PAOsin field sediments.
 Studies in the North Sea, Gulf of Mexico, and offshore Australia and Ireland show that SBF cuttings accumulate ina very irregular pattern in sediments around a drilling rig. The modeled footprint, maximum thickness, and SBFconcentration in the cuttings pile around the platform seem, in most cases to be less than those predicted when OBFcuttings are discharged (Brandsma 1996). Highest concentrations of SBF in sediments often are lower than theconcentration of SBF in the cuttings at the time of discharge, suggesting that some SBF desorbs from the cuttingsduring their fall through the water column (Getliff et al. 1997). Sometimes, SBF base chemical concentrations insediments are as high as or higher than reported average concentrations on discharged cuttings, suggesting eitherthat some cuttings are discharged containing high concentrations of adsorbed SBF or that some sediment samplesrepresent undiluted clumps of SBF cuttings.
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 Figure 3. Average concentrations of LAO in surface sediments at different distances from aplatform in 92 m of water. Survey 1 was immediately after drilling; Survey 2 was a yearlater.
 Figure 4. Average concentration of PAO in surface sediments at different distances from aplatform in 55 m of water shortly after completion of drilling.
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 Brandsma (1996) modeled the initial deposition of low toxicity mineral oil OBF cuttings discharges from platformsin different water depths in the North Sea. Subsequent resuspension and bottom transport were not considered. Themaximum initial thickness of OBF cuttings on the sea floor following a simulated discharge of 300 m3 OBFcuttings ranged from 0.1 to 15.5 cm, depending on water depth and concentration of oil on cuttings. Maximumestimated oil concentrations in surficial sediments shortly after OBF cuttings discharges ranged from 106 to196,000 mg/kg. The maximum radius of oil accumulation in sediments to more than 100 mg/kg was172 m.
 Field studies have shown a greater dispersal of OBF cuttings than those predicted by Brandsma (1996). Aroundplatforms in the North Sea where OBF cuttings were discharged, the maximum distance from the discharge site to aconcentration of 1,000 mg/kg oil in sediments usually has ranged from 500 to 1,000 m (Davies et al. 1983;Kingston 1992). Concentration above 10 mg/kg oil in sediments often extended out to 8 to 12 km from theplatform. In all but one case in the North Sea studies discussed above, concentrations of SBF dropped below50 mg/kg and in most cases below 10 mg/kg, within 1.2 km of the discharge point. Candler et al. (1995) estimatedthat the area of sediment near six platforms in the North Sea containing 1,000 to 10,000 mg/kg total petroleumhydrocarbons (from discharged OBF cuttings) ranged from 78,542 m2 to 107,996 m2 0 to five years aftercompletion of drilling. By comparison, the area of sea floor containing 1000 to 10,000 mg/kg SBF ranged between5,891 and 43,984 mg/kg zero to two years after completion of drilling with a PAO SBF from a platform in 131 m ofwater in the Gulf of Mexico.
 4.5 Biodegradation of SBFs
 OBFs, particularly those made with diesel fuel, are highly persistent in sediments. Grahl-Nielsen et al. (1989)reported little change over five years in the area of sea bottom near a single exploratory well in the North Sea thatcontained 1,000 to 10,000 mg/kg OBF from the discharge of OBF cuttings. One of the objectives in developingenvironmentally acceptable alternatives to OBFs was to produce a drilling fluid that would provide the drillingperformance of an OBF, but would degrade rapidly following discharge to the ocean. Environmental authorities ofNorth Sea countries have hypothesized that rapid degradation will minimize environmental impacts of SBF cuttingsdischarges, speeding ecosystem recovery (Vik et al. 1996a).
 The main mechanism of degradation of SBF base materials is through microbial metabolism of the SBF basechemicals to harmless byproducts. Natural populations of sediment-dwelling bacteria, fungi, and protists are able tobiodegrade some hydrocarbons and related oxygen-containing organic chemicals (e.g., esters, ethers, acetals) anduse the carbon fragments as a source of nutrition (Figure 5).
 Hydrocarbons vary in their susceptibility to biodegradation. The solubility and bioavailability to microbes ofparaffins and olefins decreases sharply with increasing carbon chain length and molecular weight. As a result, highmolecular weight, insoluble SBF base chemicals, such as PAOs, are less bioavailable and biodegradable than lowermolecular weight, slightly soluble base chemicals, such as IOs (Friedheim and Conn 1996). As a general rule, linearhydrocarbons are more easily biodegraded than branched or aromatic hydrocarbons (Atlas 1995). Biodegradationrate of linear paraffins decreases as chain length increases. Branching of hydrocarbon chains tends to slowbiodegradation. Carbon-carbon double bonds and internal oxygen atoms (e.g., esters) are more readily attacked bymicrobes than carbon-carbon single bonds. Hydrocarbons are biodegraded mainly by oxidation; therefore,biodegradation of SBF base materials and other hydrocarbons is much more rapid in the presence of oxygen(aerobic) than in its absence (anaerobic). This could be due to the absence of primary nutrients (inorganic nitrogenand phosphorous) rather than the absence of oxygen in the sediments (Scherrer and Mille 1989).
 A normal alkane (e.g., linear paraffin) or an alkene (e.g., LAO, IO, and PAO) is oxidized by microbes to an alcohol;the alcohol is oxidized further, through a 1,2-diol or ketone intermediate, to a fatty acid (Figure 5). Two atoms ofoxygen are consumed for each atom of fatty acid formed. Fatty acids are storage and structural nutrients for allplants and animals. The fatty acids derived from oxidation of SBF base chemicals are oxidized two carbons at atime through β-oxidation. The resulting acetate (CH3COOH) molecules are incorporated into the energy andsynthetic pathways of the microorganism. Thus, SBF base chemicals are biodegraded completely under aerobicconditions, with the reduction (incorporation into biochemical substrate) of a large amount of oxygen. Aerobicbiodegradation of SBFs may deplete the oxygen in sediments, rendering the sediments anaerobic, if loading of the
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 sediments with biodegradable organic matter from SBF cuttings is high and aeration of sediments is slow. Fieldstudies of OBF cuttings discharges have indicated that sediments may become anaerobic if they contain 1000 mg/kgor more of mineral oil (Vik et al. 1996a).
 In the absence of oxygen (anaerobiosis), SBF base chemicals are dehydrogenated to alcohols that are convertedthrough a ketone or aldehyde intermediate to fatty acids (Getliff et al. 1997; Candler et al. 1999). These initialdegradation reactions are very inefficient under anaerobic conditions, and their rate probably limits the overall netrate of SBF biodegradation in marine sediments (Steber et al. 1995). Carbon-carbon double bonds and esterlinkages are more easily oxidized than carbon-carbon single bonds by marine anaerobic bacteria. Thus, esters andunsaturated SBF base chemicals would be expected to biodegrade more rapidly than paraffins, linear alkylbenzenes, ethers, and acetals in anoxic sediments. Under anaerobic conditions, fatty acid oxidation also isinefficient. Alternatives to oxygen (e.g., NO3
 -1, SO4-2, and CO2) are used by the microbes to oxidize fatty acids,
 producing byproducts, such as hydrogen sulfide, ammonia, and methane, that are toxic to some sediment-dwellingmarine organisms. Sulfate is abundant in seawater (~ 29 mM) and marine sediments; therefore, it is the dominantterminal electron acceptor for microbial oxidation of SBF base chemicals in anoxic marine sediments (Getliff et al.1997). OBF cuttings piles in the North Sea contained 30 to 879 mg/kg sulfide, indicating that the OBFs were beingdegraded anaerobically by sulfate reducing bacteria (Cordah 1998). Methanogenesis (reduction of CO2 to CH4)occurs only when most of the available sulfur has been reduced to sulfide. Sulfate reducing bacteria are moreaggressive than methanogens, and olefins and esters should biodegrade more rapidly in marine sediments thanindicated by anaerobic biodegradation tests, most of which are based on methanogenesis (Friedheim andPantermuehl 1993).
 Regulatory agencies may require proof of rapid biodegradation before approving ocean disposal of SBF cuttings(Vik et al. 1996a). Measurement of biodegradation rates of SBFs is difficult because of the large number ofenvironmental and chemical variables that affect degradation rate. The most important environmental factorsaffecting biodegradation rate of SBFs in sediments are temperature, oxygen concentration, and seafloor energy.Several types of biodegradation tests have been developed or modified to evaluate the biodegradation of SBFs.They include:
 • standard laboratory tests,• solid phase tests, and• simulated seabed tests.
 4.5.1 Standard Laboratory Tests
 Although most European regulatory agencies require that drilling fluids pass a biodegradability test in order to bepermitted for ocean disposal, there is no agreement on an environmentally acceptable biodegradation rate or how tomeasure it and extrapolate the results to predict impacts of SBF cuttings deposits in seafloor sediments. Laboratorybiodegradation tests vary widely in specific details and environmental realism. The different test methods producewidely different results. Biodegradation test protocols vary in three key aspects:
 • Aerobic/anaerobic � Standard test procedures are usually designed to be either aerobic or anaerobic.Anaerobic conditions are likely to occur in the central part of cuttings piles or in subsurface sedimentlayers; aerobic conditions are likely to occur in the surface layers of the transition zone where SBFconcentrations are low.
 • Water soluble/non-water soluble - Most test procedures are designed for water-soluble materials. Thereis no agreed standard protocol for SBFs, which are essentially insoluble.
 • Freshwater/seawater � Several biodegradation tests are performed in fresh water; test water salinity mayaffect test results, in part due to effects of dissolved salts on emulsion stability. Freshwater tests use abacterial inoculum, whereas seawater tests rely on natural bacterial populations in the seawater used in thetests. The difference in the number and types of bacteria in the freshwater and seawater tests is the mainreason that test results are different. Results of freshwater tests may not be relevant to marine SBFdisposal.
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 Several laboratory biodegradability tests have been proposed or used to estimate the rate of biodegradation of SBFbase chemicals in marine sediments. Most are based on standard tests for water-soluble, non-volatile organicchemicals (OECD 1995). They lack environmental realism. Modifications to the tests have been developed to bettermeasure the biodegradation of insoluble, solid materials, such as SBFs, or to measure anaerobic biodegradation.The different biodegradation tests can provide an initial evaluation of the potential biodegradability of a chemical inmarine sediments.
 To our knowledge, laboratory biodegradation tests have not been applied to whole used SBF cuttings, the materialdischarged to the ocean. It is quite likely that if intact, used SBFs on cuttings will degrade at a different rate inocean sediments than the SBF base chemical in a laboratory biodegradation test. Some ingredients of the SBF, suchas emulsifier, may increase the effective SBF-water interface surface area in the drilling mud and thereby increasethe bioavailability of the SBF base chemical to sediment and seawater bacteria. This would have the effect ofincreasing the biodegradation rate under both aerobic and anaerobic conditions.
 McKee et al. (1995) performed anaerobic biodegradation tests with a laboratory formulated LAO SBF and the LAOalone. The SBF was an 11 lb/gal SBF with a synthetic/water ratio of 75/25. After 70 days of anaerobic incubation,the complete SBF had biodegraded by 53.1 percent, whereas the SBF base chemical had biodegraded by 41 percent.However, there was no difference in the degradation rates of a LAO base chemical and a LAO SBF in simulatedseabed tests (Schaanning 1995a).
 Laboratory biodegradation test methods include the following (Slater et al. 1995, Candler et al. 1999):
 • OECD 301 B � The test substance is incubated in a freshwater nutrient medium with an inoculum ofsewage sludge bacteria. Biodegradation is measured as the production of CO2.
 • OECD 301 D � The test substance is incubated in a completely full closed bottle with a freshwaternutrient medium and a bacterial inoculum. Biodegradation is measured as oxygen consumption.
 • OECD 306 � This is the seawater modification of the OECD 301 D closed bottle respirometric test.Natural seawater, containing a natural community of marine bacteria, is used without addition of sewagebacteria. Because no bacterial inoculum is used, results of the OECD 306 test can not be compared tothose of the OECD 301 D test.
 • BODIS � This test measures biochemical oxygen demand (BOD) of insoluble substances. It is similar tothe OECD 301 D test, except that a headspace of air about 1/3 of the volume of the closed bottle is left.The freshwater suspension of SBF is spiked with nutrients and sludge bacteria, and the bottle is sealed andshaken to maintain oxygen saturation in the aqueous phase. Biodegradation is measured as oxygenconsumption in the closed bottle system.
 • Marine BODIS � This test is a modification of the freshwater BODIS test and the OECD 306 test. TheSBF base chemical is incubated in a closed bottle 2/3 full of natural seawater containing indigenousbacteria and supplemented with primary nutrients. Biodegradation is measured as oxygen consumption.
 • ISO/DIS 11734 � This is an anaerobic biodegradation test that is performed in a closed bottle with anoxygen-free gas in the headspace. Anaerobic bacteria are provided in activated sewage sludge. Nutrientsare dissolved in the freshwater medium. Biodegradation rate is measured as an increase in gas pressure inthe headspace from methanogenic production of CO2 and CH4. A seawater variation of this test is beingdeveloped in which biodegradation by indigenous sulfate reducing bacteria is measured as the increase inthe concentration of hydrogen sulfide in the bottle.
 For all test protocols, the theoretical oxygen demand (ThOD) is estimated from the amount of carbon in thechemical being evaluated. The measured oxygen consumption (or CO2 or H2S production) is divided by thetheoretical values to estimate percent degradation of the SBF chemical.
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 These methods give different and highly variable estimates of the biodegradation potential for SBF base chemicals.For example, Vik et al (1996b) report that some SBFs can be classified as �readily biodegradable� (i.e. percentbiodegradation >60) based on the BODIS freshwater test but have a low biodegradation rate in the marine BODIStest.
 Steps are being taken to identify the most appropriate biodegradation test procedures. The Oslo and ParisCommission (OSPAR) commissioned several laboratories to compare the various available protocols and todevelop a harmonized protocol for the North Sea countries. The study concluded that all methods tested yieldedcomparable results when testing an ester and an ether SBF (Elf Akuamiljo 1996). However, reproducibility of themethods was poor for the less biodegradable ether SBF.
 A comparison of several biodegradation tests shows that they gave markedly different estimates of aerobicbiodegradation for acetal SBF base chemical (Table 22). Measured biodegradation (usually in 28 days) varied withtest method, water salinity, and concentration of acetal used. Estimated biodegradation ranged from 5 percent to86 percent of the ThOD. The proposed acceptability criterion for biodegradation in North Sea countries is60 percent of the ThOD; therefore, acetal passes some tests and not others.
 Table 22. Aerobic biodegradation (percent of theoretical oxygen demand: ThOD) of acetal SBF basechemical in several biodegradation tests at several initial concentrations. Most tests were runfor 28 days. From Slater et al. (1995).
 Test Method Acetal Concentration (mg/L) Percent Biodegradation
 BODIS Freshwater 10 86
 BODIS Freshwater 40 50
 BODIS Seawater 10 19.5
 BODIS Seawater 40 8
 OECD 301 B Freshwater 10 78.6
 OECD 301 B Freshwater 20 62.8
 OECD 301 D Freshwater 0.5 73
 OECD 301 D Freshwater 2.5 21
 OECD 306 Seawater 0.5 35
 OECD 306 Seawater 2 � 2.5 5
 OECD 306 Seawater 10 9.4
 Freshwater tests consistently gave higher estimates of biodegradation than seawater tests did (Table 22). This maybe an artifact of the protocols. In the freshwater tests, the incubation medium is dosed with an inoculum of activatedsludge bacteria; in the marine tests, only bacteria indigenous to the natural sea water medium are included. Theabundance of hydrocarbon-degrading bacteria and fungi is much higher in marine sediments than in sea water, sothe seawater tests probably greatly underestimate the biodegradation potential SBF base chemicals in marinesediments.
 Biodegradation rate decreased as acetal concentration in the tests was increased. Concentrations of base chemicalsin SBF cuttings accumulations on the ocean floor usually are much higher than concentrations used in the tests,making interpretation of test results difficult. It is uncertain which test provides the most environmentally realisticresults.
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 The results of biodegradability tests with several SBF base chemicals using several of the more common laboratoryprotocols are summarized in Table 23. The OECD 306 test (OECD 1995) currently is the standard test for OSPAR,and the BODIS test (ISO 1990), modified for seawater, is an accepted standard for the Norwegian State PollutionAuthority. The results of these biodegradation tests indicate that aerobic and anaerobic biodegradation rates ofsynthetics occur in the following order: ester>LAO≈IO>PAO> acetal>ether.
 Table 23. Biodegradation rate, measured as the percent reduction in concentration, of several SBFbase chemicals based on different biodegradation test protocols. The duration of the ISO/DIS11734 tests is included in parentheses.
 Test Ester LAO IO PAO Ether Acetal
 Anaerobic (freshwater)ISO/DIS 11734
 83 (35d)56 (56d)
 41 (70d)53 (70d)
 47 (5d)28 (56d)55 (70d)35 (120d)38 (120d)
 0.6 (50d)15 (50d)14 (70d)40 (140d)46 (140d)
 Aerobic (28d-Freshwater)OECD 301 D
 6970
 7084
 70 13294350
 Aerobic (28d-Marine)OECD 306
 6993811581
 71*
 76726868
 555247 152
 6* 14
 Marine BODIS5596
 66*
 66 80 4470
 5* 14
 Marine CO2 Evolution 66* 6* 6*
 Marine CO2 Headspace 68* 5*
 Sources: Baroid Drilling Fluids; McKee et al. 1995; Baker Hughes INTEQ; M-I Drilling Fluids; Zevallos et al. 1996; Slateret al. 1995; Steber et al. 1995; Vik et al 1996a; Elf Akuamiljo 1996* Mean value.
 As a general rule, SBF base chemicals are more biodegradable under aerobic than anaerobic conditions (Tables 23and 24). The anaerobic test is a freshwater test and so results should be compared to those from a freshwater aerobictest. All the SBF base chemicals evaluated by Norman (1997) and Steber et al. (1994) have measurable aerobic andanaerobic biodegradability. Aerobic and anaerobic biodegradation rates are greatest for esters, followed by IOs.Mineral oils are less biodegradable than SBF base chemicals, particularly under anaerobic conditions.
 Considering the high concentrations of SBFs measured in surficial sediments within 100 m of some offshoreplatforms discharging SBF cuttings (Table 17), it is probable that most SBF biodegradation will occur underanaerobic conditions after sediment oxygen concentration is reduced to low levels by the initial aerobicbiodegradation of the SBF cuttings. In low energy environments where cuttings dispersion at the seafloor is a minorfactor, anaerobic degradation of SBF cuttings probably is the rate-limiting step in recovery of benthic marineecosystems contaminated with SBF cuttings. Although olefin and ester SBF base chemicals can be biodegradedanaerobically in the laboratory, degradation rates usually are much slower than aerobic degradation rates. Anaerobicbiodegradation rates of SBF and OBM base chemicals and a few potential SBF base chemical degradation productsrange from essentially zero (alkylbenzene) to 83 percent in 35 days (ester) (Table 24).
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 Table 24. Anaerobic biodegradation rates of several SBF and OBF base chemicals and possible SBFdegradation products as measured with the ISO/DIS 11734 anaerobic biodegradation test.Biodegradation is measured as net gas (CH4 + CO2) production. Values are means from fivereplicate tests for each chemical. From Steber et al. (1995).
 Test Chemical Test Duration (Days) Mean Degradation (±±±±CI)(% of Organic Carbon)
 Fatty Acid Ester I 35 82.5 ± 13.9
 Fatty Acid Ester II 35 83.7 ± 13.l
 Linear-α-Olefin (C16/18) 84 22.4 ± 19.5
 Linear-α-Olefin (C14) 98 48.3 ± 15.5
 Poly-α-Olefin I 70 14.4 ± 20.3
 Poly-α-Olefin II 50 0.6 ± 16.2
 Acetal 70 12.6 ± 19.2
 Alkyl Benzene 50 � 1.5 ± 12.2
 Mineral Oil A 35 3.9 ± 11.0
 Mineral Oil B 28 5.4 ± 8.2
 Mineral Oil C 28 5.8 ± 6.7
 Oleyl Alcohol 84 88.6 ± 14.8
 2-Ethyl Hexanol 84 78.8 ± 21.4
 Dioctyl Ether 42 12.3 ± 10.8
 Dihexadecyl Ether 42 1.4 ± 12.5
 Anaerobic biodegradation rate is highest for esters, followed by LAOs (Table 24). In general, SBF base chemicals,other than ester, do not biodegrade anaerobically at a substantially higher rate than mineral oils used in OBFs.Alkylbenzenes are not biodegraded under anaerobic conditions. Of the possible degradation products, alcohols arehighly biodegradable, and ethers are resistant to anaerobic biodegradation. Biodegradation rate seems to beinversely related to molecular weight (directly related to aqueous solubility) of LAOs and PAOs. The C14 LAO ismore biodegradable than the C16/18 LAO. The aerobic biodegradability of PAOs decreases with increasingmolecular weight (Friedheim and Pantermuehl 1993). Candler et al. (1999) ranked both aerobic and anaerobicbiodegradability of drilling fluid base chemicals from most to least biodegradable as:
 ester>>LAO>IO>>PAO>mineral oil.
 In addition, the rate of anaerobic biodegradation of PAOs and possibly other sparingly soluble olefins tends toincrease with incubation time. Mean percent degradation of different PAOs after 50, 70, and 133 days of anaerobicincubation are 0.6 percent, 14.4 percent, and 80 percent, respectively (Friedheim and Pantermuehl 1993; Steber etal. 1995). The anaerobic bacteria in the inoculum may require a long acclimation period before they can metabolizePAOs efficiently. The bacteria may also need to synthesize and secrete biosurfactants to solubilize the olefins sothey can be biodegraded. Another possibility is that colonization by opportunistic species of olefin-degradingmicrobes is required before degradation rate can increase.
 4.6 Solid Phase Biodegradation Tests
 A solid phase biodegradation test was developed at the Scottish Office, Agriculture, Environment and FisheriesDepartment (SOAEFD) Marine Laboratory to evaluate and compare degradation rates of various SBFs and OBFs.The test was designed to simulate both aerobic and anaerobic conditions that are present in a cuttings pile on the seafloor. In the SOAEFD test, a base fluid is mixed with sieved marine sediment to produce concentrations of 100, 500and 5,000 mg/kg base fluid in sediment. The exposure concentrations are intended to resemble measured
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 concentrations of OBF base mineral oils in sediment samples collected 1,000-3,000 m, 200-1,000 m, and 200 m,respectively from a platform discharging OBF cuttings. The test chambers are maintained in a flowing seawatertrough for 120 days. The chambers are sampled for chemical analysis after 0, 28, 56, and 120 days. The basechemical is measured in the sediment samples by gas chromatography. Degradation rates and degradation half timesare estimated. The test provides a measure of the loss of base fluids from all mechanisms, not just biodegradation.Reference tests may be performed with mineral oil (poorly biodegradable) and a vegetable oil (e.g., olive oil: readilybiodegradable).
 There is a large difference in the degradation rates among the various SBF base chemicals (Figure 6) (Munro et al.1997a). The ester had the highest degradation rate followed by the LAO. The IO and paraffin were comparable tothe mineral oil at 5,000 ppm, but degraded faster than the mineral oil at the lower concentrations. Degradation ratesof the PAO and acetal were similar to the mineral oil, though the mineral oil appeared to degrade somewhat faster atthe 100 ppm concentration.
 Figure 6. Biodegradation of SBFs in SOAEFD Tests after 120 days. From Munro et al. (1997a).
 Sediment characteristics influence the rate of biodegradation of SBF base chemicals. The half-life of an ester was10.2 days in mud sediments, compared to 37.3 days in sand sediments (Stagg et al. 1996). Fine-grained sedimentsare more likely than sandy sediments to contain a larger, more diverse bacterial community. In the solid phasebiodegradation system, fine sand sediments become anaerobic more rapidly than mud and mud/sand sediments(Munro et al. 1997b, 1998b; Moffat et al. 1998). Below the upper 5 mm of sediment in the test chambers, redoxpotential declines to below 0 mV within about 14 days in the presence of 500 mg/kg olive oil, ester, or LAO.
 The SOAEFD test was designed to reflect environmental conditions better than existing laboratory biodegradationtests. Because it measures disappearance of base fluid rather than actual biodegradation, the SOAEFD solid-phasetest overestimates biodegradation. On the other hand, even this test probably underestimates disappearance ratesthat would occur in the field. Other important factors, such as high seabed currents, bed transport, and bioturbation,are not considered. A modified version of the SOAEFD solid-phase test was used to examine the degradation of anester and an IO under estuarine conditions similar to those encountered in nearshore waters of Nigeria (Munro et al.1997b). The sediment was coarse silt from an estuarine environment. Brackish water at 25°C was recirculatedthrough the test chambers. Olive oil was used as a positive biodegradable control and some sediments werepoisoned with phylatol as abiotic controls. The test chambers contained 120 mg/kg of test material. In 28 days,there was a loss of 40.5 to more than 96.6 percent of the SBF base material or olive oil from the chambers (Table25). Estimated half-lives ranged from 2.7 to 57.3 days. The olive oil and the ester were both lost at about 25°C.
 Ester degradation was about twice as fast at 25°C as at 12°C. IOs were lost more slowly than esters, but loss rates(biodegradation plus washout) were high (91 to 94 percent after 35 days). IO loss from poisoned chambers wasmuch slower than from non-poisoned chambers, showing that most of the loss from the non-poisoned chambers was
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 by biodegradation. The differences were small for esters, suggesting either that loss of ester from sediments wasfrom dissolution (esters are more water-soluble than other SBF base chemicals) or chemical (abiotic) hydrolysis).Concentrations of 2-ethylhexanol, a degradation product of ester, were highest in the water of ester chambers thatwere poisoned and lowest in unpoisoned chambers maintained at 25°C. This suggests either that the ester bond iseasily hydrolyzed abiotically, or that biocide-resistant bacteria in the sediments were hydrolyzing the esters andbacteria were biodegrading the alcohol in the water. Abiotic degradation probably is not as important asbiodegradation in removing esters from sediments.
 Munro et al. (1998a) also evaluated other factors affecting the biodegradation rate of ester SBF base chemicals insediments. The SOAEFD protocol was used to examine ester biodegradation over 245 days at initial concentrationsof 15,000 and 50,000 mg/kg and degradation rate during 120 days at temperatures between �1 and 20°C.
 Table 25. Rates of loss (biodegradation plus washout) of ester and IO SBF base chemicals in amodified SOAEFD solid phase test. Percent loss in 28 days and half-life (days) are given.From Munro et al. (1997c).
 Test Chemical Percent Loss in 28 Days Half-Life (days)
 Olive Oil 100 2.7
 Ester (25°C) 99.6 2.8
 Ester (12°C) 93.2 4.4
 Internal Olefin (1) 90.3 8.1
 Internal Olefin (2) 88.4 9.2
 Poisoned Ester 84.3 12.8
 Poisoned Internal Olefin 40.5 57.3
 At 120 days, percent loss of ester from test chambers was inversely related to initial nominal concentration of ester.Percent degradation in 201 days decreased from 98 percent at 100 mg/kg, to 10 percent at 50,000 mg/kg (Table 26).After 245 days, ester loss was 31 percent at a nominal concentration of 15,000 mg/kg ester and 20 percent at50,000 mg/kg ester. A poisoned 50,000 mg/kg ester treatment lost only 4 percent of the ester in 245 days. Half-livesof ester in sediments ranged from 11 days (100 mg/kg ester) to 495 days (50,000 mg/kg ester). The half-life for the500,000 mg/kg treatment was 391 days when estimated by a zero order kinetic model. These results stronglysuggest that the main pathway of ester degradation is by sediment microbiota.
 Table 26. Percent degradation after 120 days and half life (days) of ester SBF base chemicaldetermined with the SOAEFD solid phase biodegradation test at ambient seawatertemperatures (6 to 16°°°°C). Estimated half-lives are based on first order reaction kinetics.From Munro et al. (1998a).
 Initial Ester Concentration(mg/kg)
 Percent Degradation at 120Days
 Half Life in Sediments(days)
 100 98 11
 500 98 21
 5,000 56 99
 15,000 29 198
 50,000 10 495
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 There was a strong link between the rate of degradation and temperature. The half-life of the ester, at an initialconcentration of 500 mg/kg, decreased from 136 days at �1°C to 16 days at 20°C (Table 27). Percent of ester lostafter 120 days increased from 66 percent at �1°C to 99 percent at 20°C. Ester degraded much more slowly at aninitial nominal concentration of 5000 mg/kg than at an initial concentration of 500 mg/kg. At an initialconcentration of 5,000 mg/kg, degradation at 120 days increased from 18 percent at 4°C to 54 percent at 20°C, andhalf-life decreased from 385 days to 112 days. Mineral oil at an initial concentration of 500 mg/kg showed onlyminimal degradation at 2°C and 40 percent degradation at 20°C after 120 days.
 Table 27. Percent degradation after 120 days and half life (days) of ester SBF base chemical atdifferent temperatures determined with the SOAEFD solid phase biodegradation test. FromMunro et al. (1998a).
 Substrate and Temperature Percent Degradation at 120Days
 Half Life in Sediments (days)
 Ester �1°C 66 75
 Ester 2°C 73 64
 Ester 4°C 71 67
 Ester 12°C 98 22
 Ester 20°C 99 16
 5,000 mg/kg Ester 4°C 18 385
 5,000 mg/kg Ester 20°C 54 112
 Mineral Oil 2°C 6.5 Regression Insignificant
 Mineral Oil 20°C 40 136
 4.7 Simulated Seabed Studies
 Simulated seabed studies are required for the introduction and use of all new drilling fluids in Norway (Vik et al.1996a). These studies have been performed by the Norwegian Institute of Water Research (NIVA). The NIVAsimulated seabed chambers are intended to more accurately simulate offshore conditions for biodegradation than thestandard laboratory and solid phase tests. Groups of exposure chambers are filled with 25 cm of homogenizedintertidal marine sediment from outer Oslofjord. The natural benthic fauna and flora are not removed.Homogenization may destroy some of the fauna, so recent tests have been performed with intact sediments coresthat are placed in the chambers with minimal disturbance. The sediments in the chambers are covered with a 15-cmlayer of natural seawater from Oslofjord. At the initiation of the test, cuttings from an offshore platform are dilutedwith clean sediment and layered on the sediment in the chambers; the usual depth of cuttings is 1 to 2 mm.
 Concentrations are measured as mg SBF/cm2 of sediment in the chamber. Tests are run for up to 160 days. Atdifferent times during and at the end of the test, chambers are sampled for SBF, barite, and benthic fauna. Barite isused as a conservative marker of the SBF cuttings. The amount of SBF washout from the chambers can beestimated by normalizing SBF concentrations to barite concentrations. Each study compares several types of SBFcuttings. There may be some limitations on comparisons among studies due to minor adjustments in procedures orpossibly as a result of seasonal variation in the benthic fauna present.
 The organic phase of the different mud cuttings samples disappeared through biodegradation, washout, andbioturbation from the chambers at different rates (Table 28). Ester SBF cuttings degraded most rapidly, followed byLAO and IO SBF cuttings. The lowest losses were for mineral oil and PAO cuttings. The ester was completelydegraded at the end of the experiment, and there was a white mat of sulfate reducing bacteria on the surface of thesediment, indicating anaerobic conditions. Sediments in the other exposures did not become anaerobic during thetests.
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 Table 28. Summary of results of five NIVA simulated seabed SBF biodegradation studies. Testsubstances were SBF or mineral oil cuttings from offshore platforms. Biodegradation isexpressed as percent disappearance from test chambers after 28 and 160 days. Regressionanalysis of loss-rate data were used to estimate the half-lives (days) of SBFs in marinesediments. From Vik et al. (1996a,b).
 Mud/Cuttings Tested Biodegradation (Disappearance) % Mean Half-Life
 After 28 Days After 160 Days t½ (Days)
 Ester 46 97 24
 LAO 38 38 54
 IO 17 66 104
 Acetal 12 39 200
 PAO 11 43 207
 Mineral Oil 23 44 311
 Mean estimated half lives for the organic phase of SBF cuttings ranged in different tests and for different SBF basechemicals from 24 days to 311 days (Table 28; Figure 7). Estimated half-lives for mineral oil were highly variable,possibly because of heterogeneous distribution of the hydrocarbon mixture in sediments. Based on estimated half-lives, degradation rate can be ranked from highest to lowest as:
 ester>LAO>IO>acetal≈PAO≈mineral oil.
 Overall, the SOAEFD and NIVA tests gave roughly equivalent results.
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 Figure 7. Half-life of various SBFs in NIVA simulated seabed studies. Bars denote confidence limits.
 Schaanning et al. (1996) obtained similar results when intact sediment cores rather than homogenized sedimentswere used in the chambers. Sediment cores were collected from 200 m in Oslofjord and had intact benthiccommunities. Chambers were incubated for up to 187 days. SBF/barium normalization was used to estimate the
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 fraction of SBF loss from chambers that was caused by biodegradation. In this system, ester and mineral oilbiodegraded more quickly, and LAO degraded more slowly than in the homogenized sediment chambers (Table 29).However, the differences were small, suggesting that the benthic fauna (some of which are lost duringhomogenization) play only a minor role in biodegrading SBF cuttings. The two esters degraded at slightly differentrates. The more degradable Anco Green is a mixture of isopropyl esters of saturated and unsaturated fatty acids inthe C14 to C20 range. Petrofree was a mixture of five homologous fatty acid esters based on 2-ethylhexyldodecanoate. Some petrofree formulations may contain other SBF base chemicals such as LAO or PAO.
 Table 29. Average half-lives of SBF cuttings in simulated seabed chambers containing intactsediments and benthic communities during a 187-day incubation. Biodegradation rate wasestimated from SBF/barium concentration ratios. From Schaanning et al. (1996).
 Drilling Mud/Cuttings Half-Life for Loss (days)
 Total Loss Biodegradation
 Ester (Anco Green) 16.6 17.9
 Ester (Petrofree) 22.2 22.0
 LAO 51.2 55.9
 IO 73.7 104.0
 Mineral Oil 105.0 158.0
 Part of the variation in the results of the NIVA simulated seabed studies is the effect of SBF concentration onbiodegradation rate, as has been observed for other biodegradation test methods. Degradation rate decreases as theconcentration of SBF added to the sediments in the test chambers increases (Table 30).
 Table 30. Effect of SBF concentration in NIVA simulated seabed biodegradation test chambers onthe half-life of the synthetic base chemical. From Schaanning et al. (1996).
 SBF Base Chemical Concentration (mg/cm2) Half-Life (days)
 Ester 2.4 � 4.2 21.4
 13.1 � 18.5 83.0
 PAO 4.3 127.0
 6.5 � 9.9 207.0
 The ether SBF and mineral oil OBF (Figure 7) had a lag phase of approximately 60 days before degradation began(Schaanning 1996). A similar lag in the start of biodegradation was identified during the OSPAR Ring Test Studiesfor all methods used (Elf Akuamiljo 1996). During the lag period, the sediment bacterial community may bechanging to include more hydrocarbon-degraders and the hydrocarbon degraders may be adapting to metabolizingthe SBF base chemicals (Atlas 1995).
 In some of the simulated seabed studies, effects of thin layers of SBF cuttings on the benthic fauna in the testchambers were examined (Schaanning et al., 1996). Fauna were enumerated at the beginning and end of the tests.Two ester SBFs had the greatest impacts on the benthic fauna in the chambers (Table 31). Exposure to a thin layerof ester II (Petrofree) resulted in a substantial decrease in the number of species and individuals in the chambers andlow diversity indices. Mineral oil was less harmful than ester II to the benthic fauna; Ester I (Anco Green) and IOwere essentially without effects on the benthic fauna in the exposure chambers and effects of LAO were minor.

Page 54
                        

42
 Table 31. Effects of SBF cuttings layered (1.4 to 1.8 mm) on natural sediments in NIVA simulatedseabed chambers on characteristics of benthic communities after 187 days. FromSchaanning et al. (1996).
 SBF Cuttings No. Species No. Individuals Diversity (H) Diversity (ES100)
 Control 36 � 39 281 � 856 2.97 � 3.65 17.74 � 22.94
 Ester I 14 � 35 283 � 809 2.20 � 2.31 11.12 � 13.66
 Ester II 4 � 6 32 � 83 0.87 � 1.90 ---
 IO 30 � 36 588 � 647 2.70 � 3.33 13.89 � 19.71
 LAO 22 � 26 308 � 338 2.88 � 3.16 14.33 � 16.44
 Mineral Oil 18 � 20 226 � 309 2.51 13.18 � 13.65
 The harmful effects of the SBF cuttings on benthic fauna, as measured by diversity indices, were correlated tosediment redox potential (Eh), an indication of oxygen availability in sediments (Figure 8). Sediments with an Ehapproaching 0 mV are hypoxic. The lowest Eh values were produced by the esters that are highly biodegradable.The other SBF base chemicals and mineral oil biodegrade slowly and did not markedly decrease sediment Eh.
 Organic enrichment of sediments often produces a reduction in the number of species and a marked increase in theabundance of a few stress-tolerant species (Pearson and Rosenberg 1978). This was observed in the NIVAsimulated seabed chambers dosed with ester SBF cuttings. In the Petrofree chambers, most species of benthic faunawere eliminated or their numbers were greatly reduced compared to controls. The abundance of a pollution-tolerantpolychaete increased. It represented more than half the individuals in the Petrofree chambers. Several of the speciesthat disappeared from the sediments are known to be intolerant of low oxygen concentrations in sediment porewater.
 There were changes in the activity of oxidative enzymes (glutathione reductase and catalase) in the tissues ofpolychaete worms Hediste (Nereis) diversicolor following exposure to SBF cuttings (Schaanning et al. 1996). Theenzyme activity responses indicated that the worms exposed to Anco Green (ester), LAO, and IO cuttings wereexperiencing oxidative stress, probably resulting from a decrease in oxygen concentration in the sediments. Theworms did not survive exposure to Petrofree (ester). Benthic invertebrates in the NIVA chambers were adverselyaffected by a reduction in sediment oxygen concentration caused by organic loading of the sediments with SBFbase chemicals, not by the toxicity of the chemicals.
 The NIVA chambers also were used to evaluate the effect of temperature on biodegradation rate of ester and LAOcuttings (Schaanning et al. 1997). Chambers contained sediment from northern Norway (water temperature �1.35°C) and from Oslofjord (water temperature 6 to 8°C) and were maintained at �0.5°C and 7°C, respectively, forthe 89-day duration of the exposure.
 The small temperature difference had little effect on the biodegradation rate of ester and LAO cuttings (Table 32).Biodegradation rate was slightly lower in arctic than in the warmer-water sediments. Biodegradation rate decreasedas the concentration of ester or LAO layered on the sediment increased. The effect of SBF concentration wasgreatest for the ester in the cold-water chambers.
 Average oxygen consumption (an indication of microbial biodegradation) of the sediments was similar in alltreatments. Cumulative oxygen consumption was higher in the Oslofjord than in the Porsangen sediments.However, oxygen consumption in the arctic chambers initially was lower than that in the Oslofjord chambers.Oxygen consumption increased with time in the arctic chambers, but remained relatively constant in the Oslofjordchambers. This result suggests that the microbial community in the arctic chambers required a period of acclimationbefore they could degrade the SBF base chemicals. Redox potential decreased in all chambers, indicating adepletion of oxygen. The lowest Eh was 0 in Oslofjord sediments treated with ester. The decline in redox potentialwas greater for ester treatments than for LAO treatments but temperature effects were minimal.
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 Figure 8. Relationship between redox potential and diversity for NIVA seabed simulation studies (C=control,MO=mineral oil, Es=ester, PAO, IO, LAO = olefins). From Schaanning et al. (1996)
 Table 32. Effect of incubation temperature on the biodegradation of ester and LAO cuttings insediments from northern (-0.5°°°°C) and southern (6-8°°°°C) Norway. Percent biodegradation isbased on the SBF/barium ratio. From Schaanning et al. (1997).
 Location SBF Cuttings Dose(mg/cm2)
 % Biodegradation Half-Life(Days)
 Oslofjord (6-8°C) Ester 0.5 99 ---
 5.0 61 57
 20.0 26 198
 LAO 0.5 100 ---
 5.0 56 65
 20.0 26 206
 Porsangen (-0.5°C) Ester 0.5 92 ---
 5.0 59 58
 20.0 16 340
 LAO 0.5 75 ---
 5.0 40 92
 20.0 26 205
 Benthic fauna were more abundant and diverse in Oslofjord sediments than in Porsangen sediments. However,number of species, number of individuals, and species diversity did not vary much with SBF type and exposure
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 concentration, indicating that the differences observed were characteristic of the arctic and temporal benthiccommunities. This study shows that temperature has little effect on the rate of biodegradation and biological effectsof ester and LAO cuttings in sediments. Biodegradation occurred even at �0.5°C. The temperature of bottom waterin the deep waters (~1000 m) of the northern Gulf of Mexico remain at about 5°C year-round. Thus, the results ofthe NIVA studies are relevant to conditions in deep waters of the Gulf of Mexico. As discussed previously, SBFbase chemical concentrations in surface sediments near offshore discharges quite frequently are much higherinitially than 20 mg/cm2, the highest concentration used in the NIVA tests, especially within about 200 m of thedischarge. Degradation rates in heavily contaminated surface sediments are likely to be substantially slower thanthose estimated in NIVA tests.
 5.0 BIOAVAILABILITY AND TOXICITY OF SBF CUTTINGS
 Environmental impacts that may result from the discharge of drilling fluids and cuttings to the ocean are of twotypes: effects on water-column (pelagic) ecosystems; and effects on sea-bottom (benthic) ecosystems (NationalResearch Council 1983; Neff 1987; Hinwood et al. 1994). Following discharge to the ocean, WBFs and WBFcuttings mix with and disperse in the ambient seawater. The large individual cuttings particles sink rapidly to theseafloor. The WBF plume, containing the clay sized particles, entrains seawater as it descends and eventuallyreaches the seafloor or becomes neutrally buoyant (Brandsma et al. 1980; Brandsma and Sauer 1983). The salts inseawater cause clay particles to flocculate as the mud dilutes. Some of the larger flocculated mud particles maysettle near the well site; however, except in relatively shallow waters, most of the mud particles disperse over awide area and accumulate in sediments at low concentrations.
 On the other hand, OBF and SBF cuttings are �oil wet� and so do not mix efficiently with the receiving waters(Growcock et al. 1994; Getliff et al. 1997). They tend to clump, with the large clumps settling quickly to thebottom. The tendency for cuttings to clump increases as the concentration of SBF on the cuttings increases. Theaverage concentration of SBF base chemical on SBF cuttings discharged to the Gulf of Mexico is about 10 percent.Cuttings containing this concentration of adhering SBF will clump and sink rapidly to the bottom. Cuttingscontaining 5 percent LAO do not clump. They are likely to disperse readily in the water column over a large areaand not form a cuttings pile on the sea floor (Getliff et al. 1997).
 Because of the differences in behavior of WBF and SBF cuttings, water column organisms are likely to be exposedto drilling mud components near platforms discharging WBF and WBF cuttings. Water column exposure will beminimal near platforms discharging OBF or SBF cuttings. Concentrations of WBF cuttings are likely to be lowerthan those of SBF cuttings in sediments within about 100 m of the cuttings discharge. Pelagic and benthicorganisms may be affected by WBF discharges, but only benthic organisms are likely to be affected by SBFcuttings discharges.
 Many studies of environmental impacts of WBF discharges have shown that mud toxicity to water columnorganisms is low, unless the mud contains high concentrations of diesel (added to WBF for lubricity) or hexavalentchromium (added to temperature stabilize chrome lignosulfonate) (Neff 1987; Hinwood et al. 1994). No adverseeffects have been documented or are expected in pelagic organisms exposed in open waters of the outer continentalshelf and slope to discharged WBF and WBF cuttings (National Research Council 1983).
 The effects of SBF cuttings on pelagic organisms are expected to be even less than those of WBFs because of thelow toxicity of SBFs (similar to or lower than the toxicity of WBFs; see below) and the reduced exposure time dueto rapid settling of SBF cuttings clumps and particles out of the water column. Brandsma (1996) used model resultsand toxicity data to show that acute toxic effects in the water column are unlikely, even with OBMs.
 Biological effects of SBF cuttings on the benthos are expected to be similar to or greater than those of WBFs andWBF cuttings. The mass of SBF discharged to the ocean per well is much less than the mass of WBF dischargedper well, because the drilling fluid itself is not discharged and cuttings are cleaned before discharge (Veil and Daly1999). The toxicity of WBFs and SBFs is low enough that they probably represent only a small direct toxic threat tomarine organism living on or in sediments near the platform. However, SBF cuttings may harm benthiccommunities by production of anoxia in sediments through microbial biodegradation if SBF cuttings concentrations
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 in sediments are high enough (Olsgard and Gray 1995). WBFs and WBF cuttings do not usually cause sedimentanoxia because they contain only low concentrations of biodegradable organic chemicals. However, they may harmbenthic communities by burial and smothering, or they may alter sediment texture, rendering the local benthicenvironment less suitable for some species of benthic fauna and better for others (Neff 1987). Thus, biologicaleffects of SBF cuttings discharges are likely to be greater than effects of WBF and WBF cuttings discharges in theimmediate vicinity (within 50 to 100 m) of platforms where SBF cuttings are likely to accumulate to highconcentrations.
 5.1 Toxicity Tests
 In many countries that are developing offshore oil and gas resources, discharge permits require performance oftoxicity tests with drilling fluid ingredients and whole drilling fluids (Jones et al. 1996). North Sea countries usuallyrequire toxicity testing of individual drilling fluid ingredients; the EPA requires testing of whole drilling fluids.Two types of toxicity tests may be performed: water column tests and solid-phase (sediment) tests. They areintended to assess the potential risks from drilling fluid discharges to pelagic and benthic organisms, respectively.
 Historically, the EPA has required performance of a water column test with the SPP of WBF and mysidsAmericamysis (Mysidopsis) bahia, small shrimp-like crustaceans (EPA 1999a,b). The median lethal concentrationat 96 hours (96h LC50) of the WBF must be equal to or greater than 30,000 mg/L (3% by volume) of the SPP, or theWBF is not permitted for ocean disposal.
 EPA has determined that water column toxicity of SBF cuttings is likely to be low, for the reasons discussed above,and has proposed a solid-phase test to evaluate the potential environmental impacts of SBF cuttings discharges. Inthe solid-phase test under consideration, survival of benthic amphipods Leptocheirus plumulosus is measuredduring a 10-day exposure to sediments containing an SBF base chemical or SBF cuttings (ASTM, 1992). Themedian lethal concentration of SBF base chemical in sediment should be greater than 2,600 mg/kg dry wt, the LC50
 to L. plumulosus of a C16/18 IO base chemical.
 In North Sea countries, toxicity tests are required for unused SBF base chemicals (Norwegian Oil IndustryAssociation, 1996). Information about the UK offshore chemicals notification scheme and hazard ratings for severaldrilling and production chemicals used on the UK continental shelf can be found on the internet athttp://www.cefas.co.uk/OCNS/frame.HTM.
 The recommended test organisms include a microalga, a copepod, a bivalve mollusk, and a benthic amphipod(Table 33). The toxicity tests with the first two marine organisms are water column tests; the last two are solidphase tests. The tests are performed according to standard toxicity test protocols (McKee et al. 1995). Acceptancecriteria vary from 20 mg/kg to 1000 mg/kg or mg/L for the different tests.
 Table 33. Toxicity test requirements for SBFs in North Sea countries. From Norwegian Oil IndustryAssociation (1996).
 Taxon Species Lowest Acceptable EC50/LC50
 Microscopic Alga Skeletonema costatum EC50>1000 mg/L
 Copepod Acartia tonsa LC50>2000 mg/L
 Bivalve Mollusk Abra alba EC50>20 mg/kg
 Amphipod Corophium volutator LC50>1000 mg/kg
 EC50 The concentration producing a defined sublethal effect in 50 percent of the exposed population.LD50 The concentration producing 50 percent mortality in the exposed population.
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 5.2 Water Column Tests
 In the water column toxicity test used in the U.S., mysids are exposed to several dilutions of the SPP of a WBF(EPA, 1999). The SPP is prepared by mixing one part drilling fluid with nine parts seawater and allowing the phasesto separate for a short period of time. The aqueous phase is collected for use in the bioassay. Mysids (Americamysis(Mysidopsis) bahia) are considered among the most sensitive marine animals to a wide variety of chemicalcontaminants (Suter and Rosen 1988). They are widely used for effluent testing in the U.S. The median lethalconcentration at 96 hours (96h LC50) of the SPP of different SBFs to mysids ranges from about 200,000 mg/L to1,000,000 mg/L SPP (Table 34).
 Table 34. The 96-hour median lethal concentration (LC50) of the suspended particulate phase (SPP)of several SBFs to mysids (Americamysis (Mysidopsis) bahia). A LC50 for a low toxicity oilbased mud is included for comparison. Toxicity concentrations are mg/L (ppm) SPP.
 SBF Base Fluid LC50 (mg/L) Reference
 Ester 1,000,000 Baroid Drilling Fluids (unpublished)
 Linear-α-Olefin 794,450 McKee et al. 1995
 Internal Olefin 56,500 � 1,000,000 Baker Hughes-INTEQ (unpublished),MI Drilling Fluids (unpublished)
 Poly-α-Olefin 209,316 � 1,000,000 MI Drilling Fluids (unpublished),Friedheim et al. 1991
 Low Toxicity Oil Based Mud 13,200 Friedheim et al. 1991
 Because the SPP represents a one to nine dilution of the drilling fluid, SPP toxicity values should be divided by 10to obtain a toxicity value for the whole-mud dissolved/suspended particulate fraction. All the SBFs tested passedthe mysid acute toxicity test. The low toxicity oil based mud did not pass the test. The acceptance criterion isLC50>30,000 mg/L SPP.
 Several SBF base chemicals or chemical precursors also have been tested in the mysid SPP water column test (Table35). In most cases, the toxicity of SBF base chemicals and precursors decreases (LC50 increases) as molecularweight of the chemical increases. This undoubtedly is because as molecular weight increases, the aqueous solubilityand bioavailability of most organic chemicals decreases. Most of the SBF base fluids or precursors pass the SPPtoxicity criterion of 30,000 mg/L. Low molecular weight olefins (e.g., polypropene (MW 170) and C14 � C16 IO inTable 35) do not pass. However, when these base fluids are combined with other ingredients into an SBF, the SBFitself passes (Table 34).
 Of the major SBF precursors, low molecular weight alcohols are the most toxic to mysids. During drilling, a smallamount of the esters in an ester SBF may hydrolyze, releasing free alcohols and fatty acids. During cuttingsdischarge, if low molecular weight alcohols are present in the associated SBF, they could partition into the water asthe SBF cuttings settle through the water column. However, duration of exposure of water column organisms topotentially toxic concentrations of alcohols is not likely to be great enough to elicit toxic responses.
 Growth rate of estuarine minnows Fundulus grandis was not affected by exposure for 30 days to a suspension of1 percent, 5 percent and 8.4 percent PAO on cuttings in a flow-through toxicity test system (Jones et al. 1991). A
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 low aromatic mineral oil base mixture on cuttings also did not adversely affect growth of the fish. Chronic exposureto synthetic-wet and oil-wet cuttings suspensions did not harm this marine fish.
 Table 35. Acute toxicity to mysids Americamysis (Mysidopsis) bahia of the SPP of several SBF basechemicals or chemical intermediates. Median lethal concentrations are mg/L SPP. FromPatel (1998).
 SBF Base Chemical Type Chemical 96h LC50 (mg/L)
 Poly-α-Olefin Polypropene (MW 170) 10,800
 Polypropene (MW 198) 30,000
 Decene Dimer (MW 290) 574,330
 Polypropene (MW 310) 914,650
 Polybutene (MW 320) >1,000,000
 Polypropene (MW 400) >1,000,000
 Internal Olefin C14 � C16 IO <30,000
 C15 � C18 IO 119,658
 C16 � C18 IO 321,000
 Ether Dibutyl Ether >10,000
 Dihexyl Ether 61,659
 Dioctyl Ether 156,880
 Esters Methyl Laurate <10,000
 Isopropyl Palmitate 271,701
 Isopropyl Oleate 52,319
 C10 � C14 Alcohols <10,000
 C16 Alcohol 30,158
 Suspensions of SBF base chemicals or unused mud also are not very toxic to the water column organisms used fortoxicity testing in the North Sea countries (Table 36). The exposure medium for these tests is prepared by mixingthe SBF base chemical or unused mud with seawater for 16 hours and allowing the phases to separate for 4 hours.The test medium contains dissolved and finely dispersed components of the SBF base chemical or mud. BecauseSBFs and mud systems prepared with them have low aqueous solubilities, these water column preparations are nottoxic to marine plants and animals. Acutely toxic concentrations range from 2,000 mg/L to greater than100,000 mg/L, compared to acceptance criteria of 1,000 to 2,000 mg/L (Table 33). The alga is more sensitive to theSBF base chemicals than to the whole unused muds; the copepod is insensitive to both. This is not always the case.The acute toxicities of a C16/C18 IO base fluid and a complete IO SBF to the alga Isochrysis sp. are 16,700 mg/Land 11,500 mg/L, respectively (McIlroy 1998). The acute toxicity of the two IO preparations to the tropical shrimpPenaeus monodon is >79,000 mg/L and 9100 mg/L, respectively.
 Unused laboratory-formulated drilling fluids often are used in aquatic toxicity tests. These muds often have adifferent acute toxicity than used drilling fluids and cuttings of the same generic type (Neff et al. 1987). Friedheimand Pantermuehl (1993) reported that a laboratory PAO SBF was more toxic than a field PAO SBF to three speciesof marine organisms in water column tests performed according to Norwegian protocols (Table 37). The laboratorymud was a 10 pound/gallon 75/25 PAO/water mud; the used field mud was a 15.5 pound/gallon 80/20 PAO/watermud from a North Sea well. Although the laboratory mud was much more toxic than the field mud, both PAO SBFs

Page 60
                        

48
 passed the acceptance criteria for the different bioassays. Thus, toxicity tests with SBF base chemicals and freshlyprepared, unused SBFs may substantially overestimate the toxicity of the whole used SBF cuttings discharged to theocean.
 Table 36. Acute toxicity of unused SBFs and SBF base chemicals to the microalga Skeletonema costatumand the copepod Acartia tonsa in water column toxicity tests performed according to NorthSea protocols. Endpoints are the concentration causing 50% reduction in growth rate (celldivision) in the microalga and 50% mortality in the copepod. Concentrations are mg/L.From Vik et al. (1996a).
 SBF Fraction Skeletonema Acartia
 Ester Unused Mud 34,000 � 145,600 >50,000
 Base Chemical 60,000 50,000
 Acetal Unused Mud >300,000 >50,000
 Base Chemical >100,000 >100,000
 Poly-α-Olefin Unused Mud 82,400 >50,000
 Base Chemical 3,900 >50,000
 Internal Olefin Base Chemical 2,050 >10,000
 Linear-α-Olefin Unused Mud >10,000 >10,000
 Table 37. Acute Toxicity of an unused laboratory PAO SBF and a used field PAO SBF to threespecies of marine organisms. Exposure media represent the dissolved/finely dispersed fraction ofthe muds. Acceptability criteria are included for comparison. LC50/EC50 is in mg/L. FromFriedheim and Pantermuehl (1993).
 Species Mud Toxicity (EC50/LC50) Acceptability Limit (EC50/LC50)
 Alga Skeletonema costatum Lab 2,100.0 ≥ 1000
 Field 50,300.0 ≥ 1000
 Barnacle Balanus improvisus Lab >69,000.0 ≥ 1000
 Field 240,000.0 ≥ 1000
 Mussel Mytilus edulis Lab 5.0 ≥ 1.0
 Field 14.6 ≥ 1.0
 5.3 Solid Phase Toxicity Tests
 Solid phase toxicity tests measure the toxicity of chemicals or solid mixtures to sediment-dwelling marine animals.Because SBF cuttings usually do not disperse in the water column following discharge, but instead settle quicklythrough the water column and to the sea bottom, solid phase tests are better than water column tests for predictingthe biological impacts of SBF cuttings discharges to the ocean. Most marine solid phase tests use amphipodcrustaceans that live in and sift through or ingest sediments for food, or bivalve mollusks that live in sediments andeither ingest sediment or filter food from the sediment/water interface. The standard marine amphipod solid phasetoxicity test (ASTM E1367-92) has been modified to evaluate the acute toxicity of SBFs to benthic amphipods andto discriminate between the toxicity of OBFs and SBFs (Still and Candler 1997; Rabke et al. 1998; Rabke andCandler 1998, 1999). Various modifications of the protocols produced average LC50s for IO C16/C18 SBF basechemical added to formulated sediment ranging from 407 mg/kg dry wt to 2944 mg/kg.
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 In the test protocol currently being evaluated by EPA, the SBF base chemical is mixed at five concentrations intoformulated sediments. Concentrations are mg of base chemical per kg of dry sediment. Test SBF basechemical/sediment mixtures are added to exposure chambers with seawater. Amphipods Leptocheirus plumulosusare added to each chamber and the exposure is continued for 96 hours, at which time the number of survivors ineach chamber is counted. The mean LC50 for IO C16/C18 SBF base chemical in sediment using this protocol was3480 mg/kg (CV 36%). The mean LC50 of a diesel fuel run concurrently was 534 mg/kg (CV 19%). Candler et al.(1997) obtained similar results in 10-day sediment bioassays with the amphipods Ampelisca abdida and Corophiumvolutator (Table 38). The two SBF base chemicals evaluated, IO and PAO, were less toxic than the enhancedmineral oil and diesel fuel formerly used as OBF base chemicals.
 The amphipod Corophium volutator and the bivalve mollusk Abra alba are used in many North Sea countries toevaluate the toxicity of SBF base chemicals and unused drilling muds to sediment-reworking benthic marineanimals. The acute toxicities of the base chemicals and whole, unused muds usually are similar and LC50s usuallyare higher than the acceptability criteria (Table 39). The SBFs are less toxic than OBFs in sediment bioassays.
 Table 38. Mean LC50s of oils and SBF base chemicals in sediments for the marine amphipodsAmpelisca abdida and Corophium volutator in standard 10-day sediment toxicity tests (ASTME1367-92). LC50 and 95% CI concentrations are mg/kg dry wt. From Candler et al. (1997).
 Drilling Mud Base Chemical Mean LC50 (95% Confidence Interval)
 Ampelisca abdida Corophium volutator
 Enhanced Mineral Oil 557 (493 � 630) 7,146 (5,708 � 8,945)
 Diesel Fuel 879 (695 � 1112) 840 (690 � 1,008)
 Internal Olefin 3,121 (2,503 � 3,893) >30,000 (ND)
 Poly-α-Olefin 10,680 (7,665 � 18,599) >30,000 (ND)
 ND Not determined.
 Table 39. Acute toxicity as LC50 of SBF base chemicals and whole fresh (unused) SBFs to theamphipod Corophium volutator and the bivalve mollusk Abra alba, based on sedimenttoxicity tests performed according to North Sea protocols. LC50 concentrations are mg/kgdry wt. Acceptability criteria are >1000 for Corophium and >20 mg/kg for Abra (Table 33).
 SBF Corophium volutator Abra alba Reference
 Ester Base Chem. NA >100,000 Vik et al. 1996a
 Acetal Mud NA ~1,500 Vik et al., 1996a
 Acetal Base Chem. NA 549 Vik et al., 1996a
 PAO Mud >10,000 7,000 Vik et al., 1996a
 PAO Mud >10,000 572 Friedheim & Conn 1996
 PAO Base Chem. NA 7,900 Vik et al. 1996a
 IO Mud 7,131 303 Friedheim & Conn 1996
 IO Base Chem. 7,100 300 Vik et al. 1996a
 LAO Mud 1,021 NA Vik et al. 1996a
 LAO Mud 1,268 277 Friedheim & Conn 1996
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 SBFs and SBF ingredients exhibit a low overall acute toxicity in water column and solid phase tests with a variety ofmarine plants and animals. LC50s nearly always are higher (less toxic) than acceptability criteria. However, acutelytoxic concentrations of many SBFs in solid phase tests are lower than concentrations of SBF base chemicalsmeasured in surface sediments near (within about 100 m) of offshore platforms discharging SBF cuttings. Therefore,it is uncertain if SBF cuttings are eliciting direct toxic responses in benthic marine animals near SBF cuttingsdischarges.
 Solid phase toxicity tests have not been performed to date with authentic SBF cuttings from a platform or with SBF-contaminated sediments collected from the sea floor near a discharging platform. As part of a recent jointEPA/Industry screening survey of SBF cuttings deposition in offshore waters of the Gulf of Mexico, benthicamphipods (Leptocheirus plumulosus and Ampelisca abdida) were exposed to sediments collected near platformsdischarging SBFs (Continental Shelf Associates, 1998). Survival among the amphipods ranged from 62 to 98percent and was comparable to survival among amphipods exposed to reference sediments.
 Although the sediments collected for toxicity testing contained 0.67 to 0.91 percent total organic carbon, nonecontained measurable concentrations of total petroleum hydrocarbons (used to estimate concentrations of SBF basechemicals). Some of the sediments were anoxic and this may have contributed to the slightly less than controlsurvival in a few sediment samples. Field studies (discussed below) seem to indicate that much of the harmfuleffects of high concentrations of SBF cuttings in sediments is caused by nutrient enrichment and resulting oxygendepletion in the contaminated sediments rather than by direct toxicity of the SBF base chemicals themselves.
 5.4 Bioavailability of SBF Base Chemicals
 A concern about SBF base chemicals, particularly in North Sea countries is that they may bioaccumulate in tissuesof marine organisms, possibly tainting demersal marine animals of commercial value (Rushing et al. 1991; Vik etal., 1996a). Demersal fish are able to bioaccumulate petroleum hydrocarbons from OBF cuttings (Payne et al. 1989;Stagg and McIntosh 1996).
 A chemical may bioaccumulate in the tissues of marine organisms if the organisms are exposed to bioavailableforms of the chemical in the ambient water, sediment, or food. A chemical is bioavailable if it is in a form that canmove through or bind to the surface coating (e.g., skin, gill epithelium, gut lining, cell membrane) of an organism(Newman and Jagoe 1994). Bioavailability of nonpolar (un-ionizable) organic chemicals, such as SBF basechemicals, to marine organisms depends on the physical and chemical forms of the compounds. Organic chemicalsin true solution in sea water usually are much more bioavailable than organic chemicals that are present incomplexed, adsorbed, or solid forms. SBF base chemicals in discharged SBF cuttings are present in the marineenvironment in true solution, complexed with dissolved or particulate organic matter, adsorbed to the surface ofcuttings and sediment particles, occluded within �oil-wet� particles, and possibly in the tissues of marine organismsin contact with the SBF cuttings. The SBF base chemicals in the different phases are exchangeable but, at any givenmoment, only a small fraction of the total SBF base chemicals (depending on aqueous solubility) is in solution insediment pore water or the overlying water column.
 Nonpolar organic chemicals, such as SBF base chemicals, usually have a low aqueous solubility and a highsolubility in the lipids of plants and animals. They are classed as hydrophobic or lipophilic compounds. The rateand extent of bioaccumulation of hydrophobic compounds by marine organisms depends on the relative affinitiesof the chemical for the ambient water phase and the tissue lipid phase. The relative affinities are approximated bythe octanol/water partition coefficient (Kow) for the chemical. Kow is used as a surrogate for lipid/water partitioncoefficient because solubility of many nonpolar organic compounds in octanol and biological lipids is similar andthere are published values for Kow for a large number of nonpolar organic chemicals of environmental concern(Chiou et al., 1982; Connell, 1993). At equilibrium, the rates of absorption into and desorption from the lipid phaseof the plant or animal are equal. Because of the relationship between log Kow and bioconcentration, it is possible topredict the equilibrium bioconcentration factor (BCF: concentration in tissues/concentration in solution in ambientwater) for a particular nonpolar organic compound from its Kow.
 Many linear regressions between log Kow and log BCF have been performed with different numbers and classes ofnonpolar organic chemicals spanning different ranges of log Kow (Isnard and Lambert 1988; Schüürmann and Klein
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 1988; Nishihara et al. 1993). Hydrophobic chemicals with a log Kow less than about 3 to 3.5 may bioaccumulaterapidly but not to high concentrations in tissues of marine organisms, particularly if they are readily biodegradable(ECETOC, 1996). Hydrophobic chemicals with a log Kow greater than about 6.5 to 7 do not bioaccumulateeffectively from the water, because their solubility in both the water and lipid phases is very low (Chessels et al.1993). Large hydrophobic molecules with a linear chain length of more than about 4.3 nm, an effective cross-section of about 1.0 nm, or a molecular weight greater than about 600 daltons may not be able to permeatebiological membranes and so are not bioavailable (Opperhuizen 1986; Connell 1993).
 Log Kow values for several SBF base chemicals have been measured or estimated in order to predict theirbioavailability to marine organisms (Table 40). Esters are moderately soluble and have a low log Kow. Theyprobably are bioavailable; however, they are readily biodegradable and probably do not bioaccumulate tobiologically significant concentrations in tissues of marine animals. The liver and gut enzymes involved in fatmetabolism in marine animals can hydrolyze ester bonds and convert the resulting alcohols and fatty acids to lowmolecular weight organic nutrients. Food chain transfer is significant only for hydrophobic chemicals with log Kowsgreater than about 5 (Thomann 1989). Therefore, esters are not readily bioaccumulated from food and will notbiomagnify in marine food chains.
 Table 40. Measured or estimated values for log octanol/water partition coefficient (log Kow) ofseveral SBF base chemicals.
 SBF Base Chemical Log Kow Reference
 Ester 1.69 Growcock et al. 1994
 Acetal 11.8 Vik et al. 1996a
 Linear-α-Olefin >6.43 McKee et al. 1995
 Internal Olefin 8.57 Zevallos et al. 1996
 Internal Olefin >9.0 ERT Ltd, 1994a
 Poly-α-Olefin 11.2 � 13.7 Vik et al. 1996a
 Poly-α-Olefin >10.0 Leuterman 1991
 Poly-α-Olefin 15.4 Friedheim et al. 1991
 Poly-α-Olefin 14.9 � 15.7 Schaanning, 1996
 Poly-α-Olefin 11.2 Zevallos et al. 1996
 Olefins and paraffins of the sizes found in SBF base chemicals are relatively large linear chains that do notpermeate membranes efficiently. They have high log Kows, mostly higher than 9 (Table 40), indicating extremelylow aqueous solubility and low potential to bioaccumulate. There is an inverse relationship between log Kow andaqueous solubility. For example, octadecane (C18 n-paraffin) has a log Kow of 9.32 and an aqueous solubility of4x10-7 mg/L. Bioaccumulation of highly hydrophobic chemicals, such as SBF olefins, occurs very slowly, if at all.Equilibration in marine animals may require more than a year of continuous exposure (Hawker and Connell 1985,1986). This is longer than the life span of most benthic organisms. Olefins, which are readily biodegraded byaerobic microorganisms, probably are readily metabolized in the tissues of marine animals. As a result, acetate isproduced, which is an important organic nutrient for all tissues. Therefore, it is unlikely that bioaccumulation ofSBF base chemicals represents an environmentally important risk to marine organisms in the vicinity of offshoreSBF cuttings discharges.
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 There have been a few laboratory investigations of bioaccumulation of SBF base chemicals by marine organisms.Rushing et al. (1991) exposed estuarine mud minnows Fundulus grandis to substrates of cuttings containing 1.0,5.0 and 8.4 percent of a laboratory-prepared PAO SBF in a flow through seawater bioassay system. The SBF wasan 11.0 pound/gallon mud with a PAO/water ratio of 70/30. At several times up to 30 days, fish were sampled andanalyzed for PAO in the gut and whole tissues. No PAO was detected in tissues of the fish. One fish contained asmall amount of PAO in its gut, indicating that the fish had ingested some SBF cuttings. In a parallel experimentperformed with low-aromatic mineral oil cuttings, the fish did bioaccumulate a small amount of petroleumhydrocarbons in their tissues.
 Marine mussels Mytilus spp. have been used extensively to monitor bioavailable chemicals in coastal estuarine andmarine waters, including chemicals discharged from offshore oil and gas platforms (Goldberg et al. 1978; Johnsenet al. 1998). They filter large volumes of water, bioaccumulating chemicals from it. They have only a limited abilityto metabolize and excrete accumulated organic chemicals and so tend to bioaccumulate them to high concentrationsin soft tissues. Mussels were used by ERT (1994b) and McKee et al. (1995) to measure the bioavailability of an IOand a LAO SBF base chemical, respectively.
 In both studies, the bivalves were exposed to �saturated solutions� of the base chemicals in seawater. It is probablethat the exposure water contained dispersed droplets of the base chemicals. In both studies, the bivalves rapidlyaccumulated the SBF chemical in soft tissues. When returned to clean seawater, the mussels equally rapidlyreleased the accumulated chemicals from their tissues. Lipid normalized BCFs (concentration per unit weight oftissue lipid/concentration in exposure water) were estimated for both base chemicals. Lipid-normalized log BCFsfor the C16 and C18 IO base chemicals were 5.37 and 5.38, respectively. The log BCF for the LAO was 4.84.
 Similar results were obtained for acetal, PAO, and hydrogenated paraffin oil (Vik et al. 1996a). BCFs usually areexpressed on a wet tissue weight/water volume basis. If the BCF is expressed on this basis, it is apparent that thebioaccumulation of these highly hydrophobic chemicals is much less than predicted by published regressionrelationships between log Kow and log BCF. The rapid uptake and release of these chemicals by the musselssuggests that the mussels actually were filtering and retaining droplets (or particles) of SBF base chemical in theirgills and digestive tracts. The SBF base chemicals were not assimilated into the tissues of the mussels and werereleased back to the water when the mussels were returned to clean water.
 Schaanning et al. (1996) added marine polychaete worms Hedeste (Neries) diversicolor to NIVA simulated seabedsediment chambers containing sediments contaminated with two ester, one internal olefin, one linear alpha olefin,or a mineral oil base chemical. After about 160 days, no worms survived in one ester treatment, having succumbedto low oxygen concentrations. In the other ester treatment, the worms contained high concentrations of esters intheir tissues. The tissue esters were different from those in the base chemical formulation and resembled those inthe tissues of worms from control chambers. They probably were natural fatty acid esters. Thus, there was nobioaccumulation of ester SBF base chemicals by the worms.
 At the end of the six-month exposure period, worms exposed to sediments containing IO SBF base chemical,contained 2.37 to 49.5 mg/kg wet wt IO in their tissues. Worms exposed to the LAO contaminated sedimentscontained 3.56 to 7.77 mg/kg LAOs. However, a comparison of the SBF/barium ratio in exposure sediments andwhole worm tissues revealed that all or most of the SBF was not assimilated into the worm tissues. It probably wasin the digestive tract of the worms. It is possible that a small amount of SBF was bioaccumulated by the wormsduring six months exposure to contaminated sediments. These studies show that SBF base chemicals have a verylow bioavailability to marine organisms. There is little or no risk that these chemicals will bioaccumulate topotentially harmful concentrations in tissues of benthic animals or be transferred through marine food chains toimportant fishery species.
 6.0 BIOLOGICAL IMPACTS OF SBF CUTTINGS DISCHARGES
 This information on the physical/chemical properties of SBF base chemicals and whole muds, their fates in theocean, biodegradation rates, toxicities, and potential for bioaccumulation provides a good initial basis for predictingtheir effects on marine organisms and ecosystems following SBF cuttings discharges to the ocean. However, fieldstudies are essential to validate predictions from laboratory studies (Limia 1996; Norman 1997). Field studies often
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 are required in the North Sea to document the environmental fates and effects of cuttings discharges. Most fieldstudies are designed to provide the information needed to monitor the fate and persistence of SBF cuttings on thesea floor. Relatively few studies also have documented the effects of and recovery from SBF cuttingsaccumulations in the bottom on biological communities living on or in bottom sediments.
 For example, all of the 19 field studies performed in offshore oil fields in the Norwegian Sector of the North Sea in1994 included monitoring of physical and chemical characteristics of bottom sediments, but sediment macrofaunawere monitored in only eight of the field studies (Bakke et al. 1996). Field studies on the fates and persistence ofSBF cuttings in the marine environment were reviewed above. Biological effects field studies are reviewed below.
 6.1 North Sea
 The most comprehensive field survey published to date on the biological impacts of SBF cuttings discharges wasundertaken for a well drilled with an ester based mud in the Dutch sector of the North Sea (Daan et al. 1996; Limia1996). Water depth at the drilling location was approximately 30 m, with spring tidal current speeds ofapproximately 0.6 m/s. The drilling program for the well produced a discharge of 248.7 metric tons of WBF and477.2 tons of ester SBF (containing 180.5 tons of esters). The esters in the SBF included 2-ethylhexanol esters ofoctanoic, decanoic, dodecanoic, tetradecanoic, and hexadecanoic acids.
 Sampling included a baseline survey and post-drilling sampling 1, 4, and 11 months after completion of drilling.Sediments were collected along transects at distances of 75, 125, 200, 500, 1,000 and 3,000 m primarily downcurrent from the discharge point.
 Two zones of physical and biological impacts were identified: within 200 m of the discharge and greater than 200 mfrom the discharge. At the time of the first two post-drilling surveys, ester concentrations in sediments out to 200 mfrom the rig were highly variable, suggesting a patchy distribution of cuttings on the sea floor. Concentrations inindividual replicates ranged from 1.7 to nearly 4,700 mg/kg dry wt total esters. Ester concentrations in sedimentscollected at distances greater than 200 m from the rig were at or near background. By the time of the third post-drilling survey 11 months after completion of drilling, ester concentrations in sediments from stations within 200 mof the rig had dropped to the range of 1.6 to 84.2 mg/kg. The estimated half-life of esters in the nearfield sedimentswas 133 days, with a 95 percent decrease in concentration requiring an estimated 580 days. The loss of esters fromsediments was due to a combination of biodegradation by sediment bacteria and redistribution and dilution ofsurficial sediments.
 At the time of the baseline survey, sediments out to about 200 m from the drilling site were composed of fine sandand silt. At greater distances, the sediments gradually changed to coarse sand. The dominant benthic animal insediments within 200 m of the drilling site was the echinoderm Echinocardium cordatum. Between 20 and 23different species of benthic fauna were recorded at each station. Distribution of different species was related tosediment grain size.
 Biological results of the first post-drilling survey were not reported. At the time of the second post-drilling survey,sediments within 75 m of the rig site were anaerobic and smelled of hydrogen sulfide. Living E. cordatum, thedominant species in the pre-drilling survey, were completely absent from sediment samples collected within 500 mof the rig site. They were present at the 3,000 m station. The total abundance of benthic fauna was low at stationswithin 200 m of the rig site, and increased with distance farther away. Abundance of the opportunistic polychaeteworm Capitella capitata was high at stations 75 and 125 m from the well site; they were absent from stations morethan 200 m away. No effects on species richness were observed at stations between 500 and 3,000 m from the rig.
 At the time of the third post-drilling survey, 11 months after drilling, surficial sediments out to 200 m from the rigsite still were more or less anaerobic. Abundance of individuals and species still was low at the 75-m stations, buthad risen to levels higher than in the pre-drilling survey at greater distances from the discharges. Although effectsstill were evident one year after drilling, there was definite evidence of ecosystem recovery, particularly at stationsmore than 75 m from the discharge.
 Similar observations were made near a well drilled with an ester SBF in the Norwegian Sector of the North Sea(Smith and Moore 1990; Cranmer and Sande 1991; Gjøs et al. 1991; Smith and May 1991; Smith and Hobbs 1993).
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 The areal extent of ester accumulation and biological effects was less than in the Dutch Sector, probably because ofgreater water depth (67 m) and faster currents (Table 41). Immediately after drilling, there was a severely affectedzone of sediments within 100 m of the well site. Ester concentrations in sediments were in the range of 360 to85,300 mg/kg; metals concentrations also were elevated. The benthic fauna were severely impoverished. Only 16individuals of four taxa were found in the sediments containing 85,300 mg/kg ester. The impoverished fauna at the50 and 100-m stations were dominated by the opportunist polychaete Capitella capitata. Between 100 and 200 mfrom the well site, benthic conditions improved and there was no evidence of biological effects at distances of 200 mor greater.
 One year after drilling, the zone of chemical and biological disturbance within 100 m of the well site haddisappeared from most of the area, indicating recovery of the local benthic ecosystem (Table 41). However, somecuttings still were present in isolated patches on the sea floor. Two of the five replicate sediment samples collected500 m SW of the well site contained cuttings and had an odor of esters; the other three samples showed no evidenceof cuttings contamination. These samples contained a large number of animals, dominated by a few opportunisticspecies.
 The initial effects of ester SBF cuttings discharges at the two sites were similar to those observed for OBF cuttingsdischarges from other platforms (Olsgard and Gray 1995). The initial effects in both cases were attributed primarilyto sediment anoxia caused by biodegradation of organic matter (esters or oil) in the cuttings and to clogging ofsediment pore spaces with organic residues. The organic enrichment and resulting sediment anoxia had the effect ofeliminating anoxia/H2S-sensitive species, allowing colonization by large numbers of tolerant, opportunistic species(Pearson and Rosenberg 1978). Recovery began when sediment organic matter was depleted and redox potentialincreased. Recovery of the benthos from ester SBF cuttings discharge was much more rapid than that followingOBF discharges, because of the rapid aerobic and anaerobic biodegradation of the esters.
 Table 41. Ester concentrations and benthic community characteristics near the Ula Well 7/12-9 inthe Norwegian Sector of the North Sea. From Gjøs et al. (1991).
 Location (m) Mean Ester Conc.(mg/kg)
 No. Taxa No. Individuals Shanon-WeinerDiversity
 1990, Two Days After Drilling
 50 SW 85,300 4 16 1.50
 100 SW 46,400 7 167 0.96
 200 SW 208 52 290 4.52
 500 SW 0.98 50 308 4.53
 800 SW 0.42 57 284 4.72
 1200 SW 0.38 56 308 4.54
 2500 SW 0.26 51 316 4.64
 5000 SW 0.30 56 336 4.50
 100 SE 360 35 234 3.39
 200 SE 97 52 290 4.66
 500 SE 2.44 51 255 4.75
 1200 SE 0.25 47 224 4.58
 Ref A --- 56 385 4.59
 Ref. B --- 53 368 4.33
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 Table 41. Ester concentrations and benthic community characteristics near the Ula Well 7/12-9 in theNorwegian Sector of the North Sea. (continued)
 Location (m) Mean Ester Conc.(mg/kg)
 No. Taxa No. Individuals Shanon-WeinerDiversity
 1991, One Year After Drilling
 50 SW 0.21 51 379 4.30
 100 SW 0.22 44 370 4.24
 200 SW 1.34 38 212 4.31
 500 SW 0.43 43 625 2.61
 800 SW 0.18 49 365 4.36
 1200 SW 0.31 53 322 4.71
 2500 SW 0.39 45 230 4.54
 5000 SW 0.36 52 334 4.49
 100 SE 11.68 52 408 4.41
 200 SE 0.34 57 395 4.37
 500 SE 5.28 52 367 3.98
 1200 SE 0.18 41 259 4.28
 Ref A 0.25 48 340 4.18
 Ref. B --- 58 329 4.73
 In 1994, 19 monitoring surveys were performed near platforms discharging SBF to offshore waters of theNorwegian Sector of the North Sea (Bakke et al. 1996). Eight of these surveys included observations of benthiccommunities near platforms. A total of 115 metric tons of an unidentified SBF (probably ester) was dischargedfrom the Frøy platform in 1994, shortly before the survey. Low concentrations of SBF base chemical could bedetected in sediments out to 2 km of the well site. The benthic fauna appeared normal, and there was no evidence ofdisturbance from the drilling and discharge activities.
 A total of 1950 metric tons of barite and 46 m3 of ester SBF were discharged from the Yme Gamma Platformshortly before the field survey (Bakke et al. 1996). Ester was detected in sediments from the four stations closest tothe discharge and in two stations down-current to a distance of 500 m from the platform. Concentrations were low.Elevated concentrations of barium, but not other metals, were detected at most stations. The benthic fauna washighly diverse throughout the field; there were minor effects of the discharges to a distance of 500 m from theplatform.
 Fifteen wells were drilled with WBF at the Troll East platform (Bakke et al., 1996). No OBF or SBF dischargeswere reported. The benthic fauna in sediments near the platform had a high diversity, and there were no signs ofeffects of the WBF discharges. Minimal or no benthic biological effects of WBF and WBF cuttings discharges havebeen documented in the North Sea, Gulf of Mexico, northwestern Atlantic, and California (Ferbrache 1983;National Research Council 1983; Neff 1987; Neff et al. 1989a; Daan and Mulder 1993; Hyland et al. 1994).
 A total of 8331 metric tons of WBF and 544 tons of ether SBF were discharged from the Bragge Platform prior tothe 1994 field survey (Bakke et al. 1996). Elevated concentrations of SBF base chemical were detected in sedimentsup to 2 km down current from the platform. Barium concentrations had increased gradually in the sediments of thearea since 1992. The benthic community near the platform had a reduced diversity. Effects of the drilling fluidaccumulations on the benthos were detected to 1 km down current of the discharge and to a maximum of 250 m inother directions.
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 No information was available on the types or quantities of SBF drilling muds discharged from Sleipner West in1994 (Bakke et al. 1996). Concentrations of hydrocarbons and metals in sediments near the platform were low. Thebenthic fauna had a high diversity, and there was no evidence of an effect on the benthos of drilling activities.
 A total of 4,456 metric tons of drilling chemicals, containing 3,025 tons of barite and 55 tons of a PAO SBF wasdischarged from the Tordis Platform in 1994 (Bakke et al. 1996). Elevated barium concentrations were distributeduniformly in sediments around the platform. Concentrations of SBF base chemical in sediments were low, but couldbe detected to 2 km from the platform. There was a gradient of benthic community structure in sediments across thefield that was not there at the time of the baseline survey. Benthic faunal disturbance was detected at three stationsout to 500 m from the platform.
 Three of the monitoring programs around platforms discharging SBF cuttings to offshore waters of the UK Sectorof the North Sea included measurement of the number of taxa and number of species of benthic fauna at somestations (data provided by the UKOOA with permission of the offshore operators). As discussed above, SBF basechemicals, and presumably the cuttings to which they were adsorbed, were distributed in a very patchy pattern insediments near the platforms. There were no clear gradients of SBF with distance from the platforms. Therefore,SBF concentrations in sediment were compared to biological parameters in this review, without consideration ofdistance from the discharge, in an attempt to identify possible biological effects of the SBF accumulations.
 Ester concentrations up to 4020 mg/kg were detected in sediments that were monitored for benthic fauna near aplatform shortly after drilling with ester SBF (Figure 9). Numbers of individuals of benthic fauna were notcorrelated with sediment ester concentrations. In fact, highest abundances of benthic fauna were in sediments withthe highest ester concentrations. However, the sediments with the highest concentrations of esters and largestnumbers of benthic animals had the fewest taxa, indicating that the surviving fauna of ester-contaminated sedimentsconsisted of a few opportunistic species. A year after drilling, the pattern had not changed, although the maximumconcentration of ester in sediment had declined to 543 mg/kg (Figure 10). The two most heavily contaminatedsediments had the lowest numbers of taxa, but some of the largest numbers of individuals. In both surveys, the mostheavily contaminated sediments were from 0 to 50 m from the well site.
 Benthic faunal surveys were performed shortly after completion of drilling with linear paraffin SBFs on twoplatforms in the UK Sector of the North Sea. At the first platform, the number of individuals of benthic fauna insediments declined with increasing linear paraffin concentrations in sediments (Figure 11). A total of 64 individualsrepresenting 27 taxa were present per 0.2 m2 in sediments containing 1603 mg/kg linear paraffin, compared to 686individuals, representing 83 taxa, in a sediment sample containing 10 mg/kg linear paraffin. All the sediments,except those containing the highest linear paraffin concentration, contained an abundant, diverse benthic fauna.There was no evidence of the organic enrichment effect in the benthic community. The limited data from thissurvey suggest that biological effects in an abundant, diverse benthic community may occur where theconcentration of linear paraffin in sediment does not exceed about 500 mg/kg. The benthic fauna were much lessabundant and diverse in sediments at the second linear paraffin SBF cuttings discharge site (Figure 12).
 The biological response was intermediate between that at the other linear paraffin discharge site and at the esterdischarge site. The number of individuals was highest in sediments from three of the four stations with the highestlinear paraffin concentrations (102 to 202 individuals/0.2 m2); at the fourth station, both number of individuals andnumber of taxa were low.
 The number of taxa varied from 6 to 14 in the 4 heavily contaminated sediments, compared to 10 to 20 taxa insediments containing less than 100 mg/kg linear paraffin. The most heavily contaminated sediments may beshowing the organic enrichment effect, larger numbers of individuals dominated by a few opportunistic species.The naturally low biological diversity of the benthic fauna at the site may have obscured effects of the drillingdischarges, or the resident community, possibly already adapted to environmental stress, may have been lesssensitive than the community at the other linear paraffin SBF cuttings site to SBF cuttings.
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 Figure 9. Relationship between concentration of ester SBF in sediments and numbers of taxaand individuals of benthic fauna in sediments near a platform in the North Sea shortlyafter drilling.
 Figure 10. Relationship between concentration of ester SBF in sediments and numbers of taxaand individuals of benthic fauna in sediments near a platform in the North Sea 1 yearafter drilling.
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 Figure 11. Relationship between concentration of linear paraffin in sediments and numbers of taxaand individuals of benthic fauna per 0.2 m2 of sediment near a platform in the North Sea.
 Figure 12. Relationship between concentration of linear paraffin SBF in sediments and numbers oftaxa and individuals of benthic fauna in 0.2 m2 of sediment near a platform in the North Sea.
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 6.2 Gulf of Mexico
 The physical and biological effects of SBF cuttings discharges were studied at a drilling site in 39 m of water in thenorthwestern Gulf of Mexico (Candler et al. 1995). WBF was used to drill the first 3,400 ft of the well. A PAO SBFwas used to drill from 3400 to 8050 ft. A total of 441 bbls of cuttings (approximately 200 metric tons) and 354 bblsof associated SBF were discharged. EPA (1999a) estimated that the discharge included 45 metric tons of PAO SBF.
 Three field surveys, 9 days, 8 months, and 24 months after completion of mud and cuttings discharges wereperformed at the site. Samples for benthic community analysis were collected only on the 24-month survey. Duringall three surveys, sediment samples were collected at 25, 50, 100, 200, and 2000 m along transects in the fourcompass directions from the well site.
 PAO in sediments was measured as total petroleum hydrocarbons (TPH) by infrared spectroscopy. The method issubject to interference from natural hydrocarbons and non-hydrocarbon chemicals and so provides a conservative(upper bound) estimate of PAO concentrations. Barium also was measured in sediments as a tracer of drilling mudaccumulation and distribution. TPH concentrations in sediments ranged from 24 to 134,428 mg/kg 9 days afterdrilling, and not detected to 25,747 mg/kg after 8 months (Table 15). TPH concentrations above 1000 mg/kg insediments extended to 200 m from the well site 9 days after drilling and to 50 m from the well site after 8 months.
 Two years after completion of drilling, sediment TPH concentrations ranged from not detectable to 19,110 mg/kg(Tables 15 and 42). Concentrations above 1000 mg/kg were in sediments 25 and 50 m south and west of the wellsite. After 2 years, only 7 percent of the SBF originally discharged was found within this 200 m radius, suggestingsubstantial degradation and dispersion in the two years after discharge.
 Sediment barium concentrations showed a similar concentration and distribution trend. Background (2000-mstations) barium concentrations in sediments were 500 to 800 mg/kg. Highest concentrations ranged from47,437 mg/kg nine days after drilling to 14,670 mg/kg after eight months, and 32,634 mg/kg after 24 months (Table42). The TPH and barium data show the patchy distribution of WBF and SBF in sediments around the well site. Theoverall trend was for concentrations of drilling mud ingredients in sediments to decrease with time after drilling.
 A total of 106 taxa of benthic invertebrates were identified in sediments near the drill site two years after completionof drilling. The benthic community was typical of those in shallow waters of the western Gulf of Mexico andincluded 42.5 percent polychaetes, 24.5 percent crustaceans, 19.8 percent mollusks, and 5 percent echinoderms. Thebenthic community apparently was unaffected by the drilling discharges (two years after drilling) at all stations eastand north of the well site and at stations more than 50 m south and west of the well site (Table 42). At three of thefour stations 25 and 50 m south and west of the well site, sediments contained 3,620 to 19,110 mg/kg TPH, 8415 to32,634 mg/kg barium, and had reduced numbers or taxa and individuals of benthic fauna. Sediments containingmore than about 3000 mg/kg TPH had depauperate benthic communities (Figure 13). Species diversity was lower insediments at these stations than at the other stations. Community evenness was about the same at all stations,indicating that effects on benthic fauna were evenly distributed among species of benthic fauna.
 In general, the results of this monitoring study were similar to those around SBF-discharging platforms in the NorthSea. Effects on benthic communities were restricted to a small area down current from the discharge. The benthoswere sampled only once in the Gulf of Mexico study, so it is not possible to determine if there was ecosystemrecovery taking place. However, the temporal patterns of PAO concentrations in sediments, suggest that ecologicalrecovery was likely.
 Impacts of SBF cuttings discharges on deep-water benthic ecosystems are largely unknown. The only study to datethat included some observations of bottom fauna near a deep-water discharge site was at the Pompano II platform in565 m of water. As discussed above, discharges from the rig included 7,700 bbls of WBF cuttings, 5,150 bbls ofSBF cuttings, and an estimated 7,695 bbls of a mixed 90% LAO/10% ester SBF. SBF concentrations reached amaximum in surficial sediments (0 � 2 cm) of 198,000 mg/kg 75 m northeast of the drilling template. In most areas,drill cuttings accumulated as a thin layer on bottom sediments.
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 Table 42. PAO and barium concentrations and benthic infaunal parameters in sediments near a wellsite in 39 m of water 2 years after discharge of 354 barrels of PAO SPF. From Candler et al.(1995).
 Parameter 3 Affected Stations 13 RemainingStations
 4 ReferenceStations
 PAO (mg/kg TPH) 3620 � 19,110 ND � 1080 ND � 46
 Barium (mg/kg) 8415 � 32,634 990 � 4024 822 � 901
 Number of Taxa/0.2 m2 8 � 22 26 � 38 27 � 32
 Number of Individuals/0.2 m2 17 � 141 162 � 280 152 � 219
 Shannon Weiner Diversity 1.69 � 2.25 2.32 � 3.15 2.49 � 2.86
 Evenness 0.73 � 0.92 0.65 � 0.87 0.73 � 0.82
 ND Not detected.
 Figure 13. Relationship between concentrations of PAO base chemical in sediments and numbersof taxa and individuals per 0.2 m2 of sediment near a well in the Gulf of Mexico 2 yearsafter drilling. From Candler et al. (1995).
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 Sediments for benthic faunal analysis were collected with a remotely operated vehicle (ROV) from stations 25, 50,and 75 m northeast and 25, 50, 75, and 90 m southwest of the template. A total of 2,100 macrofaunal animals werecollected; polychaetes were most abundant, followed by gastropod mollusks. The abundance of benthic fauna wassignificantly higher in sediments along the northeastern transect (highest SBF concentrations in sediment) than insediments along the southwestern transect (Table 43).
 There was a larger number of individuals but a smaller number of taxa of benthic fauna in the more heavilycontaminated sediments northeast of the template than in cleaner sediments southwest of the template, suggesting anorganic enrichment effect. Much of the difference in abundance of benthic fauna in sediments along the northeasttransect than along the southwest transect was due to polychaetes, which were present in sediments from thenortheast transect at a density of more than 85,000/m2, compared to a density of 16,600/m2 in sediments from thesouthwest transect. However, copepods, nematodes, polychaetes, and gastropods all were more abundant insediments along the northeast transect than in sediments along the southwest transect.
 Table 43. Concentrations of LAO/ester SBF, benthic macrofauna, and demersal megafauna (mostlyfish) along four transects extending to 90 m from a drilling template in 565 m of water in theGulf of Mexico. From Fechhelm et al. (1999).
 Parameter Transect Direction from Template
 NE SE SW NW
 Mean SBF, 0�2 cm (mg/kg) 49,000 3,000 2,000 6,000
 Mean SBF, 2�5 cm (mg/kg) 30,000 3,000 1,000 6,000
 No. Macrofauna 1,761 --- 339 ---
 No. Taxa Macrofauna 8.0 --- 12 ---
 Macrofauna Density (no/cm2) 15.7 --- 2.3 ---
 No. Megafauna 18.0 15 7.0 22
 Megafauna Density (no/ha) 1,475 1,389 875 2,037
 Demersal megafauna (mostly fish) were counted from videotapes taken along each transect. Seven fish taxa wereidentified and counted. Numbers and densities of demersal fish observed along the 4 transects were similar. Thedensities were higher than observed at other locations at similar depths in the northern Gulf of Mexico. The fish mayhave been attracted to the Pompano drilling template or disturbed sediments nearby. Neither benthic fauna nordemersal fish abundance seems to have been adversely affected by the discharge of SBF cuttings.
 6.3 Australia
 Results similar to those reported in other regions have been reported for the Fortescue Field, located in 70 m ofwater in the Bass Straight off southeast Australia (Terrens et.al. 1998). Twenty-one wells were drilled at Fortescuewith WBF between 1983 and 1985. Eighteen additional wells were drilled there between October 1994 andSeptember 1996. Most of this drilling also was performed with WBF; however, the long-reach, high-angle sectionsof 7 wells required the use of SBFs. During the entire 1994 � 1996 program, approximately 20,000 m3 of WBF,5,000 m3 of cuttings, and 2,000 m3 of ester SBF on cuttings were discharged to the Bass Strait. The fate of thesedischarges was monitored during five seabed surveys undertaken between August 1995 (pre SBF cuttingsdischarges) and August 1997 (11 months after completion of SBF cuttings discharges).
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 Sediments were sampled at 4 stations 100 to 2000 m along a transect southwest of the platform (the direction of theprevailing water currents) and 100 m south of the platform. Sediments in the vicinity of Fortescue are medium tocoarse sands, indicating a high-energy environment. The highest ester concentration in sediments (12,000 mg/kg)was in sediment collected 100 m southwest of the platform shortly after completion of drilling with SBF. Six monthslater, the concentration of ester in sediment from this station had declined to 200 mg/kg. Sediment from the station100 m south of the platform contained 1810 mg/kg ester shortly after SBF discharge and 260 mg/kg 6 months later.Most other stations did not contain measurable concentrations of ester (<0.2 mg/kg) at any time. Thus, esters fromSBF cuttings were not persistent in sediments from this high-energy environment. Barium concentration increased insediments (maximum concentration 795 mg/kg) up to 1 km southwest of the platform during SBF cuttingsdischarges. Barium concentrations remained elevated in sediments 100 m from the platform for at least 1 year aftercompletion of drilling.
 Impacts of the drilling fluids and cuttings discharges on benthic faunal communities was limited to within 100 m ofthe platform with recovery evident within 4 months after completion of drilling. During the time of SBF cuttingsdischarges, numbers of nematodes and crustaceans decreased and numbers of polychaetes increased in sediments100 m southwest of the platform. Total abundance of benthic fauna remained nearly constant and benthic faunaldiversity declined. These effects are typical of an organic enrichment effect (Pearson and Rosenberg 1978). Within 4months after completion of drilling, benthic biological parameters had returned to pre-drilling conditions. Recoverywas attributed to a combination of ester biodegradation and the active physical seabed dispersion processes in theeastern Bass Straight.
 7.0 DISCUSSION: ECOLOGICAL RISK ASSESSMENT
 Ecological risk assessment methods are being used with increasing frequency to predict or forecast theconsequences of human activities, particularly releases of toxic chemicals, to the environment. An ecological riskassessment is performed in four steps, the two most important of which are an exposure assessment and a biologicaleffects assessment (EPA, 1992, 1998; Suter, 1993). In the exposure assessment, estimates of the rates of release ofthe chemicals of concern to the environment are converted to estimates of doses of the chemicals of concern(COCs) to valued ecosystem components. The effects assessment interprets the estimated doses in terms ofbiological effects on valued ecosystem components. The same risk assessment procedures are integral to theevaluation of the ecological effects (injury to biological resources) from historic or ongoing activities or acuteevents, such as in-place pollutants, effluent discharges, and accidental releases of oil or hazardous materials (EPA,1997). The objective of a risk assessment for SBF cuttings discharges is to characterize the likelihood and nature,magnitude, and duration of adverse ecological effects resulting from permitted discharges to the ocean of SBFcuttings.
 The first step in a risk assessment for SBF cuttings is problem formulation, also called hazard definition (Suter1993). It involves identification of valued ecosystem components at risk (resources at risk) and effects of concern,and includes a description of the environment under investigation and the source terms (rate of release of the COCsfrom their sources).
 In the exposure assessment, the source terms are converted into estimates of exposure or dose of the COCs tovalued ecosystem components. The effects assessment interprets the estimated exposure in terms of biologicaleffects (injury) on valued ecosystem components. The final step is a risk characterization that integrates the resultsof the exposure and effects assessment to obtain an estimate of the probability (the risk) of different levels of effectsthat are or will result from the exposure (Suter 1993).
 This risk assessment relies on the extensive information on the composition and environmental fates and effects ofSBF cuttings described in earlier sections of this review. The nature of the available data precludes a quantitativeestimate of risk. Therefore, the risk characterization is qualitative, and focuses on potential ecological effects ofSBF cuttings discharges to deep offshore waters (the continental slope) of the Gulf of Mexico.
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 7.1 Problem Formulation
 7.1.1 Resources at Risk
 The Gulf of Mexico is a semi-enclosed, subtropical sea with a surface area of approximately 1.5 million km2
 (MMS, 1997). The continental slope has a hill and basin topography and extends from the edge of the continentalshelf in 120 to 200 m of water to a depth of about 2800 m (Phillips and James 1988). The continental slope of thewestern and central Gulf of Mexico has an area of about 120,000 km2. It currently is the site of substantialexploration for and development of oil and gas resources.
 The benthic environment of the continental slope of the northern Gulf of Mexico generally is characterized by amore stable physical/chemical regime than the shallower shelf environments: uniform low temperatures, highsalinity, and usually high dissolved oxygen concentrations. In most locations, the slope fauna has a high speciesrichness and diversity, but low energy and biomass production, characterized by zoogeographic variation and small-scale patchiness (Jumars 1976; Rex 1983; Gallaway 1988; Grassle 1991).
 One of the most important factors regulating community structure and production in the slope benthos is the slowrain of organic nutrient particles from above. Biological production in surface waters of the continental slope of theGulf of Mexico is much less than in coastal and continental shelf waters, accounting in part for the lowerproductivity of the slope benthos (Pequegnat 1983). Because sediment deposition rates on most parts of the slopeare very low, most benthic fauna of the slope are not well adapted to tolerate high sediment fluxes and depositionrates. The benthos could be sensitive to increased fluxes of particulate matter associated with SBF cuttingsdischarges from offshore oil and gas exploration and development.
 On the slope off Louisiana and Texas, there is a large number of hydrocarbon seeps that support unique biologicalcommunities (MacDonald 1992). Chemosynthetic communities consist of assemblages of large sessile marineanimals that are dependent on chemosynthetic bacteria as their primary food source. The bacteria subsist onpetroleum hydrocarbons and H2S seeping from the sea floor. Sediments in areas of chemosynthetic communitiesoften are covered with a white or orange mat of anaerobic bacteria, primarily Beggiatoa spp., indicating that theunderlying sediments are anoxic (MacDonald and Schroeder 1993). Most of the chemosynthetic communitiesdiscovered to date occur on the slope in water depths from 500 to 2,200 m. It is not clear if the chemosyntheticcommunities are sensitive to sediment deposition from SBF cuttings discharges. They probably would not besensitive to the organic enrichment effects of SBF cuttings observed in shelf sediments.
 7.1.2 Effects of Concern
 The main environmental concern resulting from discharge of SBF cuttings to deep offshore waters of the Gulf ofMexico is that the cuttings may accumulate on the sea floor and adversely affect the benthic communities livingthere. As discussed above, adverse effects on benthic communities may occur as a result of the toxicity of SBFcuttings ingredients, organic enrichment of sediments from biodegradation of organic matter in the SBF cuttings,direct smothering of benthic fauna by the accumulation of cuttings solids on the sea floor, and alteration ofsediment texture and physical/chemical properties, rendering the sediments less suitable for some species and moresuitable for others.
 An important factor in the potential effects of SBF cuttings on benthic communities is the rate of ecosystemrecovery following cessation of cuttings discharge. The rate of ecosystem recovery depends on the persistence ofimpact-causing SBF cuttings ingredients in sediments, and the rate of recruitment to or recolonization of benthichabitats. Some benthic animals reproduce and grow slowly (Grassle 1977; MacDonald 1993), which may slowecosystem recovery of the slope benthos, should it be adversely affected by SBF cuttings discharges.
 7.1.3 Chemicals of Concern
 Most drilling on the deep-water slope of the northern Gulf of Mexico probably will be performed with WBFs andSBFs. Although several types of SBFs have been used in the past in the Gulf of Mexico, it is probable that mostfuture drilling with SBFs in the deep-water gulf will be with IOs and possibly also LAOs. The focus of this risk
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 assessment will be on SBFs. Bulk SBFs are not permitted for discharge to offshore waters of the Gulf of Mexico.However, drill cuttings, usually containing an average of about 10 percent SBF base chemical (Table 8), may bedischarged to the ocean.
 IOs and LAOs are synthetic olefins (hydrocarbons with one or more double bonds) (Table 1). LAOs used in SBFsare linear and branched C8 to C20 olefins with the double bond in the terminal (alpha) position. Molecular weightsrange from about 112 to 280. LAOs have low aqueous solubilities.
 IOs are prepared from LAOs by isomerization. Commercial IOs used for drilling fluid formulation usually havecarbon chain lengths of 16 to 18. The double bond is between two internal carbons.
 SBFs contain several other ingredients, including an emulsifier, wetting agents, rheology modifiers, organophilicclay, lime, and barite (Tables 3 and 4). The clay and barite may contain several metals of potential environmentalconcern (Table 6). The metals are mostly in very insoluble, immobile forms in the mineral matrices of the clay andbarite. The only ingredient of SBF of environmental concern, other than the SBF base chemical, is the emulsifier.Emulsifiers probably interact with the SBF base chemical to increase its bioavailability and biodegradability.
 7.1.4 Discharge of SBF Cuttings
 During drilling, SBFs are circulated down-hole where they pick up cuttings produced by the grinding action of thedrill bit on the formation solids. The drilling mud containing suspended cuttings is passed through treatment devicesto remove the cuttings from the mud. The SBF is returned to the mud pits for recirculation down-hole. Cuttingscontaining adhering SBF are discharged more or less continuously to the ocean during drilling, which may occurabout 50 percent of the time.
 Discharge statistics from 18 wells drilled in the UK sector of the North Sea indicate that about 400 to 3000 metrictons of cuttings containing 11 to 700 tons of SBF may be discharged to the ocean during drilling of a well (Table 9).Because of the adherent SBF base chemicals, the cuttings are hydrophobic and clump together after discharge to theocean. The clumps of SBF cuttings, being denser than seawater, settle rapidly to the sea floor. The cuttingsaccumulate on the sea floor near the discharge point, the distance from and distribution around the dischargedepending on water depth, current speeds, and density and degree of clumping of the cuttings.
 7.2 Exposure Assessment
 Because SBF cuttings containing several percent adhering SBF do not disperse effectively in the water columnfollowing discharge, they settle rapidly as clumps of solids through the water column and accumulate on the bottomnear the platform discharge site. The rate of settling of SBF cuttings through the water column and the areal extentand concentrations of cuttings accumulating on the bottom depend on the density and size distribution of settlingparticles, water depths, and the three dimensional water current regime in the water column.
 Because of the rapid descent of the cuttings, very little SBF base chemical dissolves or is dispersed in the watercolumn. Brandsma (1996) estimated the maximum concentrations of petroleum in the water column duringdischarge of OBF cuttings in the North Sea. The maximum oil concentration in the water column was about 1 mg/Lwhen the discharge was of OBF cuttings containing 5 percent oil. It is probable that SBF base chemicalconcentrations in the water column following discharge of SBF cuttings would be similar to the predicted oilconcentrations. By comparison, the acute toxicity of the suspended particulate phase of IO base chemicals rangesfrom less than 30,000 mg/L to 321,000 mg/L (Table 35).
 The acute toxicity of IO and LAO base chemicals to marine algae and copepods is 2,050 mg/L to more than 10,000mg/L (Table 36). Thus, there is no risk of a toxic response in water column organisms from exposure to SBFcuttings settling through the water column. An increase in surface water turbidity from suspended cuttings particlescould affect phytoplankton production on a highly localized scale. However, turbidity plumes are likely to be smalland transitory because of the rapid settling of SBF cuttings.
 Brandsma (1996) modeled the initial accumulation of OBF cuttings on the bottom following discharge of 300 m3
 OBF cuttings containing 0.3 to 19.6 percent oil to the North Sea from platforms in 30 to 250 m of water. He
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 estimated the area of sea floor that would be contaminated to a depth of 4 cm or 10 cm with more than 1000 mg/kgof oil. 1000 mg/kg oil was considered to be the threshold for significant benthic biological effects of oil from OBFcuttings accumulations (Berge 1996).
 The estimated seabed area containing more than 1000 mg/kg oil in the 4-cm sediment layer ranged from 0 to 9.5hectares (0 to 95 km2) depending on the oil content of the cuttings. If the OBF cuttings were mixed in sediments toa depth of 10 cm, the area containing more than 1000 mg/kg oil decreased to 0 to 7.4 hectares. The largest areas ofhigh estimated oil concentrations in sediments were associated with discharges of cuttings containing the highestconcentrations of oil. Settling and deposition of SBF cuttings probably would be similar to that of OBF cuttings.
 In the simulated discharges of OBF cuttings containing 15.8 and 19.6 percent oil, the smallest area of sedimentscontaining more than 1000 mg/kg oil (1.6 to 1.9 hectares assuming a mixing depth of 4 cm) was at the deepest site(250 m). The predicted area of sediments containing more than 1000 mg/kg oil was reduced to 1.2 hectares whenthe concentration of oil in the discharged cuttings was reduced to 5.1 percent. If modeled mixing depth in sedimentwas increased to 10 cm, oil concentration in sediments did not exceed 1000 mg/kg.
 At the deeper end of the range of continental slope depths in the Gulf of Mexico, it is highly likely that the area ofdeposition of SBF cuttings on the bottom will be much greater than predicted by Brandsma (1996). SBFconcentrations in sediments greater than 1000 mg/kg are likely to cover a smaller area, if concentrations exceed1000 mg/kg at all. Current speeds and directions at different depths in the water column will be the maindeterminant of the area of SBF cuttings deposition and the distance from the platform within which highconcentrations of cuttings in sediments will occur.
 There is a long history of WBF use offshore in the Gulf of Mexico. However, drilling is more rapid and costs arelower with SBFs than with WBFs, particularly if SBF cuttings can be discharged (Burke and Veil, 1995). It ishighly likely that SBFs will largely replace WBFs in the deep-water Gulf of Mexico where drilling costs are high.Even though WBFs are used for the upper portions of wells, SBFs probably will be used for the more difficultsections or when problems requiring the special properties of SBFs are encountered. Thus, the amount of SBFcuttings discharged per well in the deep Gulf of Mexico will probably be similar to the amount of SBF cuttingsdischarged per well offshore in the North Sea and other outer continental shelf and slope areas of the world.
 For the risk assessment, we have assumed a conservative upper-bound estimate that 1 hectare of sea floor near adrilling site on the continental slope will contain surficial sediments with more than 1000 mg/kg SBF immediatelyfollowing discharge of SBF cuttings from the platform. Over time, the area of sea floor sediments containing morethan 1000 mg/kg SBF base chemical will decrease through biodegradation and sediment resuspension and transport.The rate of resuspension and transport probably will be very low at the water depths characteristic of the continentalslope. Vertical mixing in sediments by bioturbation also is unlikely to contribute much to diluting SBF cuttingsconcentrations in surficial sediments. Thus, the main mechanism of loss of SBF from deep-water sediments will bebiodegradation.
 Although laboratory and simulated seabed studies have shown that SBF base chemicals are biodegradable underaerobic and sometimes anaerobic conditions, results from field monitoring studies are mixed and equivocal. Thus, itis uncertain if SBFs, particularly PAOs (Gardline, 1998), biodegrade faster than low-toxicity mineral oils underfield conditions, particularly if the SBF concentration in sediments is high (Figure 6). Esters definitely dobiodegrade in offshore sediments, causing localized sediment anoxia.
 In deposition scenarios modeled by Brandsma (1996), a concentration of 1000 mg/kg oil in a 4-cm sediment layercorresponded to a deposition density of 74.2 g/m2 (7.42 mg/cm2). At this concentration, PAO base chemical had abiodegradation half-life in the NIVA simulated seabed test of 207 days (Table 30). The degradation half-life for IOand LAO base chemicals at this approximate deposition density in sediment would be 65 to 104 days (Table 28).Thus, the area of sediments containing more than 1000 mg/kg SBF base chemical will decrease substantially withinone year after SBF cuttings discharge. A conservative estimate of the decrease in the �affected area� is75 percent/year if LAO or IO cuttings are discharged. If this assumption is used, the area of sediments containingmore than 1000 mg/kg SBF decreases from 10,000 m2 immediately after completion of cuttings discharge, to 2500m2 after one year and 625 m2 after two years.

Page 78
                        

66
 7.3 Effects Assessment
 As discussed above, biological effects in benthic communities from deposition of SBF cuttings may be caused bytoxicity of the drilling fluid ingredients, effects of sediment anoxia caused by biodegradation of organic chemicalsin the SBF cuttings, direct burial by drill cuttings solids, and changes in texture and physical/chemical properties ofthe sediments. The sensitivity of benthic fauna of the continental slope of the Gulf of Mexico to these effects ofcuttings deposition is largely unknown. Therefore, it is not possible to predict which of these effects is likely tocontribute most to any possible adverse effects of SBF cuttings deposition on benthic communities.
 IO and LAO base chemicals and SBFs had a low to moderate toxicity in solid-phase tests (Tables 38 and 39). Inmost cases the acute toxicity of the SBFs was well above 1000 mg/kg dry sediment. The test species wereamphipods and bivalve mollusks. The dominant benthic fauna in slope sediments are polychaetes. Polychaetes varywidely in sensitivity to chemical toxicity. Some species, such as Capitella, are tolerant to many environmentalstresses, and may replace other species in SBF-contaminated sediments (Gjøs et al. 1991; Daan et al. 1996). WhenSBF concentrations in sediments exceed about 1000 mg/kg, SBF toxicity may contribute to effects of SBF cuttingson the benthos.
 In the UK sector of the North Sea, concentrations of linear paraffin SBF above about 500 mg/kg in sediments wereassociated with decreases in abundance and diversity of benthic fauna (data from UKOOA). Near a well site in theGulf or Mexico, sediments containing more than about 3000 mg/kg of PAO SBF (measured as total petroleumhydrocarbons) supported only depauperate benthic communities (Candler et al. 1995).
 Field surveys of impacts of SBF cuttings discharges on benthic environments usually document accumulation ofSBF cuttings in sediments near the discharge site and, in some cases changes in the composition and diversity of thebenthic fauna in sediments containing the highest concentrations of SBFs. When effects are observed, changes inbenthic communities usually include a decrease in the number of taxa and biological diversity and either a decreaseor an increase in the total number of individuals of benthic fauna present. Often, the species composition of thebenthic community is different in SBF-contaminated and clean sediments. These benthic community responsesoften are associated with a decrease in oxygen concentration in surficial layers of sediments. These communitychanges are typical responses to organic enrichment of the sediments (Pearson and Rosenberg 1978). An increase inthe concentration of biodegradable organic matter in sediments stimulates growth of resident bacterial and fungalconsortia that degrade the organic matter and consume available oxygen. With the depletion of sediment oxygen,the resident microbiota use alternative electron acceptors to oxidize the organic matter, producing hydrogen sulfide,ammonia, and possibly methane as waste products. Some species of benthic fauna are sensitive to low oxygenconcentrations or high concentrations of hydrogen sulfide or ammonia and are eliminated from the community;other species can tolerate these chemical changes and they may colonize the affected substrate in large numbers.
 Organic enrichment appears to be the main mechanism of adverse impact of OBF and SBF cuttings on benthiccommunities. Field studies of OBF cuttings discharges have indicated that sediments may become anaerobic if theycontain 1000 mg/kg or more of mineral oil (Vik et al., 1996a). Biodegradability of SBFs is similar to or greater thanthat of diesel fuel or mineral oils (Table 28). Esters (the most biodegradable SBF) may cause sediment anoxia atconcentrations well below 1000 mg/kg (Daan et al. 1996). IO and LAO SBFs did not cause sediment anoxia inNIVA simulated seabed tests (Schaanning et al. 1996), but may in the field if concentrations in sediments exceedabout 1000 mg/kg. There was a good correlation in NIVA seabed simulation biodegradation studies with SBFbetween benthic faunal diversity and sediment redox potential (Figure 8), suggesting that oxygen depletion by SBFbiodegradation in sediments contributes to effects of SBF cuttings on benthic communities.
 Effects of burial with SBF cuttings solids on continental slope benthic fauna are not known. Natural sedimentationrates in slope sediments are very low in most locations, usually just a fraction of a millimeter per year. Cuttingspiles up to about 1 m high accumulated on sediments near SBF cuttings discharge sites in the UK Sector of theNorth Sea (Table 13). The piles occupied areas of up to about 95,000 m2. Following drilling with SBFs anddischarge of SBF cuttings from a rig in 565 m of water in the northern Gulf of Mexico, there was a thin veneer ofcuttings dispersed over much of the bottom in a patchy distribution near the drilling template (Gallaway et al. 1998;Fechhelm et al. 1999). Maximum cuttings accumulation appeared to be 20 to 25 cm thick in some locations. It is
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 probable that discharges to deeper slope waters of the Gulf will not accumulate to a depth of more than a fewcentimeters on sediments.
 Shallow water benthic animals are able to migrate upward through several centimeters of sediment following burial(Maurer et al. 1986). Small benthic fauna typical of deep-water sediments can not migrate as far as largermacrofauna. Deep-sea benthic fauna, acclimated to sediments with a very low net deposition rate, probably can notmigrate vertically for more than a few centimeters. Because of the patchy distribution of SBF cuttings on thebottom, particularly in deeper waters, it is likely that burial effects will be highly localized.
 7.4 Risk Characterization
 SBF cuttings may accumulate to potentially harmful concentrations in sediments near a drilling rig on thecontinental slope of the Gulf of Mexico over an area of as much as 10,000 m2 (1 hectare: about 0.04 percent of alease block, 3x3 miles). The distribution of the cuttings on the bottom is likely to be extremely patchy, with smallpatches of high concentrations interspersed with areas with little or no SBF cuttings accumulation. Where SBFsaccumulate to concentrations above about 1000 mg/kg, benthic faunal communities are likely to be adverselyaffected, primarily by effects of organic enrichment. Species sensitive to low oxygen or high concentrations ofsulfide or ammonia may be eliminated. The number of taxa present in surficial sediments will decrease, but thenumber of individuals of the species remaining may increase. Opportunistic species, not present in benthiccommunities in nearby clean sediments, may colonize the contaminated sediments. Thus, benthic production maynot change much or may even increase. Unless IO or LAO reach very high concentrations in sediments, sedimentredox potential is unlikely to drop low enough to eliminate all the benthic macrofauna, as sometimes happensfollowing OBF discharges (Kingston, 1992; Olsgard and Gray 1995).
 IO and LAO that have accumulated in the sediments near the well will biodegrade slowly. If esters were used, theyprobably would degrade rapidly in the sediments, as has been shown for several shallow-water SBF cuttingsdischarge sites. Sediment resuspension and transport are unlikely to contribute much to the decrease in theconcentration of SBFs in deep-water sediments. Benthic communities will recover as SBF concentrations insediments decrease and sediment oxygen concentrations increase. It is probable that within three to five years ofcessation of SBF cuttings discharges, concentrations of SBFs in sediments will have fallen to low enough levels andoxygen concentrations will have increased enough throughout the previously affected area that complete recoverywill be possible. The rate of deep-water benthic ecosystem recovery then will depend on the rate of recruitment andrecolonization by the benthic fauna characteristic of the area. Because some species of deep-water benthic animalsreproduce and grow slowly, complete recovery may require many years. However, ecological succession towardrecovery is likely to begin shortly after completion of cuttings discharges and be well advanced within three to fiveyears when SBFs have degraded to low concentrations
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 APPENDIX
 ANNOTATED BIBLIOGRAPHY: SYNTHETIC BASED DRILLING MUDS
 Annis, M.R. Retention of synthetic-based drilling material on cuttings discharged to the Gulf of Mexico.Report for the American Petroleum Institute (API) ad hoc Retention on Cuttings Work Group underthe API Production Effluent Guidelines Task Force. American Petroleum Institute, Washington, DC.August 29, 1997. Various pages.
 Abstract: The purpose of this study is to gather and analyze data from Gulf of Mexico wells on the amount ofsynthetic-based drilling material retained on drill cuttings (geologic formation). A quantity of drilling fluid adheresto drill cuttings that have been separated and discharged from a mud system. Data from 54 wells drilled in the Gulfof Mexico using synthetic-based drilling fluids were compiled to examine data on the retention of synthetic-baseddrilling material on cuttings that were discharged. The compiled data yielded 738 individual data points. Poly alphaolefin (PAO) and internal olefin (IO) were the two synthetic-based drilling materials for which data were available.On average, the synthetic based drilling material, or base material, comprised 12.0% by weight of the dischargestream (wet weight) with a standard deviation of 4.8. On average, 12.8% of PAO and 9.2% of IO are retained oncuttings following washing.
 Avanti Corporation. 1997. Bioaccumulation of synthetic-based drilling fluids. Report for U.S. EnvironmentalProtection Agency Office of Science and Technology, Washington, DC. Contract 68-C5-0035. AvantiCorporation. Annandale, VA. 16 pp.
 Abstract: The available scientific literature on possible bioaccumulation of base oils from synthetic-based drillingfluids was reviewed. Octanol/water partition coefficients were used as an indication of bioaccumulation potential.Polyalpha olefins and internal olefins have log Pow of 8.57 to 15.4, indicating high hydrophobicity and low aqueoussolubility. High log Pow chemicals do not bioaccumulate efficiently, if at all. Esters have a log Pow of 1.69, and couldshow very limited bioaccumulation. A 10-day uptake, 20-day depuration test yielded a log bioconcentration factor(BCF) for an internal olefin of 5.37 (C16 forms) or 5.38 (C18 forms). Bioaccumulation of polyalpha olefins could notbe demonstrated.
 Avanti Corporation. 1997. Biodegradability of synthetic-based drilling fluids. Report for U.S. EnvironmentalProtection Agency, Office of Science and Technology, Washington, DC. Contract 68-C5-0035. AvantiCorporation. Annandale, VA. 20 pp.
 Abstract: The findings of field studies that have been conducted on diesel and mineral oils, and the limited datafrom field studies of synthetic fluids, show that the major impact of synthetic fluids as drilling fluid componentsadherent to discharged cuttings will be organic enrichment. This conclusion suggests that, other than the simplequantity of material discharged, the biodegradability of these materials is the single most important factor inassessing their potential environmental fate and effects. Methods for measuring biodegradation of synthetic drillingfluids give highly variable results, and are not relevant to the conditions under which discharged materials will befound (i.e., a largely anoxic, marine sediment matrix). Seabed simulation protocols most closely mimic receivingwater conditions. The most important biodegradation data appear to be those that can be obtained from further fieldstudies.
 Avanti Corporation. 1997. Seabed survey review and summary. Report for U.S. Environmental ProtectionAgency, Office of Science and Technology, Washington, DC. EPA Contract 68-C5-0035. AvantiCorporation. Annandale, VA. 51 pp.
 Abstract: Field studies of fates and effects of WBM and SBM were reviewed. There is little information upon whichto base any broad conclusions about the potential extent of impacts from SBM. It appears that the area of biologicalimpacts may range from as little as 50 m to as much as 500 m from the platform shortly after discharges cease to asmuch as 200 m a year later. Ester SBMs appear to be more readily biodegraded in North Sea studies than etherSBM; the Gulf of Mexico study suggests PAO also are less biodegradable than ester SBM. Also, although estersappear to be readily biodegraded, one study indicates the persistence of uncharacterized "minor" impacts on
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 benthos after SBM levels have fallen to reference levels. These limited data, however, are not entirely adequate as abasis for any reliable projections concerning the potential nature and extent of impacts from discharges of SBM.Based on basic SBM and marine sediment chemistry, the level of nutrient enrichment from these materials, and theensuing development of benthic anoxia, resultant adverse benthic community impacts are expected. The extent andduration of these impacts are much more speculative. Severe effects seem likely within 200 m of the discharge;impacts as far as 500 m have been demonstrated. The initiation of benthic recovery seems likely within a year,although it also seems unlikely that it will be complete within one year. The relative impacts of the various types ofSBM is completely speculative given the highly limited marine sediment applicability of available laboratorymethods for assessing biodegradability and the paucity of field data for laboratory field correlations.
 Blanchet, D., A. Audibert and J.F. Argillier. 1998. Anaerobic biodegradability of oil base fluid for invert emulsiondrilling fluids. IADC/SPE 39386. Pages 799-806 In: 1998 IADC/SPE Drilling Conference. Dallas, TX, 3-6March 1998. IADC/SPE Drilling Conference. Richardson, TX.
 Abstract: Environmental legislation restricts the use of oil based muds, especially in the North Sea, including theirdischarge in the form of oily cuttings. Different synthetic based muds (SBM) are proposed for replacing refined oilsas the base fluid. These are low toxicity mineral oils, poly or mono ��olefins, acetals, and esters. Controversialdata exist concerning their biodegradability under aerobic or anaerobic conditions. Both conditions arerepresentative of offshore drilling activities since the oil present in the cuttings deposited on the seabed can bedegraded on the surface through an oxygen-dependent process and in the center of the pile through anaerobicprocess. For examination of the easy and ultimate anaerobic biodegradability, the ECETOC screening test isgenerally employed. This procedure was here improved to evaluate the variability due to the digester sludge. Thedisappearance of the initial substrate is evaluated by gas chromatography analysis that gives information on thealteration of the base oil chemical structure. The potential for anaerobic biodegradability of an oleic acid ester iscompared to an � olefin (C12-C14) and fructose used as a reference substrate. A substantial biodegradation of theoleic acid ester is observed; more than 80% of ultimate biodegradation to CO2 and CH4 and total primarybiodegradability with no accumulation of the corresponding fatty acids. This attests the easy anaerobicbiodegradability of the oleic acid ester. In the same conditions, the test performed with the � olefin presents a low-pressure evolution and low CH4 production confirming the poor anaerobic biodegradability of this type ofcompounds.
 Bodepudi, V., J.M. Wilson and A. Patel. 1998. Drilling fluid type affects elastomer selection. Oil and Gas Journal.96(43):75-79.
 Abstract: The authors discuss the interactions of SBMs with elastomers used in drilling and identify factors toconsider in evaluating the compatibility of different SBMs and elastomers. SBMs are selected based on toxicity,biodegradability, thermal stability, viscosity, cost, required performance, and type of application. SBMs can alterproperties of elastomers used in down-hole tools. Elastomers to be used in wells drilled with SBMs should beevaluated for their compatibility with the mud.
 Burke, C.J. and J.A. Veil. 1995. Potential environmental benefits from regulatory consideration of syntheticdrilling muds. ANL/EAD/TM-43. Environmental Assessment Division, Argonne National Laboratoryunder Contract with the Department of Energy. 28 pp.
 Abstract: When drilling exploration and production wells for oil and gas, drillers use specialized drilling fluids,referred to as "muds," to help maintain well control and to remove drill cuttings from the hole. Historically, eitherwater-based muds (WBMs) or oil-based muds (OBMs) have been used for offshore wells. Recently, in response toU.S. Environmental Protection Agency (EPA) regulations and drilling-waste discharge requirements imposed byNorth Sea nations, the drilling industry has developed several types of synthetic-based muds (SBMs) that combinethe desirable operating qualities of OBMs with the lower toxicity and environmental impact qualities of WBMs. Thisreport describes the operational, environmental, and economic features of all three types of muds and discussespotential EPA regulatory barriers to wider use of SBMs.
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 Burke, C.J. and J.A. Veil. 1995. Synthetic drilling muds: environmental gain deserves regulatory confirmation.SPE 29737. Pages 457-468 In: SPE/EPA Exploration & Production Environment Conference.Houston, TX, 27-29 March 1995. Society of Petroleum Engineers, Inc. Richardson, TX.
 Abstract: Efficient drilling technology is essential to meet the needs of the oil industry. Both the challenges of newoil provinces, especially in offshore waters, and the demands for efficient environmental protection have driven thedevelopment of new technology. Drilling mud is a key factor influencing drilling technology used in modern drillingoperations. New oil industry developments involve directional and horizontal drilling as well as drilling in frontierareas at greater and greater depths. Such capabilities and conditions demand careful attention to the selection andengineering of efficient mud systems.
 Spent drilling fluids and drill cuttings are among the most significant waste streams from exploration anddevelopment activities in the oil and gas industry; they pose a serious and costly disposal problem for offshoreoperators who must barge spent mud and cuttings to shore for land disposal if they do not meet U.S. EnvironmentalProtection Agency (EPA) discharge limitations or permit requirements. Suppliers of mud systems have responded tothis problem. Since 1990, several non-toxic, biodegradable synthetic-based muds (SBMs) with desirableperformance and environmental characteristics have entered the market. However, EPA regulations apply mudtechnology that was available when the regulations were developed, namely water- and oil-based muds (WBMs andOBMs). While EPA requirements appear to have been a major driver behind the development of SBM, now concernis focused on the inhibiting effect of discharge limitations on use of alternative mud technologies.
 This paper examines and describes SBM systems recently developed as substitutes for conventional drilling muds.Initially, background information on drilling mud is presented to provide an overview. The paper identifies theadvantages and disadvantages of alternative drilling muds and assesses their comparative environmental impactand cost/benefit. The paper also characterizes the regulatory factors that affect the introduction and widespread useof innovative alternative mud technology. Finally, the paper assesses the approach of EPA in administering effluentlimitations guidelines (ELGs) and its impact on innovative technology development. It recommends areas of furtherstudy and suggests regulatory process improvements to encourage the development and use of alternative mudtechnologies. The recommendations include:
 • The term �synthetic based fluid� should be clearly and simply defined to include low-toxicity SBMproducts being developed; and
 • The static sheen test, as it applies to SBMs, should be replaced or amended with other analyticalprocedures to ensure the absence of free oil in SBMs. The static sheen test does not effectively determinethe presence of contaminants in SBMs because the continuous phase of SBMs is lighter than water andcould cause a film on the water.
 Burke, C.J. and J.A. Veil. 1995. Synthetic-based drilling fluids have many environmental pluses. Oil andGas Journal. 93(48):59-64.
 Abstract: The authors review the properties and benefits of synthetic-based drilling muds used offshore. SBMs haveseveral quantitative benefits compared to WBMs; less waste is produced from a recyclable product; increased use ofhorizontal drilling reduces the areal extent and the environmental impacts of offshore oil and gas operations;reduced drilling time results in reduced emissions from drilling power sources; and improved drilling performancereduces waste-generating incidents such as pipe stuck in hole and the use of diesel pills, thereby further reducingwaste and pollution production. SBMs have several quantifiable benefits compared to OBMs; low toxicity andreduced irritant properties improve worker safety; elimination of diesel as a mud base reduces pollution hazard andrisks and improves worker safety.
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 Campbell, J.A. 1998. An E&P industry perspective on acceptability criteria for the marine discharge ofcuttings drilled with synthetic based drilling. SPE 46704. Pages 1-5 In: 1998 SPE InternationalConference on Health, Safety and Environment in Oil and Gas Exploration and Production. Caracas,Venezuela, 7-10 June 1998. Society of Petroleum Engineers, Inc. Richardson, TX.
 Abstract: This paper discusses the issues that the oil and gas exploration and production industry (the E&Pindustry) considers to be of importance in the development of acceptability criteria for the marine discharge ofcuttings from drilling with synthetic-based drilling fluids. Synthetic-based drilling fluids are used to improveperformance when drilling through sensitive formations, under extremes of temperature and pressure, and whendrilling highly deviated wells. Synthetic-based drilling fluids are designed to have improved environmentalbehaviour, particularly with respect to persistence, compared with conventional oil-based drilling fluids.
 Drilled cuttings must be removed periodically from the drilling rig due to limitations on storage capacity. Drillingoperations are often carried out under conditions in which technical and logistical factors make zero dischargeoperations highly impractical. As a result, marine discharge, subject to appropriate controls, is a managementoption that must be considered for cuttings from drilling with synthetic drilling fluids.
 The E&P industry supports the use of scientific criteria based on consideration of persistence in the receivingenvironment, toxicity and potential for bioaccumulation to determine the acceptability of marine discharge of drilledcuttings. Consistent with that support, industry associations and individual operators are cooperating withregulators to develop practical laboratory testing protocols and monitoring programs. Progress has been madetowards developing practical laboratory techniques to assess the relative degradation rates of different base fluidsunder conditions relevant to the seabed environment. However, new methods for measuring biodegradation ratesshould be validated according to accepted procedures before adoption as the basis for regulatory controls.
 Practical and robust testing methods are needed to implement acceptability criteria and to provide for thedevelopment of new drilling fluid technology. The relationship of acceptability criteria and practical test methods tothe complex natural seabed environment needs to be established to provide a reasonable basis for relating testresults to environmental effects. The seabed surveys and laboratory studies now underway or recently completedwill provide valuable insight into this issue. Based upon these factors, the E&P industry recommends that:
 1. Acceptability criteria for marine discharge of drilled cuttings from drilling with synthetic-based drilling fluids (1)be developed based on consideration of environmental risk factors such as persistence, toxicity andbioaccumulation, and (2) be implemented by means of practical and robust test methods.
 2. Agreement be pursued on clearly defined criteria for the acceptability of synthetic-based drilling fluid materialsfor discharge to facilitate the development of new and environmentally acceptable drilling fluid technology.
 3. Criteria for marine discharge provide for exceptions for essential use on a site-specific basis, consideringtechnical drilling requirements, safety, assessment of environmental risk and the practicality and environmentaleffects of zero discharge alternatives.
 Candler, J., M. Churan and L. Conn. 1996. Laboratory and field measurements of vapors generated by organicmaterials in drilling fluids. SPE 35866. Pages 831-843 In: The Third International Conference onHealth, Safety and Environment in Oil and Gas Exploration and Production. New Orleans, Louisiana,9-12 June 1996. Society of Petroleum Engineers, Inc. Richardson, TX.
 Abstract: In an era of increasing awareness of worker health issues, one of the key concerns in exploration activitiesis the exposure of wellsite personnel to vapors generated by organic materials in drilling fluids. Areas on thedrilling location with the highest exposure potentials are the shale shakers and mud pits. These areas are oftenenclosed in rooms and ventilated to prevent unhealthy levels of vapors from accumulating. In continuing efforts tominimize health risks, new products are evaluated to minimize the volatility of organic materials used in drillingfluids.
 This study presents a laboratory technique for measuring vapors generated from organic materials in drilling fluids.Using this technique, data are presented comparing the volume of vapors generated from diesel oils, mineral oils,
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 synthetic fluids, and a water-miscible glycol. Synthetic fluids generated 0.62 to 37 ppm (average 9 ppm) vapors at60-70°C. The dominant vapor from ester-based fluid was 2-ethylhexanol. Field data collected from the shaker andmud pit areas of drilling operations was used to validate the laboratory study to field conditions. Vaporconcentrations at the shale shaker during synthetic fluid processing was 0.3 ppm, much lower than vaporconcentrations during used of oil-based fluids. The potential health effects of the collected vapors were consideredlow for synthetic-based fluids.
 Candler, J., R. Hebert, and A.J.J. Leuterman. 1997. Effectiveness of a 10-day ASTM amphipod sediment test toscreen drilling mud base fluids for benthic toxicity. SPE 37890. In: 1997 SPE/EPA Exploration andProduction Environmental Conference. Dallas, TX, 3-5 March 1997. Society of Petroleum Engineers, Inc.Richardson, TX. 19 pp.
 Abstract: The introduction of synthetic-based drilling fluids has challenged both industry and the EnvironmentalProtection Agency to investigate benthic toxicity testing. The need for a synthetic-based mud screening tool has beenhighlighted by the recommendation by the Coastal Effluent Limitation Guidelines that benthic testing to be includedin offshore general permits. Outside of the oilfield, development of solid phase testing of dredged material has led tostandardized benthic testing protocols accepted by the EPA. ASTM E1367-92, used with Ampelisca abdita andCorophium volutator on sediments spiked with various base fluids, was able to distinguish synthetic-based mudsfrom oil-based muds. It is demonstrated in this paper that analysis of other test species using ASTM E1367-92, andadditional testing with A. abdita, can lead to rapid development of a benthic screening tool for incorporation intothe next round of offshore general permits. This should promote the continued positive development of synthetic-based drilling fluid technology.
 Candler, J.E., S. Hoskin, M. Churan, C.W. Lai and M. Freeman. 1995. Seafloor monitoring for synthetic-based muddischarged in the Western Gulf of Mexico. SPE 29694. Pages 51-69 In: SPE/EPA Exploration &Production Environment Conference. Houston, TX, 27-29 March 1995. Society of Petroleum Engineers,Inc. Richardson, TX.
 Abstract: Synthetic-based muds have been used to simultaneously improve drilling and environmental performance.The fate and effects of synthetic-based mud discharges in the marine environment have been issues of concern withthe drilling industry and governmental agencies. Most of the environmental data on synthetic-based muds have beengenerated under laboratory conditions. This study uses field-collected data to investigate the fate and effects of apolyalphaolefin synthetic-based drilling fluid.
 The first well drilled in the Gulf of Mexico using synthetic-based mud was completed in June 1992. Approximately441 bbl of cuttings and 354 bbl of synthetic-based mud were discharged over a 9-day period. Three sampling tripsmade to the discharge location over a 2-year period (June 1992 shortly after completion of drilling, February 1993,and June 1994) to collect sediment samples for chemical and biological analysis. The sediment samples wereanalyzed for synthetic base chemicals (as total petroleum hydrocarbons, TPH, by infrared analysis) and barium. Onthe third trip, infaunal samples also were taken.
 In June 1992, shortly after completion of drilling, TPH concentrations in sediments near the platform ranged frombackground levels of 24 to 76 mg/kg 2,000 m from the discharge to a high of 134,428 mg/kg 50 m to the south of thedischarge. The distribution of the SBM in sediments was very uneven, but correlated well with concentrations ofbarium. The highest concentration of barium in sediments was 47,437 mg/kg 50 m south of the platform. Two yearslater, sediment TPH concentrations had declined to not detectable at the 2,000-m stations to 19,110 mg/kg at astation 25 m south of the drilling site. Concentrations were below 1,000 mg/kg at all stations further than 50 m fromthe discharge site. Barium concentrations still were elevated in sediments from several stations.
 Two years after discharges of synthetic-based cuttings were completed, an area within 50 m of the discharge pointcontinued to exhibit alterations in the benthic community not normally associated with water-based mud discharges.Sediments from 25 m and 50 m south and 25 m west of the discharge site had benthic communities with fewer taxa,numbers of individuals, and lower diversity than sediments from other sampling locations. The study indicates thatpoly alpha olefin synthetic-based mud exhibits significant improvements over oil-based mud in terms of removal oforganic contamination and minimization of adverse effects on the benthic community.
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 Candler, J.E., S.P. Rabke and J.J. Leuterman. 1999. Predicting the potential impact of synthetic-based muds withthe use of biodegradation studies. SPE 52742. In: 1999 SPE/EPA Exploration and ProductionEnvironmental Conference. Austin, TX, 28 February-3 March 1999. Society of Petroleum Engineers, Inc.Richardson, TX. 17 pp.
 Abstract: The use of synthetic based muds (SBMs) can improve drilling performance and reduce the volume ofpollution generated by offshore drilling operations. Investigations into the environmental impact of SBMs to datehave concentrated on the seafloor. The biodegradation rate of an SBM is an important factor in determining theoverall environmental performance. Laboratory biodegradation tests are an inexpensive alternative to conductingfield studies. However, most of the tests have been designed for water-soluble compounds and reproducible resultsare difficult to obtain with regularity for hydrophobic materials like SBMs. For this study, a variety of base fluidswere tested using the SOAEFD (Scottish Office of Agriculture, Environment and Fisheries Department) solid-phasetest. Several biodegradation test protocols were compared. The conclusions of the study were:
 • Biodegradation is a technology control that can be used to minimize potential impacts associated with SBMuse.
 • Other environmental parameters than biodegradation are also important and no one parameter will be able touniversally identify the best SBM technology.
 • The conservative approach to ensuring that end users minimize their long-term liability is to assume that undersome discharge conditions base fluids will need to biodegrade under both aerobic and anaerobic conditionsand that a minimum performance level will need to be required for both aerobic and anaerobic conditions.
 • Use of biodegradation as a performance requirement for SBMs has experienced the challenges ofenvironmental microbiology.
 • The suggested design goals for a BAT biodegradation test are: maximum discriminatory power; practicality ofimplementation; ranking of known test substances as expected; and ecological relevance.
 • Anaerobic biodegradation test have offered the highest discriminatory power to date.
 • Most biodegradation tests (including the SOAEFD solid-phase test) used to date on SBMs are subject to %coefficients of variability greater than 30 for some base fluids.
 • Closed-bottle tests are less expensive, faster, and more practical than the solid-phase test.
 • The underlying chemical model for biodegradation performance is documented in the scientific literature.
 • The aerobic test results have not always matched the predicted performance of the predictive model.
 • The anaerobic test results match the predictive model in the case of ester, olefin, and paraffin (mineral oil)performance.
 • The NIVA test appears to rank the base fluids more consistently than the SOAEFD test.
 • For the SOAEFD protocol, the ranking of test materials appears to be an artifact of the testing conditions.
 • The NIVA test has the most ecological relevance.
 • The SOAEFD solid-phased test approaches biodegradation from field conditions but suffers from testingartifacts.
 • Closed-bottle tests are ecologically relevant because they measure aerobic and anaerobic degradation.
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 • Field studies may, over time, help improve and validate the ecological relevance of the test method selected.
 • Continued development of closed-bottle techniques and solid-phase tests is justified.
 • Due to lack or time, closed-bottle and solid-phase tests need to be tested quickly so that decisions can be madein a timely manner.
 Candler, J.E., J.H. Rushing and A.J.J. Leuterman. 1993. Synthetic-based mud systems offer environmentalbenefits over traditional mud systems. SPE 25993. Pages 485-499 In: SPE/EPA Exploration &Production Environmental Conference. San Antonio, TX, 7-10 March 1993. Society of PetroleumEngineers, Inc. Richardson, TX.
 Abstract: This paper addresses critical issues concerning the regulation of synthetic-based fluids in OuterContinental Shelf waters. Synthetic-based muds were not envisioned when discharge criteria were formulated adecade ago. It is critical that the U.S. Environmental Protection Agency investigate this new category, since theoriginal permit language and discharge criteria may inhibit the utilization of this new technology and prevent therealization of volume reduction that can be achieved using synthetic-based muds.
 To date, the EPA has not addressed the use of inhibitive mud systems as a control technology for reducing thequantity of pollutants. Drilling through shale formations is an integral part of drilling wells in the Gulf of Mexico.Solving problems associated with these formations can benefit the EPA, industry, and the environment. The use ofsynthetic-based muds offers greater waste reducing capabilities than water-based muds. They also permit drilling inareas that now require oil-based mud to combat troublesome shales. Compared to hauling oil-based mud, synthetic-based muds offer significant non-water quality advantages in the areas of air pollution, worker safety, reduction ofpotential spills, and reduction in landfill usage.
 Carlson, T. and T. Hemphill. 1994. Meeting the challenges of deepwater Gulf of Mexico drilling with non-petroleum ester-based drilling fluids. SPE 28739. Pages 669-682 In: SPE International PetroleumConference & Exhibition of Mexico. Veracruz, Mexico, 10-13 October 1994. Society of PetroleumEngineers, Inc. Richardson, TX.
 Abstract: The search for recoverable hydrocarbons in the Gulf of Mexico has moved into increasingly deeperwaters. Since its introduction in the Gulf of Mexico in 1993, the ester-based drilling fluid system has been used onfive deepwater wells. This paper describes the applications of the ester-based system and its ability to handle thespecial challenges of deepwater drilling in the Gulf of Mexico. Ester-based drilling fluids have proven to be topperformers in tow of the most difficult drilling environments known today: extended reach and deepwater drilling.
 Chapman, P.J. 1997. Thin layer chromatographic analysis for detection of crude oil contamination insynthetic- and enhanced mineral oil-based muds. Draft report from Gulf Ecology Division(NHEERL), U.S. EPA, Gulf Breeze, FL. 5 pp.
 Abstract: This is a draft protocol for determining crude oil in SBM by thin-layer chromatography. Organic matteris extracted from the SBM with a volatile organic solvent, applied to a silicon-coated TLC plate with fluorescentindicator. The plate is developed with suitable organic solvents and bands of aromatic hydrocarbons (indicative ofpetroleum) are quantified by comparison to the fluorescence intensity of standards developed concurrently.
 Churan, M., J.E. Candler, and M. Freeman. 1997. Onsite and offsite monitoring of synthetic-based drillingfluids for oil contamination. SPE 37906. Pages 179-192 In: 1997 SPE/EPA Exploration andProduction Environmental Conference. Dallas, TX, 3-5 March 1997. Society of Petroleum Engineers,Inc. Richardson, TX.
 Abstract: The development of synthetic-based drilling fluids (SBMs) has generated the need for new analyticaltechniques to identify oil contamination and to distinguish SBMs from oil-base muds (OBMs). In response to thisneed, laboratory techniques using gas chromatography/mass spectrometry (GC/MS) and field techniques usingportable gas chromatography with a flame ionization detector (GC/FID) have been developed and successfully
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 applied to SBM in the North Sea, Gulf of Mexico, and other global locations. This paper describes the analyticaltechniques and equipment used to monitor SBMs and reviews field case histories where contamination of SBM wasidentified.
 The two methods have been evaluated with PAO, LAO, IO, and ester synthetic base fluids and drilling muds. TheGC/MS method has lower detection limits than the GC/FID method. The GC/MS method has been used on morethan 2000 samples from more than 200 wells in the U.S. Gulf of Mexico, Norway, UK, Holland, Australia, Mexico,and Germany. These methods have been successful in identifying contamination, most notably from crude oil, inSBMs. Hydrocarbon contamination from oil-based drilling muds also has been detected.
 Cobby, G.L. and R.J. Craddock. 1999. Western Australian Government decision - making criteria involved in theregulation of drilling fluids offshore. APPEA Journal. 39(Part 1):600.
 Abstract: Traditional regulatory regimes have focused upon the regulation of classes of drilling fluids based ontheir chemical category. The Western Australian Department of Minerals and Energy (WADME) has developed analternative approach to the regulation of drilling fluids offshore. This alternate approach is based on an objectivecase-by-case assessment of each drilling proposal. The WADME assesses the likelihood and consequence(environmental risk) of potential environmental events associated with the total drilling proposal in determining theacceptability of that proposal.
 This approach uses a framework of assessment criteria to assist in decision making. These criteria include theenvironmental sensitivity of the well location; the oceanographic conditions and the potential for cuttingsaccumulation; the type and quantity of the proposed drilling fluid and cuttings; the method of cuttings disposal; theenvironmental performance of the drilling fluid under standard test protocols and the technical justification for theproposed use of the drilling fluids. This framework offers a more holistic assessment of the potential environmentalimpacts of a drilling proposal. This paper considers each criterion in this assessment and introduces cuttings pileremoval as a topic for discussion.
 Collins, G.J. and W.W. White. 1995. Improved practices, synthetic mud drive record 24-hy drilling. World Oil.May 1995:35-39.
 Abstract: Revised and improved drilling practices resulted in an increased rate of penetration (ROP), improvedhole cleaning, decreased circulating time, fewer instances of stuck pipe, and reduced total drilling days. In thecentral Gulf of Mexico, a total-project concept helped Marathon drill back-to-back record 24-hr footages. Methodsand philosophy described in this article allow drillers to choose optimum technologies, tools, materials and serviceperformance for achieving optimum or lowest cost per foot rather than always using low bid.
 Continental Shelf Associates, Inc. 1998. Joint EPA/Industry screening survey to assess the deposition of drillcuttings and associated synthetic based mud on the seabed of the Louisiana Continental Shelf, Gulf ofMexico. Prepared for: API Health & Environmental Sciences Dept., Washington, DC. Data Report.Continental Shelf Associates, Inc., Jupiter, FL. 58 Pages plus appendices.
 Abstract: A joint oil industry coalition sponsored a screening survey in the northwestern Gulf of Mexico to gainpreliminary information on SBM cuttings deposition, SBM concentrations in marine sediments near platforms thatrecently have discharged SBM cuttings, nearfield sediment anoxia, characteristics of benthic communities near SBMcuttings discharges, and the toxicity of sediments near platforms.
 Field sampling was preformed in August 1997 around three platforms off Louisiana: Grand Isle 95A, South MarshIsland 57C, and South Timbalier 148 E-3. Sediment sampling was preformed at each platform in a radial grid atdistances of 50, 150, and 2,000 m from the platform. Sediment grab samples were collected at each station foranalysis of SBM-associated hydrocarbons, total organic carbon, polycyclic aromatic hydrocarbons, sediment grainsize, presence of drill cuttings, odor, visual characteristics, and, at selected stations oxidation-reduction potential.Grab samples for macroinfuanal analysis were collected at the Grand Isle and Marsh Island platforms, and grabsamples for sediment toxicity testing were collected at selected stations around all three platforms.
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 Hydrographic profiles at the three platforms indicated the presence of a pycnocline in this area of the Gulf duringAugust. Deep water in much of the area was hypoxic. A near-bottom nephloid layer was detected around theplatforms. The bottom water hypoxia and nephloid layer are widespread during the summer off Louisiana.
 SBM-hydrocarbons were detected in some sediment samples near the platforms. A sediment sample from GI 95AStation 1 contained 3% TOC and 11,000 mg/kg wet weight SBM-hydrocarbons. Sediment in this sample had an eHof �380 mV, characteristic of an anoxic sediment.
 Sediment toxicity was determined with the amphipods Leptocheirus plumulosus and Ampelisca abdida. Survival ofthe amphipods in all sediment samples was about 91% and 86%, respectively, indicating no toxicity. The sedimentsamples used for bioassays did not contain measurable concentrations of SBM-hydrocarbons.
 Daan, R., K. Booij, M. Mulder and E.M. van Weerlee. 1996. Environmental effects of a discharge of drillcuttings contaminated with ester-based drilling muds in the North Sea. Environmental Toxicology andChemistry. 15(10):1709-1722.
 Abstract: A field-monitoring program has been carried out to assess the environmental effects associated with drillcutting discharges at a drilling location in the North Sea, after drilling with ester-based muds. The study included abaseline survey just before drilling started and three postdrilling surveys, 1, 4, and 11 months after termination ofdrilling. During these surveys, ester concentrations and macrofauna densities were determined at distances between75 and 3,000 m from the well. For the first and second postdrilling surveys, ester concentrations ranged between 2and 4,700 mg·kg�¹ dry sediment. During the third survey, esters were detected up to 200 m from the platform, withconcentrations between 1 and 250 mg·kg�¹ dry sediment. Between 500 and 3,000 m, ester concentrations werebelow detection level. The half-life was estimated at 133 d. This value reflects the composite effects ofbiodegradation and sediment relocation. During the second postdrilling survey, a reduced abundance as well as areduced species richness of the macrofauna was observed up to 200 m from the well. Also, the presence of Capitellacapitata was an obvious sign of disturbed sediment conditions in this area. A few species showed abundancegradients over the whole sampling transect and occurred in reduced abundance up to 500 or 1,000 m compared tothe 3,000-m reference station. The third postdrilling survey clearly revealed effects at 75 to 200 m from the well.Although the results of the present study show that effects had not completely disappeared after 1 year, there aresigns of recovery of the macrobenthos, because a reasonable number of species had recolonized the area in thevicinity of the well site, particularly at 200 m, in fairly high numbers.
 de Groot, S.J. 1996. Quantitative assessment of the development of the offshore oil and gas industry in the NorthSea. ICES Journal of Marine Science. 53:1045-1050.
 Abstract: An overview is given of the development of the offshore oil and gas industry in the North Sea and thepossible physical impact on the ecosystem in the short and long term. The order of magnitude of several activities(seismic exploration, drilling, platforms, pipelines, subsea facilities, and gas flaring) has been estimated on thebasis of information from national authorities and the hydrocarbon industry.
 Between 1964 and 1993, the U.K drilled a total of 1530 exploration wells, 997 appraisal wells, and 2256 productionwells in the North Sea. The Netherlands drilled 559 exploration, 114 appraisal, and 314 production wells. Norwaydrilled 771 wells in the North Sea through 1993. Denmark has drilled more than 150 exploration wells and 69development wells since 1983. An estimated 7 million m3 of cuttings was discharged to the North Sea from all thewells drilled there between 1964 and 1993.
 Degouy, D., J.-F. Argillier, A. Demoulin, and F. Velghe. 1993. Biodegradable muds: an attractive answer toenvironmental legislations around offshore drilling. SPE 26737. Pages 507-514 In: Offshore EuropeanConference. Aberdeen, Scotland, 7-10 September 1993. Society of Petroleum Engineers, Inc.Richardson, TX.
 Abstract: For many years, oil based muds have shown proof of efficiency towards hostile drilling cases especiallywater-sensitive shales or high temperature wells. However, their use is subjected to more and more constraints dueto the fast evolution of environmental legislation. One of the possibilities to avoid this problem while keeping theadvantages of oil muds consists in substituting mineral oils by biodegradable vegetable oils such as fatty acid esters.
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 The esters used in these new oil-based muds have an aerobic biodegradability of more than 85% after 4 weeks andan anaerobic biodegradability of more than 60% after 2 months.
 An original formulation has been developed, presenting very good properties up to 140°C. Its performance is basedon a proper choice of ester quality, emulsifying system and additives types, and on a severe control of limeconcentration to avoid any risks of ester hydrolysis in conjunction to pH and temperature. Its behavior has beenstudied under bottomhole conditions, using a home made HT/HP flow loop, during aging. Contamination testsdemonstrated the ability of ester-based muds to resist possible contamination i.e., sea water, drilled solids, cementsduring the drilling process.
 Derkies, D.L. and S.H. Souders. 1993. Pollution prevention and waste minimization opportunities forexploration and production operations. SPE 25934. Pages 71-76 In: SPE/EPA Exploration &Production Environmental Conference. San Antonio, TX, 7-10 March 1993. Society of PetroleumEngineers. Richardson, TX.
 Abstract: In a continuing effort to encourage improvements in the management of exploration and production(E&P) wastes, the Office of Solid Waste (OSW) of the U.S. Environmental Protection Agency (EPA) is identifyingpractices and technologies that may contribute to pollution prevention and waste minimization when applied toE&P operations. The sources of this information include trade literature, product literature, and patents. Onceidentified, details of these practices and technologies may be compiled in a database where the information may beeasily accessed and ultimately used in the development of outreach materials for industry.
 Several notable practices and technologies identified to date are discussed in this paper along with results of fieldtrials where available. Although many have already been described in the literature, the intent of the authors is topresent a brief overview of selected pollution prevention and waste minimization concepts in order to stimulatefurther investigation and discussion.
 Det Norske Veritas. 1994. Gyda well site 2/1-9 environmental survey 1993. Det Norske Veritas IndustryTechnical Report nr. 95-3150.
 SI. 1992. Gyda well site 2/1-9 environmental survey 1991. Senter for industriforskning rapport nr 91 01 16-3.
 SINTEF. 1993. Gyda well site 2/1-9 environmental survey 1992. SINTEF rapport nr. STF27 SF93035.
 Abstract: These three papers provide the results of three field surveys undertaken after drilling the Gyda welloffshore Norway with an ether SBM. The surveys found elevated concentrations of ether in sediments at distancesup to 200 m from the discharge immediately after drilling. After one year, some samples showed a reduction ofether SBM but others showed an increase. Normalizing the concentration of ether relative to Ba in sedimentssuggested that there was little evidence for biodegradation after one year (Schaanning et al. 1996). After two years,concentrations of ether SBM in sediments had declined to very low levels (2-3 mg/kg).
 Elf Akuamiljo 1996. Biodegradability of Chemical Substances in Seawater. Results of all four OSPARCOMring tests. Elf Akuamiljo at Institute des Amenagements Regionaux et de l�Environnement.November 1996
 Abstract: The objective of this study was to evaluate and compare different procedures for testing biodegradationof chemicals in seawater. The four procedures were suggested by members of the Oslo and Paris Commission(OSPAR) and included: OECD Guideline 306 Closed Bottle Test, Marine BODIS Test, Marine CO2 EvolutionTest, and Marine CO2 Headspace Test. Four test substances were used, two of which were considered to bereadily biodegradable (sodium benzoate and an ester based drilling fluid) and two that were less readilybiodegradable (pentaerythritol and an ether drilling fluid). Each material was tested in 18 different laboratories.
 The four methods provided similar results for each of the four substances tested. The tests showed that the esterbased drilling fluid was readily biodegradeable over the 28 day test period. Percent degradation after 28 daysranged from 25 to 95% but was usually greater than 60%. However, the ether based drilling fluid was considerednot biodegradeable as the 60% biodegradation threshold set for the test was never achieved. Percent
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 biodegradation of the ether after 28 days was less than approximately 25% for all four tests.
 Environmental Protection Agency. 1999. Development document for proposed effluent limitations guidelinesand standards for synthetic-based drilling fluids and other non-aqueous drilling fluids in the oil andgas extraction point source category. EPA-821-B-98-021. Office of Water, Office of Science andTechnology, Engineering and Analysis Division, U.S. Washington, DC. Various Pages.
 Abstract: This development document provides a comprehensive description of current and available practices foruse and discharge of SBMs to the ocean from offshore platforms. This technical document is used as the basis andjustification for recommended effluent limitations guidelines and new source performance standards for synthetic-based and other non-aqueous drilling fluids in the oil and gas extraction point source category (EPA, 1999). Thedocument describes:
 • the legal authority of EPA to regulate SBM discharge;
 • the purpose and summary of the proposed regulation;
 • a definition of SBM and associated waste streams;
 • a description of the offshore oil industry in the Gulf of Mexico, with emphasis of drilling practices;
 • a description of data and information gathering for the development document;
 • selection of pollutant parameters to measure in SBM cuttings;
 • drilling wastes characterization, control, and treatment;
 • compliance cost and pollution reduction determination of drilling fluids and drill cuttings;
 • non-water quality environmental impacts and other factors;
 • options selection rationale; and
 • references.
 Environmental Protection Agency. 1999. Effluent Limitations Guidelines and New Source Performance Standardsfor Synthetic-Based and Other Non-Aqueous Drilling Fluids in the Oil and Gas Extraction Point SourceCategory; Proposed Rule. Part III. 40 CFR Part 435. Federal Register. 64(22):5488-5554.
 Abstract: EPA is proposing to amend the regulation by providing specific requirements for the discharge ofsynthetic-based drilling fluids (SBFs) and other non-aqueous drilling fluids. The waste streams that would belimited are drilling fluids and drill cuttings. Controlling the discharge of SBFs as proposed today would reduce thedischarge of SBFs by 11.7 million pounds annually. Further, allowing rather than prohibiting the discharge of SBFswould substantially reduce non-water quality environmental impacts compared to the zero discharge option. EPAestimates that allowing discharge will reduce air emissions of the criteria air pollutants by 450 tons per year,decrease fuel use by 29,000 barrels per year of oil equivalent, and reduce the generation of oily drill cuttings wastesrequiring offsite disposal by 212 million ponds per year.
 Environmental Protection Agency. 1999. Environmental Assessment of Proposed Effluent Limitations Guidelinesand Standards for Synthetic-Based Drilling Fluids and Other Non-Aqueous Drilling Fluids in the Oil andGas Extraction Point Source Category. EPA-821-B-98-019. U.S. Environmental Protection Agency, Officeof Water, Office of Science and Technology, Engineering and Analysis Division. Washington, DC. VariousPages.
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 Abstract: This environmental assessment consists of an evaluation of the ecological and indirect human healthimpacts for the discharge of cuttings contaminated with synthetic-based drilling fluids (SBFs) with respect todischarges to water. In addition, this document describes the environmental characteristics of SBF drilling wastes(e.g., toxicity, bioaccumulation, biodegradation), the types of anticipated impacts, and the pollutant modelingresults for water column concentrations, pore water concentrations, and human health effects via consumption ofaffected seafood. This document does not consider the potential non-water quality environmental effects associatedwith the proposed rule.
 Modeled dilutions of SBM cuttings in the Gulf of Mexico indicate an initial dilution of 1,545-fold within one minuteof discharge and a dilution of 35,234-fold within 11 minutes. Toxicities of synthetic base chemicals and drillingmuds to benthic organisms have been evaluated. Diesel fuel and mineral oil usually are substantially more toxicthan IO, and PAO. Olefin-type synthetic base fluids have log octanol/water partition coefficients (log Kow) generallyhigher than 9, indicating little or no potential to bioaccumulate in the tissues of marine animals. Esters have a logKow of about 1.69, indicating a limited potential to bioaccumulate. One IO containing 16 to 18 carbons was reportedto bioaccumulate in mussels.
 Environmental Protection Agency. 1996. Oil and Gas Extraction Point Source Category; Final Effluent LimitationsGuidelines and Standards for the Coastal Subcategory; Final Rule. Part III. 40 CFR Part 435. FederalRegister. 61(242):66086,66120-66122.
 Abstract: This regulation establishes effluent limitations guidelines and new source performance standards (NSPS)for direct discharges based on "best practicable control technology currently available" (BPT), " best conventionalpollutant control technology" (BCT), "best available technology economically achievable" (BAT), and "bestavailable demonstrated control technology" (BADCT) for new sources.
 Fechhelm, R.G., B.J. Gallaway and J.M. Farmer. 1999. Deepwater sampling at a synthetic drilling mud dischargesite on the Outer Continental Shelf, Northern Gulf of Mexico. SPE 52744. Pages 509-513 In: 1999SPE/EPA Exploration and Production Environmental Conference. Austin, TX, 28 February-3 March 1999.Society of Petroleum Engineers. Richardson, TX.
 Abstract: Between 1992 and 1994, BP Exploration drilled ten wells from a single jacket at a depth of 393 meters inMMS Lease Block Viosca Knoll 989 (Pompano Phase I). Production began in October 1994. The second phase,utilizing a subsea template, was drilled between 1995 and 1997 at a depth of 565 meters in Mississippi CanyonBlock 28, four miles downslope (Pompano Phase II). Both water based muds and synthetic muds were used. Anadditional well was drilled at Mississippi Canyon 28 in early 1998. This review describes the procedures used tosurvey the deepwater seafloor in July 1997 and March 1998 using a remote operated vehicle (ROV). Included arequalitative and quantitative sampling of the bottom sediment for chemical and benthic analyses using core samplersand videotransects for identification and enumeration of fish and large invertebrates.
 The goals of this project were to document: the size and extent of the cuttings piles following two+ years of a multi-well development drilling program in the deep Gulf; the concentrations of synthetic based drilling fluids (SBFs) insediments around the drilling template; and the appearance of the bottom sediments with respect to chemicalactivity and densities of macrofauna and megafauna at the same locations. The main purposes of the follow-up studywere to compare findings with those seen earlier and to identify changes in the structure of the local macrofaunaand megafauna biological communities since the July 1997 survey. In 1998, the highest average concentration ofPetrofree LE in surface sediments was 49,000 mg/kg northeast of the platform. The highest concentration ofPetrofree LE in the 2-5-cm depth interval of sediments was 30,000 mg/kg, also northeast of the platform. Megafaunaand sediment macrofauna were more abundant at locations where large amounts of SBF were deposited. Results ofboth the 1997 and 1998 studies were compared to data collected at similar depths in the eastern and western Gulfduring the MMS baseline studies conducted in the 1980s.
 Fisk, J.V., R. Wood and J. Kirsner. 1996. Development and field trial of two environmentally-safe water-basedfluids used sequentially to free stuck pipe. IADC/SPE 35060. Pages 205-213 In: 1996International Association of Drilling Contractors & Society of Petroleum Engineers DrillingConference. New Orleans, Louisiana, 12-15 March 1996. Society of Petroleum Engineers, Inc.Richardson, TX.
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 Abstract: Diesel-based spotting fluids have historically been used to free differentially-stuck pipe. Increasingenvironmental regulatory pressures have prompted the development of environmentally-acceptable water-basedspotting fluids. In spite of their widespread application, these new fluids have had only sporadic success in freeingdifferentially-stuck pipe in the field.
 An extensive laboratory research project was initiated to identify potential chemistries that could offer increasedperformance and maintain environmental acceptability. Literature review revealed that previous spotting fluidresearch had focused mainly on the spotting fluid providing lubrication between the drillpipe and mud filter cake.However, it was found that successful spotting fluids must not only provide lubrication, but also quickly invade mudfilter cakes. Laboratory data also revealed that the best performing conventional spotting fluids were highly toxic tomysid shrimp. In accordance with the new findings, a two phase spot was developed. A field application is detailedthat validated the concept of the two phase spot and its method of application.
 Fraser, L. 1996. Synthetics winning approval in Gulf. The American Oil & Gas Reporter. 81-83 & 103.
 Abstract: The composition of different SBMs is described. SBMs have several advantages over OBMs that would benegated if direct site discharge for SMB cuttings were to be discontinued. The costs for alternative disposal of drillcuttings would be prohibitive. If it is deemed that continued discharge of SBM cuttings is acceptable, the industrywill be using synthetics for a long time to come. If, however, the opposite is concluded, synthetics will have little ifany advantage to offer over cheaper highly refined mineral oils.
 Friedheim, J.E. 1994. Drilling with synthetic fluids in the North Sea - an overview. Presented at the IBC Conferenceon "Drilling Technology". Aberdeen, November 1994. 13 Pages plus figures.
 Abstract: Synthetic drilling fluids or "pseudo-oil" muds have been used in the North Sea for over four years.Generally speaking, all types of these fluids have been successful in a variety of drilling applications and shareseveral performance benefits which often make them the preferred fluid even over oil-based muds. This paper brieflydescribes these mud systems and discusses their benefits as well as some limitations. Case histories focusing on thePAO (poly-alpha-olefin) based synthetic fluid will be used to illustrate the utility of these systems.
 Friedheim, J.E. 1998. Area-specific analysis reflects impact of new generation fluid systems on deepwaterexploration. IADC/SPE 47842. In: 1998 IADC/SPE Asia Pacific Drilling Conference. Jakarta,Indonesia, 7-9 September 1998. IADC/SPE Asia Pacific Drilling Technology. Society of PetroleumEngineers, Richardson, TX. 14 pp.
 Abstract: The worldwide acceleration in deepwater exploration and the accompanying technical and environmentalcomplications have been well documented in the literature. From a drilling fluids perspective, the demands intrinsicto deepwater drilling and completions are especially acute as operators must reconcile performance and economicobjectives with unique technical and environmental obstacles. Beyond standard fluid criteria, mud systems designedfor deepwater projects must also address such unique problems as shallow gas hazards/water flows; gas hydrateformations; lost circulation/lower fracture gradients and hole cleaning in the riser section.
 This paper reviews the latest developments in synthetic and water-based mud systems geared specifically fordeepwater drilling and completions. The inherent advantages and disadvantages of the various systems arereviewed. Moreover, to illustrate the technical and economic impact of latest generation fluid systems in deepwaterprojects, the author presents case studies from deepwater theaters worldwide. For example, an isomerized-olefinsynthetic fluid was used to drill the 12 ¼ in section to total depth in 6,740 ft of water in the Gulf of Mexico. The wellwas drilled five days ahead of schedule and $875,000 under budget. The rate of penetration were as high as 100ft/hr. Use of the SBF resulted in very little trouble time during vertical and offset drilling.
 Friedheim, J.E. and H.L. Conn. 1996. Second generation synthetic fluids in the North Sea: are they better?IADC/SPE 35061. Pages 215-228 IN: IADC/SPE Drilling Conference. New Orleans, 12-15 March1996. Society of Petroleum Engineers, Inc. Richardson, TX.

Page 104
                        

92
 Abstract: At the beginning of the 1990s, three synthetic type materials were introduced - esters, ethers andpolyalphaolefins. Now after heading towards the last half of this decade, a new generation of synthetics is gainingpopularity - linear alpha olefins and isomerized olefins. Another base fluid, linear paraffin, which can be consideredpseudo-oil rather than synthetic, is also making an impact. Each of these materials has similarities as well asdifferences both as base fluids and drilling muds.
 North Sea applications of synthetic-based muds highlight the major aspects that not only delineate the firstgeneration of fluids from the second but also the various fluids themselves. Each area- the United Kingdom,Norway, and the Netherlands - not only have different marketplaces, but also different emphasis on the many facetsof environmental as well as health and safety concerns. This variance from country to country provided the impetusfor the introduction of these various fluids.
 This paper provides an overview of these second generation fluids and deals with their technical, environmental,and economical status as it relates to the North Sea drilling area. It will also discuss these second generation fluidsin light of their predecessors and emphasize the differences. Details are provided on the chemistry of these secondgeneration fluids and actual field data will be provided to illustrate their effectiveness.
 First generation SBFs include: ester, PAO, ether, and acetal. Second generation SBFs include linear alkylbenzene(LAB), linear alpha olefin (LAO), internal olefin (IO), and linear paraffins (LP). The cost of the base fluids of the 2nd
 generation synthetics is lower. The lower viscosity of the 2nd generation synthetics allows these systems to beformulated and engineered more economically. The lower viscosity of the 2nd generation synthetics generally resultsin lower circulation pressures. The benefits of the lower viscosity may be offset by hole cleaning and lubricationconcerns. Except for the esters, 2nd generation synthetics have demonstrated a greater ability to biodegrade. Ingeneral, 2nd generation synthetics exhibit higher aquatic toxicity than 1st generation synthetics. The finalenvironmental fate of synthetic fluids will be determined by future seabed surveys.
 Friedheim, J.E., G.J. Hans, A. Park and C.R. Ray. 1991. An environmentally superior replacement for mineral-oildrilling fluids. SPE 23062. Pages 299-311 In: The Offshore Europe Conference. Aberdeen, 3-6 September1991. Society of Petroleum Engineers, Inc. Richardson, TX.
 Abstract: Environmental constraints have led to the development of an invert mud system that has excellent toxicity,health and safety aspects, and is biodegradable. This system is particularly suitable for North Sea use wheredischarges from drilling with mineral oil-base drilling fluids are limited. Based on a synthetic material as thecontinuous phase, this mud system gives the same high performance as that of mineral oil-base systems. This paperdescribes this novel mud system and focuses on the impact of its use in environmentally sensitive areas.
 The ratio of synthetic liquid continuous phase and aqueous phase (S/W ratio) can vary from 90/10 to 50/50 withmud weights ranging from unweighted to 18.0 ppg. The rheology parameters can be altered with rheology modifiersto give increased low-shear-rate viscosities for enhanced hole cleaning capabilities. Huxley-Bertram HTHPviscometer data shows good stability of the system under downhole conditions. Additional work indicates this systemhas reduced gas solubility, better lubricity, and lower retention on cuttings when compared to mineral oil-basedmuds.
 Favorable toxicity data, bioaccumulation studies, and biodegradation work have been compiled for both thesynthetic material and mud system. U.K. toxicity tests give highly acceptable values. These results, along with thebioaccumulation data; have led the U.K. Department of Energy (DEN) to assign the system a Category 0Classification under its Chemical Notification Scheme. Likewise, the Norwegian government agency (SFT) hasagreed to permit this system to be used on a field trial basis. Currently, the U.S. Environmental Protection Agency(EPA) is considering its use, and subsequent discharge of cuttings, for Gulf of Mexico drilling.
 In tests performed in the UK, a PAO-based fluid had an acute toxicity to shrimp of more than 18,000 mg/L. Thecomplete PAO mud system had an acute toxicity of greater than 32,000 mg/L. Because of their high molecularweight and low solubility, PAOs do not bioaccumulate in marine organisms and have little effect on growth in fish.
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 Friedheim, J.E. and R.M. Pantermuehl. 1993. Superior performance with minimal environmental impact: a novelnonaqueous drilling fluid. SPE/IADC 25753. Pages 713-726 In: 1993 SPE/IADC DrillingConference. Amsterdam, 23-25 February 1993. Society of Petroleum Engineers, Inc. Richardson, TX.
 Abstract: The first well utilizing a novel drilling fluid based on polyalphaolefin (PAO) chemistry has been drilled inthe North Sea. In addition to excellent drilling performance, PAO drilling fluids exhibit low toxicity, lowbioaccumulation, and are biodegradable. Success of the PAO mud has established the system as a viable synthetic-based alternative to oil-based muds.
 The non-aqueous PAO system was used to drill the 12.25-in. section of a well in the Central Basin of the North Sea.The interval from 6,300 to 15,067 ft (1,920 m to 4,592 m) was drilled at an angle of 55 deg. The formation consistedprimarily of tertiary shales mixed with limestone stringers. Mud weight range was 15.0-15.5 ppg (1.8-1.86 s.g.).
 Comparisons with oil-based muds used in this area of the North Sea indicated the PAO fluid helped increasepenetration rates and reduce torque and drag. Other performance benefits included superior hole cleaning and noevidence of weight material sag. Additionally, cuttings discharged into the sea retained an average of 8.2 % PAO(82 g/kg dry retort solids). The PAO-contaminated cuttings dispersed quickly.
 Comparisons with other non-aqueous alternatives such as ester and ether-based fluids show PAO systems providebetter elastomer compatibility, lime and cement tolerance, surface handling, synthetic/water ratio flexibility, andtemperature stability.
 A field prepared used PAO mud had an acute toxicity to algae, barnacles, and bivalves of 50,000 mg/kg, 240,000mg/kg, and 14.8 mg/kg. The PAO was not bioaccumulated by a marine fish. The PAO also degraded in laboratorytests under aerobic and anaerobic conditions.
 Friedheim, J.E. and A. Patel. 1999. Technical solutions for environmental problems: novel drilling formulations tominimize environmental impact. SPE 52741. In: 1999 SPE/EPA Exploration and ProductionEnvironmental Conference. Austin, TX, 28 February-3 March 1999. Society of Petroleum Engineers, Inc.Richardson, TX.
 Abstract: The use of synthetic-base muds (SBM) has increased steadily since their introduction in the Gulf ofMexico early this decade. Research into SBM has centered on assessing the heavy environmental impact of cuttingsdischarges. This impact is potentially affected by various factors, not the least of which is the synthetic base fluiditself, related to the technical composition of the mud.
 New technology in the form of synthetic mud formulations further reduce the environmental impact of cuttings andtheir associated fluid. These novel formulations aid in pollution retention associated with the discharge of drillcuttings into the receiving environment. These new technologies include:
 - Unique emulsifiers that allow wellbore surfaces and cuttings to change from an oil-wet state to a water-wet state- New synthetic-base materials that allow cuttings to disperse readily into the water column- Novel brine phases that benefit the disposal of cuttings via land farming
 This paper discusses these approaches in formulating and engineering synthetic-base muds [that]can reduce theoverall environmental impact of a drilling operation.
 Gallaway, B.J., R.G. Fechhelm, G.F. Hubbard and S.A. MacLean. 1998. Opportunistic sampling at a syntheticdrilling fluid discharge site on the continental slope of the northern Gulf of Mexico: The PompanoDevelopment, 13-14 March 1998. Report to BP Exploration, Inc., Houston, TX. LGL EcologicalResearch Associates, Inc. Bryan, TX. Various pages.
 Abstract: BP Exploration, Inc., installed an offshore oil and gas platform (Pompano Phase I) in 393 meters of wateron the continental slope of the Gulf of Mexico in Lease Block Viosca Knoll 989 in 1994. Ten wells were drilled fromthe platform in 1994. The template for Pompano Phase II was installed four miles downslope from Pompano Phase I
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 in 565 m of water in Mississippi Canyon Block 28 in 1995. Drilling at this site occurred between October 1995 andthe summer of 1997.
 Although water-based drilling fluids were used in most of the Pompano Phase II drilling operations, a synthetic-based drilling fluid, Baroid Petrofree LE, was used during drilling of six wells. Drill cuttings containing anestimated 6,057 bbls of Petrofree LE were discharged to the ocean. An additional 1,672 bbls of Petrofree weredischarged with cuttings during drilling of another well in February and March, 1998. Two benthic surveys, in July1997 and March 1998, were performed to determine the fates and possible effects of the discharged SBF-cuttings.
 The objectives of the study were to document:• the size and extent of any associated cuttings pile following 2 years of a multiwell development drilling program
 in the deep Gulf;• the general appearance of the bottom as related to chemical activity and biodegradation processes;• concentrations of Petrofree-LE (the SBM used) in sediments around the Pompano Phase II subsea drilling
 template; and• densities of macrofauna and megafauna at some locations near the platform.
 Sediment sampling was performed by ROV at 15 locations between 25 and 90 m up-current, down-current, andacross-current from the template. Video surveys were performed to determine densities of megafauna.
 Cuttings piles on the order of meters to tens of meters high were not present; maximum accumulations were on theorder of 20 to 25 cm. Surface sediments near the template appeared to have a thin veneer of cuttings. Theappearance of the bottom suggested intense chemical activity and active biodegradation. Concentrations ofPetrofree-LE in sediments ranged up to 198,000 ppm within 50 to 75 m of the template. However, there were nogradients of sediment SBM concentrations with distance or direction from the site. 87% of surficial sedimentsamples contained 1,000 ppm or more SBM; only 40% of subsurface (2-5 cm) sediments contained 1,000 ppm ormore of SBM.
 High densities of macrofauna and megafauna were observed at the study site as compared to baseline information.Organic enrichment from SBM discharges or from organisms falling from submerged platform structures may haveprovided the energy need for the high productivity. The fatty acid esters in the synthetic base chemicals werecontributing to bacterial enrichment of the sediments that served as food for the benthic fauna. There is anindication of a return of the benthic community to predrilling composition with time after the discharges.
 Getliff, J.M. and S.G. James. 1996. The replacement of alkyl-phenol ethoxylates to improve the environmentalacceptability of drilling fluid additives. SPE 35982. Pages 713-719 In: International Conference on Health,Safety & Environment. New Orleans, Louisiana, 9-12 June 1996. Society of Petroleum Engineers, Inc.,Richardson, TX.
 Abstract: Alkyl-Phenol ethoxylates (APEO) are a class of surfactants which have been used widely in the drillingfluid industry. The popularity of these surfactants is based on their cost effectiveness, availability and the range ofhydrophilic-lipophilic balance values obtainable. Studies have shown that APEOs exhibit estrogenic effects and cancause sterility in some male aquatic species. This may have subsequent human consequences and such problemshave led to a banning of their use in some countries and agreements to phase out their use e.g. PARCOMrecommendation 92/8.
 The use of APEOs as additives in detergents, lubricants and stuck-pipe release agents for drilling fluid applicationsis discussed. The effectiveness of products formulated with APEOs is directly compared with alternative productsthat are non-persistent and less damaging to aquatic species. Lubricity measurements using standard and in-housedesigned equipment and washing tests to compare the efficiency of surfactants are explained and productperformance results presented.
 The results show that alternatives to products containing APEOs are available and that in some cases they show abetter technical performance. Linear alcohol ethoxylate (LAEO) surfactants and their degradation products are lesstoxic than APEOs to marine organisms. LAEOs are completely biodegradable to CO2 and water in natural waters.
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 Getliff, J., A. Roach, J. Toyo, and J. Carpenter. 1997. An overview of the environmental benefits of LAObased drilling fluids for offshore drilling. Report from Schlumberger Dowell. 10 pp.
 Abstract: Linear alpha olefins (LOA), used as the synthetic phase in some SBFs, have a low aqueous solubility andlow toxicity to marine organisms. Impacts on benthic environments of LAO-contaminated cuttings discharges arecaused by the physico-chemical environmental changes caused by the deposition and degradation of cuttings on theseabed (e.g., sedimentation and smothering, biological oxygen demand, and hydrogen sulfide production). Thelinear structure of LAO favors its microbial degradation. It is readily degraded under aerobic (60.3% at 2 mg/L)and anaerobic conditions (41% at 100 mg/L). The unsaturated bond in the molecule is sensitive to microbial attack.Under aerobic conditions, initial oxidation occurs at the terminal carbon group, resulting in the formation of anorganic acid. One atom of oxygen is incorporated into the oxidized hydrocarbons producing an alcohol that isconverted to a fatty acid. through a ketone intermediate. Two-carbon (acetate) fragments are then removed from thefatty acid by cyclic β-oxidation. Acetate is used for nutrition by the microbes. Degradation requires oxygen. WhenLAO degradation occurs in surficial sediments, oxygen in the sediments may be depleted. Under anaerobicconditions, sulfate-reducing bacteria may degrade the LAO, producing hydrogen sulfide as a byproduct from theabundant sulfate in marine sediments.
 LAO drilling fluids have a lower viscosity than other synthetic fluids allowing more complete separation of thedrilling mud from the cuttings. This allows discharge of cuttings containing very low concentrations of LAO. Thecuttings are more readily dispersed in the water column and settle over a wider area at lower concentrations.Sediment biota exposed to these more highly dispersed cuttings accumulations recover more rapidly than thoseexposed to high concentrations of SBF cuttings.
 Gjos, N. et al. 1991. Ula well site 7/12-9 environmental survey 1991. Senter for Industriforskning, rapport nr 91 02 16-3.
 Smith, J. and J.J. Moore. 1990. Ula wellsite 7/12-9 environmental survey, May 1990. Report FSC/RC/15/90.Field Studies Council Research Centre, UK.
 Smith, J. and S.J. May. 1991. Ula wellsite 7/12-9 environmental survey 1991. Report FSC/RC/13/91. FieldStudies Council Research Centre, UK.
 Smith, J. and G. Hobbs. 1993. Ula wellsite 7/12-9 environmental survey 1992. Report FSC/RC/15/92. FieldStudies Council Research Centre, UK.
 Abstract: These four papers summarize the results of field surveys following the drilling at the Ula wellsite using anester SBM. Immediately after drilling there were significant impacts within 100 m of the discharge where initialconcentrations of ester in sediment were high (46,400 to 85,300 mg/kg). The highest barium concentrations insediments were 1,720 to 3,770 mg/kg. There was no evidence of impacts at greater than 200 m from the dischargewhere concentrations of ester in sediment were lower (208 mg/kg). Recovery appeared to be relatively rapid as noimpacts were evident 1 or 2 years after drilling when concentrations of ester in sediment had declined to less than 1mg/kg. The authors did note that sample replication was a problem because of the position fixing system used andsuggested that this could affect estimation of recovery times.
 Growcock, F.B., S.L. Andrews, and T.P. Frederick. 1994. Physicochemical properties of synthetic drillingfluids. IADC/SPE 27450. Pages 181-190 In: 1994 IADC/SPE Drilling Conference. Dallas, TX, 15-18February 1994. International Association of Drilling Contractors/Society of Petroleum Engineers, Inc.(IADC/SPE). Richardson, TX.
 Abstract: Synthetic-based muds (SBMs) were developed as environmentally friendly alternatives to conventionalpetroleum-derived oil-based muds (OBMs). Although each synthetic fluid is chemically unique, the physico-chemical properties of the SBMs exhibit some common trends. SBMs are safer to work with, more biodegradableand more dispersible in seawater than conventional OBMs. On the other hand, SBMs are more viscous at lowtemperatures, thin more with increasing temperature, have lower thermal stability and do not dehydrate shales asreadily as conventional OBMs. By adjusting the emulsifier package in each mud, these properties may be broughtmore in line with those of conventional OBMs.
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 Hartley, J.P. 1996. Environmental monitoring of offshore oil and gas drilling discharges - a caution on the use ofbarium as a tracer. Marine Pollution Bulletin. 32(10):727-733.
 Abstract: Commonly used methods for extracting barium from marine sediments are inefficient when highconcentrations of barium sulfate are present in samples. Comparative data on sea-bed barium concentrationsaround a single exploration well are presented to highlight the influence of different extraction methods which canresult in 2-3 order of magnitude differences in levels recorded. This suggests that in many monitoring studies thevalue of barium as a tracer of discharged drilling wastes and thus as an aid to the interpretation of survey data isreduced. The environmental management implications of these findings are explored and a holistic and morecollaborative approach to environmental effects monitoring is advocated.
 Jacques, D.F., H.E. Newman, Jr., and W.B. Turnbull. 1992. A comparison of field drilling experience with low-viscosity mineral oil and diesel muds. IADC/SPE 23881. Pages 341-354 In: 1992 IADC/SPEDrilling Conference. New Orleans, Louisiana, February 18-21, 1992. IADC/SPE Drilling Conference.Richardson, TX.
 Abstract: Diesel has been the most widely used base-oil for oil muds. Mineral oil muds have found some applicationwhere operators wished to drill with an oil mud but wanted lower aromatic exposure to workers and theenvironment. Regulations have now been established that increase the difficulty of using diesel in drilling muds.From a human health, safety, and environmental issues perspective, alternates to diesel mud have merit. This paperwill describe laboratory and field performance data comparing diesel oil muds with a low-viscosity, low-aromatic,low-toxicity oil or enhanced mud oil (EMO), an improvement over the early mineral oils. The physicalcompositional, environmental, and human health differences between diesel and the EMO muds have improved rateof penetration over diesel muds when used under similar conditions by 23 to 54%.
 Jones, F.V., J.H. Rushing, and M.A. Churan. 1991. The chronic toxicity of mineral oil-wet and synthetic liquid-wet cuttings on an estuarine fish, Fundulus grandis. SPE 23497. Pages 721-730 In: The FirstInternational Conference on Health, Safety and Environment. Hague, The Netherlands, 10-14November 1991. Society of Petroleum Engineers, Inc. Richardson, TX.
 Abstract: One of the major factors concerning oil-wet cuttings discharges is the long-term effect on the aquaticenvironment. This study investigates the survival and growth of the mud minnow, Fundulus grandis, when exposedto different concentrations of mineral oil-wet and synthetic liquid-wet cuttings in flow-through bioassay chambers.
 The test fluids were a low aromatic mineral oil-based mud (MOBM) and a synthetic liquid-based mud (SBM). Eachtest fluid was added to a container of dried water-based cuttings which contained minimum hydrocarbons. The fluidand cuttings were mixed to obtain the desired test concentrations. The study tested three concentrations (1%, 5%,and 8.4% by dry weight) of each fluid on the cuttings.
 Growth rates during the 30-day period were modest with fish in 1% MOBM losing weight. The highest percentgrowth rates were obtained with fish cultured in 5% SBM and the controls. However, overall growth was notsignificantly different between treatments. Mean growth did show a significant difference between controls and 5%SBM, and other treatments..
 Jones, F.V., C. Hood, and G. Moiseychenko. 1996. International methods of evaluating the discharge ofdrilling fluids in marine environments. SPE 46825. In: 1998 SPE International Conference on Health,Safety and Environment in Oil and Gas Exploration and Production. Caracas, Venezuela, 7-10 June1998. Society of Petroleum Engineers, Inc. Richardson, TX. 18 pp.
 Abstract: Restrictions on the discharge of drilling mud and cuttings around the world are governed by standards,norms, laws and regulations designed to provide protection to the surrounding marine environment. Operationshave been ongoing in waters off the American coasts and the North Sea for the longest period of time and bothareas have developed the most detailed set of restrictions and testing of both the discharges and the chemicals usedin drilling.
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 Since the late 1970's, offshore operations have expanded throughout the world in Africa, South America, the MiddleEast, Asia, and in other areas. In many instances these countries have developed their own standards andrequirements for discharges either through individual country laws or through international standards (i.e., theBaltic Sea Convention). Methodologies used to evaluate drilling fluids and their discharges include; biotesting (ofboth whole mud and the individual chemicals), chemical restrictions and analysis, oil content, biodegradability toname but a few.
 How best to evaluate these discharges around the world has become problematic. The cost of testing fluids for eachnew venture is both costly, time consuming, and in many instances unwarranted. However, each region and countryhas the right and legal and moral obligation to assure that any industrial activity off their coast is controlled andthe environment proven safe from these activities.
 This paper discusses the various methods and methodologies that have been used around the world to evaluatedrilling fluids and their approval for discharges. The paper describes the positive and negative aspects of thesemethods and compares results from three major offshore areas where operations are currently being conducted;U.S., North Sea, and Russia. Other area methodologies and restrictions are discussed also. Potential environmentalimpacts of drilling fluid and cuttings discharges are evaluated by toxicity tests. There is disagreement about whetherindividual drilling mud chemicals or whole drilling muds should be tested. In the U.S., whole muds are tested withmysids. In the North Sea countries and Russia, drilling mud chemicals and in some cases, whole drilling muds, aretested with several species at different trophic levels in the marine food web. Chronic tests may be included.
 Kenny, P. November 8, 1993. Ester-based muds show promise for replacing some oil-based muds. Oil and Gas Journal. 91(45):88-91.
 Abstract: Ester-based drilling muds have several advantages over oil-based muds that may make them suitablereplacements for OBM in some applications in the Norwegian North Sea. There is substantial cost savings ifsynthetic-based mud cuttings can be discharged to the ocean. However, ester-based muds have a toxicity to marineorganisms similar to that of the standard low-toxicity oil-based muds. The source of the toxicity of ester-based mudsis not known, but is thought to be due to some of the additives (e.g., emulsifiers) in the mud.
 Kenny, P., M. Norman, A.M. Friestad, and B. Risvik. 1996. The development and field testing of a lesshazardous and technically superior oil based drilling fluid. SPE 35952. Pages 527-535 In:International Conference on Health Safety and Environment. New Orleans, Louisiana, 9-12 June1996. Society of Petroleum Engineers, Inc. Richardson, TX.
 Abstract: This paper describes the development and subsequent field results of a new invert emulsion, low toxicity,oil based drilling fluid (LTOBM). The new fluid was developed in response to the anticipated increased usage ofLTOBM, and primary considerations in the development were those of working conditions, the environment,technical performance and economics.
 Developments in invert emulsion drilling fluids have, over recent years, been concentrated in the areas of reducingenvironmental impact, and improving technical performance. LTOBM have, as a result of this, been largelyreplaced by synthetic based drilling fluids (SBM), which exhibit similar, or improved technical performance, whilstclaiming to have reduced environmental impact. This development focus has resulted in very few changes beingmade to LTOBM since the replacement of diesel by low toxicity mineral oil.
 The occupational health hazards involved in using SBM have, however, proven to be similar, or occasionally worse,than with LTOBM. Such health problems can be mainly attributed to two components; the base fluid and lime, thelatter being a major contributor to skin irritation problems, and the former to both skin irritation, and inhalationproblems. There has been a lack of occupational health studies carried out with respect to the use of SBM comparedto LTOBM.
 This paper describes the laboratory testing conducted, and results obtained during the development, where severalbase fluids were screened, along with a multitude of fluid additives, prior to obtaining the optimal formulation. Thefinal fluid was designed for use on high temperature high pressure wells and extended reach wells, as well as more
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 "normal wells". The laboratory data presented is supported by field data from the successful use of the system as aworker friendly, high performance, LTOBM drilling fluid.
 Base oils for LTOBMs tested in solid-phase bioassays with the clam Abra alba had acute toxicities in the range of10 to 576 mg/kg. The complete mud systems had toxicities of 92 to 290 mg/kg.
 Kingston, P.F. 1992. Impact of offshore oil production installations on the benthos of the North Sea. ICES Journal ofMarine Science. 49:45-53.
 Abstract: Input of contaminants into the sea associated with offshore oil drilling and production include accidentalspillage, discharge of cuttings and discharge of production water. Of these, oil discharged on drilling cuttings is byfar the greatest source of oil pollution in the North Sea from these operations, having peaked in 1985 at 25,880tonnes. The response to the seabed fauna to these inputs has been shown to follow established patterns in whichthere may be high individual abundance of a few species close to the source of contamination (organic enrichmenteffect) or a reduced number of individuals with few species close to the installation (smothering or toxic effect).Diversity shows a similar pattern to species richness, both are low in the immediate vicinity of the installation, and,in most cases, attaining preoperational levels within 2000 m. High levels of hydrocarbon contamination have alsobeen shown to be concentrated around installations. There are indications that a fall in diversity can be expectedwhen total hydrocarbon concentrations in the sediment reach 50-60 ppm. There is also increasing evidence tosuggest that for some areas where there has been intensive drilling/production activity with OBM (e.g. ShetlandBasin), there has been a significant rise in hydrocarbon levels in the sediment at distances between 5 and 10 kmfrom installations.
 Lee, B. 1998. The use of synthetics in well drilling fluids for the offshore oil field. American ChemicalSociety, Div. Of Fuel Chemistry. Preprints of Symposia 43(2):233-237.
 Abstract: As Gulf of Mexico offshore drilling moves into deeper waters and into more demanding conditions interms of the depth and type of wells (deviated or horizontal), drilling muds providing higher lubricity and betterhole stability are needed. Previously, oil based muds (OBMs) that are primarily based on diesel oil met this need.However, the on-site discharge of cuttings from wells drilled using OBMs was banned in the early 1990s. Syntheticbased muds (SBMs) were introduced that are prepared using synthetically derived base fluids. SBMs weredeveloped to provide an environmentally safe alternative drilling mud that would meet both the severe drilling mudrequirements and the need for cuttings discharge into the ocean. These base fluids are chemically synthesized fromthe reaction of specific purified chemical feedstocks to give readily characterized products. The synthetic fluids usedin the Gulf of Mexico today are linear alpha olefins (LAOs), isomerized olefins (IOs), poly aopha olefins (PAOs)and esters. A description of their chemistry, be benefits they provide and the regulatory issues surrounding their useis discussed.
 Lie, H.N., J.R. Hasle, and K. Thorbjornsen. 1994. Modelling and monitoring of drilling discharges in the Barents Sea. Pages 121-130 In: Proceedings: Environmental Modelling Seminar. Trondheim,Norway, 17-19 August 1994. SINTEF Group, Trondheim, Norway.
 Abstract: Modelling and monitoring of seabed distribution of drill cuttings and drilling mud has been performed aspart of the environmental programme for exploration well 7219/8-1s in the Western Barents Sea in 1992. Modellingprior to drilling was based on experience well data and historical current measurement from the region. Themodelling was repeated after drilling, based on measured discharge quantities and particle sizes, and measuredcurrent during the drilling period, giving less local sedimentation and distribution over a much wider area.According to the modelling only 1% of the drilling mud baryte would settle within 1,000 m from the drillingplatform, resulting in a very thin sediment layer (0.05 �m). 53% of the baryte would spread more than 10 km. Themodelling results were confirmed by sediment analyses, which showed that the drilling discharges increased thesediment barium content by 10 % at distance 250 - 1,000 m from the platform, corresponding to a 0.5 m baryte toplayer. Reason for the wide distribution and limited local sedimentation may be tidal current dominance and largewater depth (373 m).
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 Limia, J.M. 1996. Seabed surveys: the best means to assess the environmental impact of drilling fluid discharges? SPE 36048. Pages 803-813. Society of Petroleum Engineers, Inc. Richardson, TX.
 Abstract: Laboratory biodegradation tests were compared to field surveys for assessing the persistence,biodegradation, and effects of discharged SBM in the benthic environment. The currently approved biodegradationtest protocols do not produce consistent nor relevant information about the biodegradability of drilling fluids underthe conditions found in marine sediments. It is desirable to have industry acceptance of a biodegradation testsimilar to the "solid biodegradation test" designed by the Scottish Office of Agriculture and Fisheries Department.The generation of anoxia in marine sediments, following the discharge of organic matter, depends on the amountdischarged (concentration in the sediment), rather than its biodegradation rate. The rapid biodegradation of esters,even under these anaerobic conditions, means that its residence time in the sediment is short. Thus, recovery of theimpacted area can be expected within a year. Seabed surveys, properly conducted, are still the ultimate tool toassess the environmental impact of the discharge of drilling cuttings. In the seabed survey presented here, theintensity and extension of the impact were detected and also the degree of recovery.
 The well was drilled in 30 m of water with Petrofree, an ester-based SBM. A total of 180 metric tons of ester wasdischarged with cuttings during drilling. The discharge was at about 1 m below the sea surface to maximize mudand cuttings dispersion. One month after completion of discharges, ester concentrations in surficial sedimentscollected between 75 and 200 m from the discharge ranged from 20 to 300 mg/kg dry sediment. Sediments wereresampled four months after the discharges and contained higher concentrations of ester than the 1-month samplesdid: 20 to 800 mg/kg. This was attributed to dispersion of the cuttings pile. Surface sediments from 75 m from theplatform were anoxic and the total faunal abundance was low. Sediments from stations 500 to 3,000 m from thedischarge had normal benthic communities. After 11 months, concentrations of ester in sediments had decreased tothe range of 10 to 250 mg/kg. The estimate half-life of ester in site sediments was estimated at 133 days. The benthiccommunity at 75 m stations, although still affected by the discharges, showed signs of significant recovery,compared to 4-month samples.
 Limia, J.M. 1999. Silica micro-encapsulation: a technology for the elimination of the environmental impact ofcuttings discharges. SPE 52747. 1999 SPE/EPA Exploration and Production EnvironmentalConference, Austin, TX. Society of Petroleum Engineers, Richardson, TX. Pp. 525-529.
 Abstract: A new approach is required in order to eliminate the environmental impact of the discharge of cuttingscontaminated with invert emulsion drilling fluids. Up to now, much emphasis has been given to the inherentenvironmental characteristics of the fluids themselves (toxicity, biodegradability, etc.) but little or no attention hasbeen dedicated to the mechanisms of environmental impact.
 The main mechanism of impact of the discharge of drilled cuttings is the organic enrichment of the marine sediment.Organic enrichment is a situation derived from the accumulation of organic matter in concentrations exceeding the�processing capacity� of the receiving environment (the oxygen demand exceeds the supply).
 Silica micro-encapsulation will eliminate the possibility of organic enrichment as well as the direct toxic effects ofthe fluids coating the discharged cuttings. Once the oil attached to the cuttings is encapsulated, the cuttings becomewater wetted, which leads to their dispersion in the water column (as is the case with water based mud cuttings).The dispersion of the cuttings will minimize the load of fluid in the sediment. In addition, the encapsulated oil is notbio-available, therefore these cuttings will not have an oxygen demand which will prevent organic enrichment.
 McIlroy, W. 1998. Review of BHP's experience into the persistence of drilling fluids pollutants. Pages 121-134 In: International Workshop on Drilling Fluids Ecotoxicology and Biodegradation. Curtin University,Perth, Western Australia, 8-9 October 1998.
 Abstract: Field studies were performed in Australian waters to determine the effects of discharges of WBM andSBM. It is evident that there are changes to the local environment as a result of drilling fluid and cuttings discharge.Despite the fluid system employed (i.e., water based or synthetic based) most impacts were noted to occur within200 m of the wellhead location. The water-based mud system employed in the high energy environment of the OtwayBasin showed no persistence one year following the drilling program. Within three months, fluid discharge impactsfor contaminants and fauna diversity were confined to within 100 m. SBM discharged to the Timor Sea showed little
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 persistence one year after drilling, yet some contaminants were still evident within 200 m of the wellhead. Therewas some evidence of smothering of benthic fauna at both sites, however, a storm caused a major disturbance to thebenthic community at the Timor Sea site, making it impossible to determine effects of the SBM discharge.
 McIntyre, J. 1997. Memorandum from Jamie McIntyre, Avanti Corp, to Joseph Daly, U.S. EPA/EAD, regarding summary statistics for synthetic based fluid (SBF) retention data. 20 pp.
 Abstract: Graphs showing percent retention of SBM on cuttings, based on studies of the API Retention-On-CuttingsWork Group are summarized. Percent retention varies from less than 5 to more than 20 percent and seems in somecases to increase with well depth.
 McIntyre, J. 1997. Memorandum from Jamie McIntyre, Avanti Corp, to Joseph Daly, U.S. EPA/EAD, regarding addendum summary statistics for SBF retention data.
 Abstract: Data from the API Retention-On-Cuttings Working Group on retention of synthetic base mud componentson cuttings is presented in tabular and graphic formats. Effects of drilling depth on SBM retention on cuttings wasevaluated. There is an inconsistent relationship between drilling depth and retention of SBM on cuttings.
 McKee, J.D.A., K. Dowrick and S.J. Astleford. 1995. A new development towards improved synthetic basedmud performance. SPE/IADC 29405. Pages 613-621 In: 1995 SPE/IADC Drilling Conference.Amsterdam, 28 February-2 March 1995. SPE/IADC Drilling Conference. Society of PetroleumEngineers, Richardson, TX.
 Abstract: This paper describes a new synthetic based drilling fluid (SBM) which is able to emulate oil based mudperformance while complying with environmental legislation. Comparisons with oil based mud in the laboratoryshow that the system can provide similar performance at low synthetic:water ratio, high mud weight, hightemperature and in the presence of contaminants. The laboratory results are supported by field data whichdemonstrate that the system can be managed like mineral oil based mud, giving good rates of penetration withminimum mud maintenance and low retention of the synthetic base fluid on cuttings discharged to the sea.
 Marine toxicity, bioaccumulation and biodegradation data has been compiled for the SBM and the synthetic basefluid. Acute toxicity to phytoplankton and zooplankton was greater than 10,000 mg/L. The suspended particulatephase of the SBM had a toxicity to mysids of 794,000 mg/L. A solid-phase test with the amphipod Corophiumvolutator gave an acute toxicity of 1,021 mg/kg. The base fluid has a high log Kow and does not bioaccumulate. Itdegrades rapidly under both aerobic and anaerobic conditions. Based on these results, the system has beenaccepted for use in UK and Norwegian waters, subject to sea bed surveys following its use in trial wells. In the UK,the system has been placed in provisional Group E of the revised Offshore Chemical Notification Scheme (OCNS)product categorization. For operations in the United States, the mysid shrimp 96 hour LC50 toxicity test resultsignificantly exceeds the limit required for use in the Western Gulf of Mexico outer continental shelf.
 Meinhold, A.F. 1999. Framework for a comparative environmental assessment of drilling fluids used offshore. SPE 52746. Pages 515-524 In: 1999 SPE/EPA Exploration and Production EnvironmentalConference. Society of Petroleum Engineers, Inc. Richardson, TX.
 Abstract: In Response to effluent limitation guidelines promulgated by the United States Environmental ProtectionAgency, industry has developed alternatives to the water and oil-based drilling muds used offshore. These synthetic-based muds, (SBMs), enhanced mineral oils (EMOs) and purified paraffin oils have lower toxicity and lesserenvironmental impacts than diesel and conventional mineral oil-based muds (OBMs). EPA is developing newguidelines for the discharge of these fluids and associated cuttings. The decision about allowing or disallowing thedischarge of cuttings with small amounts of associated SBMs, EMOs and purified paraffin oils should not be basedsolely on potential environmental impacts, especially those such as bioaccumulation or biodegradation that may notbe directly connected to effects on populations or ecosystems. Regulatory decisions about drilling fluid dischargesshould consider potential impacts associated with the alternatives; including occupational accidents and chemicalexposures, impacts associated with disposal, air emissions, and transportation risks. Because these new fluids areexpensive, industry will not continue to use them if the cuttings cannot be discharged offshore. The alternative toallowing the discharge of these new drilling fluids is the continuing use of OBMs in difficult drilling situations. This

Page 113
                        

101
 paper develops a framework and a comparative environmental assessment for the discharge of drilling fluids, tohelp support a risk-based, integrated approach to regulatory decision making.
 Meinhold, A.F. 1998. Framework for a comparative environmental assessment of drilling fluids. Prepared for:National Petroleum Technology Office, Office of Fossil Energy, U.S. Department of Energy, Tulsa, OK.Contract number DE-AC02-98CH10886. Energy Science and Technology Division, Department ofApplied Science, Brookhaven National Laboratory. Upton, NY. 77 pp.
 Abstract: This report develops a framework for a comparative risk assessment for the discharge of SBMs andEMOs, to help support a risk-based, integrated approach to regulatory decision making. The framework will helpidentify potential impacts and benefits associated with the use of SBMs, EMOs, WBMs and OBMs; identify areaswhere additional data are needed; and support early decision-making in the absence of complete data. As additionaldata become available, the framework can support a full quantitative comparative assessment. Detailed data areprovided to support a comparative assessment in the areas of occupational and public health impacts.
 Moffat, C.F., P.D. Munro, and R.M. Stagg. 1998. Development of a solid-phase test for the comparison of thebiodegradation rates of synthetic mud base fluids. Pages 14-32 In: International Workshop on DrillingFluids Ecotoxicology and Biodegradation. Western Australia, 8-9 October 1998.
 Abstract: A solid-phase test was developed to assess the fate in marine sediment of synthetic mud base fluids (SMs)used in the off-shore drilling industry. The test comprised a series of glass jars containing marine sediment that hadbeen homogeneously mixed with a test fluid. The jars were placed in either fiberglass troughs supplied with acontinuous flow of seawater or glass aquarium tank with a restricted and/or recirculated seawater supply. The testwas conducted at water temperatures varying between -1°C and 25°C. Periodically, triplicate or duplicate jars weresacrificed and, following solvent extraction, the concentration of the test fluid remaining in the sediment wasdetermined by gas chromatography with flame ionization detection. Test fluids included a range of SMs, a mineraloil, used as an example of a recalcitrant mixture, and olive oil, a readily biodegraded material. Additional controlsincluded poisoned samples, to allow an estimation of abiotic losses, and sediments without any test fluid added so asto provide background data. Determination of the redox potential at 5 mm intervals provided a depth profile forindividual jars while microbiological activity was estimated by enumeration of culturable aerobic and anaerobicbacteria both in surface and sub-surface sediment samples. Furthermore, determination of the ability of bacteria togrow on each test fluid as the sole carbon source was assessed using the Sheen-screen. Variations in sediment type,temperature and the salinity of the water were investigated.
 The results to date show that the solid-phase test is able to reproducibly distinguish between easily degradable andpoorly degradable fluids under a range of conditions. The test is convenient to set-up and has been run continuouslyfor up to 240 days. Temperature regulation is readily achieved in the aquarium tanks permitting more detailedinvestigations of the influence of temperature on the degradation of SMs. The test, however, performs equally wellusing ambient seawater where there is a temperature variation both over a 24 hour period and over the duration ofa long-term experiment. Estimated half-lives for degradation of esters and internal olefins, tested by these methodswere 2.8 to 9.2 days, with esters more biodegradable than internal olefins. Poisoned ester and internal olefinsystems had half-lives of 12.8 and 57.3 days, respectively, indicating the importance of sediment microbiota indegrading SBMs.
 Munro, P.D., N.A. Brown, B. Roddie, and C.F. Moffat. 1998. Degradation of an ester-type synthetic mud basefluid in a solid-phase test system: effect of concentration and temperature. Marine Laboratory,Aberdeen Report No. 12/98. Fisheries Research Services, Marine Laboratory. Aberdeen. Scotland. 22pages plus charts.
 Abstract: A solid phase test was used to compare the degradation of an ester-type synthetic mud base fluid at arange of concentrations and temperatures. Visual changes in the sediment, a darkening below the surface layer and,in the case of the higher concentrations of test compound, the formation of a white microbial mat on the surface,were accompanied by changes in the redox potential and number of bacteria in the sediment. The rate of bacterialgrowth increased with temperature, though similar maximum numbers were obtained after seven days at -1oC and attwo days at 20 oC. The half-life of olive oil at an initial concentration of 50,000 ppm was 27 days. Ester degradedmore slowly. Based on first-order reaction kinetics, which may grossly underestimate the rate, the half-life of the
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 ester was 433 and 630 days at initial concentrations of 15,000 and 50,000 ppm, respectively. There was no loss ofester in poisoned treatments. Ester degradation was temperature sensitive. At an initial concentration of 500 ppm,the half-life was 16 days at 20oC and 88 days at -1oC. Similar temperature effects were observed at higher esterconcentrations.
 Munro, P.D., B. Croce, C.F. Moffat, N.A. Brown, A.D. McIntosh, S.J. Hird, and R.M. Stagg. 1998. Solid-phase test for comparison of degradation rates of synthetic mud base fluids used in the off-shoredrilling industry. Environmental Toxicology and Chemistry. 17(10):1951-1959.
 Abstract: A solid-phase degradation test has been developed to assess the fate in marine sediment of synthetic mudbase fluids used in the off-shore drilling industry. The degradation rate of an ester-type drilling fluid wasinvestigated at three nominal concentrations in a fine sand. A naturally occurring triester, olive oil, was used as apositive control and a traditional mineral oil served as an example of a poorly degradable substance. Two syntheticdrilling fluids, an ester and a blend of n-alkanes with polyalpha olefin and linear-alpha olefin, were compared in amud and a coarse sand to examine the effect of different sediments on degradability. Glass jars, containing marinesediment that had been homogeneously mixed with test fluid, were placed in troughs in a continuous flow ofseawater. Periodically, triplicate jars were sacrificed and, following solvent extraction, the concentration of testfluid remaining in the sediment was determined by gas chromatography with flame ionization detection. The testwas able to reproducibly distinguish between easily degradable and poorly degradable fluids. The rate ofdegradation was concentration dependent; the half-life of the ester increased from 11 days to 198 days as thenominal concentration increased from 100 mg/kg to 5,000 mg/kg. The ester was more rapidly degraded than theblended synthetic drilling fluid and degradation was slower in sand compared with mud.
 Munro, P.D., C.F. Moffat, L. Couper, N.A. Brown, B. Croce, and R.M. Stagg. 1997. Degradation of syntheticmud base fluids in a solid-phase test system. Fisheries Research Services Report No 1/97. ScottishOffice Agriculture, Environment and Fisheries Department, Marine Laboratory. Aberdeen, Scotland.9 pp.
 Abstract: A solid-phase test was used to compare the degradation rates of synthetic mud base fluids used in theoffshore drilling industry. Six base fluids were evaluated: a polyalpha olefin, a linear alpha olefin, an internalolefin, an n-paraffin, an acetal, and an ester. Anaerobic reducing conditions developed in all sediments, exceptthose poisoned with biocide, within 7 days. The number of bacteria capable of growth on the olive oil control orester as sole carbon source was 100-fold greater than the number capable of growth on any of the other base fluids.Losses of ester were greater than those of any other base fluid. The linear alpha olefin was consistently the secondmost degradable at all concentrations tested. At a nominal concentration of 100 ppm, highly significant losses of theester, LAO, IO, and n-paraffin were observed. The study showed that many of the synthetic base fluids currentlyused in drilling operations in the North Sea are no more degradable than a traditional, low-toxicity mineral oil.
 Munro, P.D., C.F. Moffat, and R.M. Stagg. 1997. Biodegradation of base fluids used in synthetic drilling muds in a solid-phase test system. SPE 37861. Pages 1-9 In: 1997 SPE/UKOOA European EnvironmentalConference. Aberdeen, Scotland, 15-16 April 1997. Society of Petroleum Engineers, Inc. Richardson,TX.
 Abstract: A solid-phase biodegradation test designed to assess the fate in marine sediment of base fluids used insynthetic drilling muds in the offshore drilling industry was evaluated. The test was intended to provide conditionsfor degradation which more closely parallel those encountered in the marine sedimentary environment, with respectto temperature, microbial flora, anaerobic characteristics and other physico chemical conditions, than existingbiodegradation tests.
 The basic experimental design consisted of sets of glass jars filled with marine sediment which had beenhomogeneously mixed with synthetic mud base fluid. The jars were maintained in fiber-glass troughs through whicha continuous laminar flow of seawater was passed. At set times, triplicate jars were removed, the entire contents ofeach jar mixed thoroughly and, following solvent extraction, the concentration of base fluid remaining in thesediment was determined by gas chromatography with flame ionization detection.
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 The biodegradation rates of two synthetic mud base fluids, an ester and a blend of n-alkanes, poly-alpha olefin andlinear-alpha olefin, were compared. A naturally occurring triester, olive oil, was used as a positive biodegradablecontrol. A mud, a sand and a 1:1 (wt/wt) mixture of mud and sand were used to examine the effect of particle size onbiodegradability.
 The test was able to reproducibly distinguish between easily biodegradable and poorly biodegradable synthetic mudbase fluids. In this system, biodegradation rates for the ester were faster than for the blended fluid. The rapidmetabolism of the ester resulted in a depletion of oxygen, a drop in the oxidation-reduction potential and theoccurrence of sulphide events in the sediments. Biodegradation of the ester was significantly slower in sandcompared to mud, while no measurable biodegradation of the blended fluid took place in the sand. The resultsindicate that some synthetic drilling fluids may be poorly degraded. The implications for the perceivedenvironmental friendliness of these fluids are discussed.
 Munro, P.D., L. Webster, N.A. Brown, C.F. Moffat, and R.M. Stagg. 1997. Investigation into the degradationof synthetic drilling fluids in a solid-phase test using a closed, brackish water system. FisheriesResearch Services Report No 8/97. Fisheries Research Services. Aberdeen. 13 pages plus figures.
 Abstract: A modified version of the solid-phase test for estimation of the degradation rate of synthetic drilling fluidswas used to examine the degradation of an ester and an internal olefin under conditions similar to thoseencountered in Nigeria. The sediment was a coarse silt from an estuarine environment. The sea water in the tankswas diluted with fresh water to simulate brackish conditions and the temperature was maintained at 25oC. A closed,recirculating water system was used. Olive oil was used as a positive biodegradable control. Some sediment waspoisoned with a broad-spectrum biocide in order to determine abiotic losses of test fluid and clean sediment wasincluded as a background control. Degradation of the ester was compared at 25oC and 12oC. Furthermore, samplesof tank water were analyzed for the presence of the ester and one of its primary degradation products, 2-ethylhexan-1-ol.
 Similar half-lives, 2.7 and 2.8 days, were obtained for the degradation of the olive oil and the ester, respectively, at25°C and an initial nominal concentration of 100 mg/kg. The half-life of the ester at 12oC was slightly greater at 4.4days. The mean half-life of the internal olefin was 8.7 days, similar results being obtained from duplicate tanks. Thisconfirmed that there was no tank effect.
 Losses of ester from the poisoned sediment at 25oC were not significantly different from those from the unpoisonedester-dosed sediment at 12oC. Analysis of the tank water revealed that losses from the poisoned sediment could notbe accounted for by washout of the parent compound. However, higher concentrations of one of the primarydegradation products of the ester were detected in the tank water in the case of the poisoned sediment than in theequivalent unpoisoned treatment. This suggested that either, there was a population of non-culturable, biocide-resistant bacteria which degraded the ester or, abiotic hydrolysis of the ester occurred.
 Muschenheim, D.K. and T.G. Milligan. 1996. Flocculation and accumulation of fine drilling waste particulates onthe Scotian Shelf (Canada). Marine Pollution Bulletin. 32(10):740-745.
 Abstract: Concentrations of suspended particles (from drilling mud and cuttings) were measured at different depthsin the water column, including just above the bottom at several distances from a drilling rig on Sable Banks, NovaScotia. Water-based and oil-based muds were used and water-based muds and water- and oil-based cuttings weredischarged. During and shortly after discharges, suspended particulate concentrations in the benthic boundarylayer were elevated above background, due to suspended clay-size mud and cuttings particles. The turbiditypersisted long enough to have possible adverse effects on local populations of scallops.
 National Energy Board, Canada - Newfoundland Offshore Petroleum, and Canada - Nova Scotia OffshorePetroleum Board. 1996. Offshore waste treatment guidelines. National Energy Board; Canada -Newfoundland Offshore Petroleum; Canada - Nova Scotia Offshore Petroleum Board. Canada. 19 pp.
 Abstract: In order to minimize the quantity of oil discharged into the marine environment, operators should usewater-based or synthetic-based muds if possible. The use of oil-based muds will require specific approval. Synthetic-
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 based drilling muds remaining from a drilling mud change-over or drilling program completion should berecovered and recycled, or transferred to shore in a manner approved by the Chief Conservation Officer. If re-injection is not technically or economically feasible, drill solids associated with water-based and synthetic-baseddrilling muse may be discharged at the drill site without treatment.
 Norman, M. 1997. Esters - the only synthetic option for the next millennium? Presented at the 5th International[IBC] Conference of Minimizing the Environmental Effects of Drilling Operations. Aberdeen, Scotland.13 pp.
 Abstract: Physical/chemical properties, toxicity and health effects, and biodegradation of synthetic-based drillingmuds were reviewed. The focus was on biodegradation. Laboratory data, simulated seabed studies, and actualseabed surveys show a rapid biodegradation of esters. Seabed survey results for both polyalpha olefin and ACETALshow that a considerable amount have disappeared after 2 years. The rate of disappearance is slower than foresters. The effect on the microflora is, however, much less dramatic. The SOAEFD test results are generally moreconservative than real life. The method needs further optimization in order to be a decision making tool fordischarge of synthetic drilling fluids. Experimental errors should be avoided in future experiments.
 Norway. 1997. Synthetic drilling fluids. Proposal for a definition of synthetic drilling fluids and experiences onthe Norwegian Continental Shelf. SEBA 97/5/5-E. Presented by Norway at the Oslo and ParisConventions for the Prevention of Marine Pollution Working Group on Sea-Based Activities (SEBA).Biarritz, France, 17-21 February 1997. 6 pp.
 Abstract: The Norwegian authorities define a synthetic based drilling fluid as �a drilling fluid where the base fluidconsists of non water soluble organic compounds and where neither the base fluid nor the additives are ofpetroleum origin." Current regulatory practices in Norway are reviewed and a recommendation is made to hold aworkshop to harmonize the regulations of different North Sea countries with respect to SBM discharges to theocean.
 Norwegian Oil Industry Association Working Group. 1996. Criteria for selection and approval of drillingfluids: with respect to effects on human workers and marine ecological systems. Norwegian OilIndustry Association, Stavanger, Norway. 70 pp.
 Abstract: Extensive legislation regarding the acceptance of discharges to the marine environment has existed forsome years. Acceptance criteria regarding the work environment has been less clear. Therefore, an increased focuson human health effects in relation to drilling fluids was also required. The dangerous properties and a method ofdocumentation and testing should be identified. Based on this, the project attempted to define acceptance criteria toavoid future negative health effects on personnel exposed to drilling fluids and a more competent evaluationpertaining to marine environment.
 To prepare the basis for the recommendations in this report, two consultant reports were compiled. A reportregarding the marine environment was prepared by Aquateam (1), and a report regarding human health effects wasprepared by the Statoil Research Center (2). The conclusions in these reports are of an advisory nature.
 Oliver, G.A. and S.J. Fisher. 1998. The persistence and effects of non-water based drilling fluids on Australia'sNorth West Shelf, progress findings from three seabed surveys. Pages 65-93 In: InternationalWorkshop on Drilling Fluids Ecotoxicology and Biodegradation. Curtin University, Perth, WesternAustralia, 8-9 October 1998.
 Abstract: The effects and persistence of low toxicity oil-based drilling mud contaminated drill cuttings dischargedinto the marine environment was investigated at three locations on Western Australia's North West Shelf (NWS),namely the North Rankin 'A' (NRA) drilling platform, the Wanaea 6 production well, and the Lynx 1a explorationwell. For the multiple-well drilling operation at NRA, acute biological effects were restricted to within 400 m in thedirection of the prevailing current. High total petroleum hydrocarbon (TPH) concentrations within the NRA cuttingspile persisted between 1991 and 1993. Away from the cuttings pile itself, a consistent downward trend in totalpetroleum hydrocarbons was evident, indicating an approximate half life of one year for surface sediments. A surveyat the Wanaea 6 site, undertaken 11 months after the completion of drilling, indicated relatively low residual
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 hydrocarbon concentrations (<200mg/kg) below the cuttings discharge point. After three years, biological effectsappeared to be limited to within 100 m of the cuttings discharge point, with background levels of TPH and tracemetals occurring at 1200 m in the direction of the prevailing current. Dramatic reductions in TPH and bariumconcentrations occurred in the 12 month period between the completion of drilling and the follow up survey at Lynx1a. The reductions are attributed to sediment dispersal mechanisms which appear to play a major role in reducingsediment TPH and trace metal concentrations in mid shelf depths (70-80m) on the NWS. The installation andpresence of subsea production facilities may result in sediment redistribution and changed dispersal mechanisms,complicating the interpretation of contaminants within sediment samples.
 Ooi, B.-H. 1994. Marine environmental monitoring program. SPE 27166. Pages 593-602 In: The SecondInternational Conference on Health, Safety and Environment in Oil and Gas Exploration and Production.Jakarta, Indonesia, 25-27 January 1994. Society of Petroleum Engineers, Inc. Richardson, TX.
 Abstract: In the drilling for and production of crude oil and gas offshore, it is necessary to assess the effects of suchactivities on the marine environment. Environmental monitoring programs are conducted to collect data forassessing the effects and determining the degree of impact. They provide the bases for implementing appropriatemeasures to mitigate the impact. Esso Production Malaysia Inc. (SPMI) has since its early years of operation inMalaysia in the seventies, conducted several monitoring studies to gauge the impact of its operations on marinewaters. The studies entail physical, chemical and biological aspects, and use of the benthic community to track shortand long term effects. This paper describes the Seligi Environmental Monitoring Program commissioned by EPMI,and discusses observations made from it.
 Painter, H.A. 1995. Detailed review paper on biodegradability testing. OCDE/GC(95)43. Environment Monograph No 98. OECD Series on the Test Guidelines Programme. Number 2. EnvironmentDirectorate, Organisation for Economic Co-operation and Development. Paris.
 Abstract: A literature search was made to investigate developments and advances in methods for determiningbiodegradability over the last decade or so. The literature reviewed did not indicate that there was a real need todevelop fundamentally new OECD Test Guidelines for biodegradation tests. Several approaches for measuring orestimating biodegradation rates are described, some of which may be suitable for evaluating biodegradation ofsynthetic-base drilling fluids.
 Park, S., D. Cullum, and A.D. McLean. 1993. The success of synthetic-based drilling fluids offshore Gulf ofMexico: a field comparison to conventional systems. SPE 26354. Pages 405-418 In: The 68th AnnualTechnical Conference and Exhibition of the Society of Petroleum Engineers. Houston, TX, 3-6October 1993. Society of Petroleum Engineers, Inc. Richardson, TX.
 Abstract: The first wells have been successfully completed offshore Gulf of Mexico using a new synthetic-baseddrilling fluid. Polyalphaolefin (PAO), the synthetic base used for these fluids, is unique to the drilling fluids industryat this time.The environmental benefits of PAO-based synthetic systems over conventional oil-based fluids and somewater-based fluids has already been presented in prior papers. However, the practical benefits gained from utilizingPAO as an alternative to conventional systems can now be documented after a series of highly successful field testsin the Gulf of Mexico.
 The non-aqueous PAO system has been used on several wells in the Gulf of Mexico to drill problematic formationspreviously drilled with either inhibitive water-based or oil-based fluids. Wells with angles up to 86° and formationsfrom 4500 ft to 18300 ft have been successfully drilled.Direct comparisons can be made regarding performancebenefits of PAO-based synthetic systems versus water-based and oil-based systems previously used to drill in thesame location. Benefits in hole stability, cuttings, integrity, lubrication, and gauge wellbores, all leading toincreased penetration rates and subsequent reduction in drilling days, can be seen.
 This paper reviews the results of the first field tests with PAO synthetic systems in the Gulf of Mexico concentratingon the practical aspects of drilling rather than the detailed environmental information which has been covered inprior literature.
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 Patel, A.D. 1998. Choosing the right synthetic-based drilling fluids: drilling performance versus environmentalimpact. SPE 39508. Pages 1-14 In: The First SPE India Oil and Gas Conference and Exhibition. NewDelhi, 17-19 February 1998. Society of Petroleum Engineers, Inc. Richardson, TX.
 Abstract: Environmental issues have created ever-moving targets for drilling fluids, or muds. Environmentalregulations are diverse, complex, and have a tremendous impact on drilling operations, economically as well aslogistically. In order to successfully meet these regulatory constraints, synthetic-based muds are becomingincreasingly popular as substitutes for conventional oil-based muds. Continual evolution of synthetic-based muds(SBMs) and the increasing diversity of synthetic base fluids (SBFs) have made the selection of environmentallyacceptable synthetic fluids increasingly complex requiring knowledge of chemical composition and structure effectson toxicity, biodegradability, and performance.
 Examination of the SBFs, the synthetic base fluids, provides insight into the environmental and performance issuesthat affect the selection and drilling performance of the SBMs, the mud. The toxicity, biodegradability, andbioaccumulation of SBMs depend on the molecular composition and structure of the base fluid. In general, thedegree of branching affects the biodegradability and the molecular weight affects the toxicity of synthetics derivedfrom similar chemistry. The thermal stability and performance characteristics of the SBMs depend on the chemicalcomposition of the base fluid and emulsifiers used in the SBMs. The final choice of the SBF depends on theapplication and environmental requirements for a particular area; however, synthetic hydrocarbon-based fluidshave shown to be overall best in cost vs performance.
 Petersen, S.P., B. Kruse, and K. Jensen. 1991. Degradation of low toxicity drilling mud base oil in sediment cores.Marine Pollution Bulletin. 22(9):452-455.
 Abstract: The removal of low toxicity base oil originating from drilling mud, was tested in sediment cores. Thesediment was contaminated with 200 mg kg¯
 ¹ dry wt low toxic drilling base oil, and the amount of oil wasdetermined using micro steam distillation and GC. The removal time in the upper centimeter of the sediment wasestimated to be 147 days and the velocity constant to be 1.4 mg total PHC/kg dry sediment/day. No degradationcould be seen in the underlying sediment, where the oil content remained constant or increased slightly due tobioturbation during the test period of 66 days.
 Petrazzuolo, Gary. 1997. Memorandum from Avanti Corporation, to Joseph Daly, U.S. EPA/OST/EAD,regarding review of the "Simulated Seabed" NIVA protocols for assessing potential impacts fromdischarges of cuttings from synthetic drilling fluid systems. 5 pp.
 Abstract: This memorandum presents a review, analysis, and evaluation of the NIVA protocols. The generalexperimental design of the NIVA protocols are presented first followed by an analysis and evaluation of the generaland synthetic fluid-specific design considerations. The NIVA protocols afford the ability to undertake anexperimental approach to ecological-scale investigation because the complexity that the system can provide affordsobservations of complicated, inter-related ecological processes and phenomena. Because of this complexity, theNIVA protocols are a less attractive approach to expend resources.
 Phillips, C., J. Evans, W. Hom, and J. Clayton. 1998. Long-term changes in sediment barium inventories associated with drilling-related discharges in the Santa Maria Basin, California, USA. EnvironmentalToxicology and Chemistry. 17(9):1653-1661.
 Abstract: Nine-year (1986-1995) records of barium (Ba) concentrations in surficial, subsurface, and suspendedsediments near offshore oil and gas platforms in the Santa Maria Basin, California, USA, were analyzed to evaluatetemporal trends related to drilling activities. These trends provide important information on the long-term effects ofdrilling discharges on geochemical conditions. Drilling during the 1986 through 1989 (phase II) monitoring periodresulted in significant changes in Ba concentrations in suspended particles and surficial sediments, whereas therelatively shorter 1993 through 1994 (phase III) drilling operations resulted in only minor increases in Baconcentrations in suspended sediments. Residual excess Ba was present in some sediments within 500 m of theplatforms at concentrations up to an order of magnitude above background. These elevated levels probably wereassociated with cuttings particles deposited near the base of the platforms. Calculated excess Ba in sediments within500 m of the platforms represented 6 to11 % of the total Ba discharged during the two drilling periods.

Page 119
                        

107
 Rabion, A., F. Perie, A.G.M. Basseres, and C. Zurdo. 1997. Biodegradation of synthetic muds: oxidativepretreatments. SPE 37862. In: 1997 SPE/UKOOA European Environmental Conference. Aberdeen,Scotland, 15-16 April 1997. Society of Petroleum Engineers, Inc. Richardson, TX. 7 pp.
 Abstract: This report describes a simple pretreatment to enhance olefin-based pseudo-oil-based mudbiodegradation under bottom of the sea conditions. The suggested treatment involves the oxidation of cuttings withdiluted nitric acid prior to liquid-solid separation, sea-water neutralization of the mud, and biodegradation.Saturated hydrocarbons such as polyalphaolefins contained in cuttings were not degraded under the proposedreaction conditions. Comparison of oxidized and untreated olefins-impregnated cuttings clearly demonstrates thatoxidized cuttings biodegrade more rapidly than untreated ones. Furthermore, we demonstrate that oxidized cuttingsallowed for an enhanced evolvement of carbon dioxide as compared to unsoiled sediments. In addition it was shownthat olefins have an inhibitory effect upon the sediment mineralization and that overall CO2 evolvement issignificantly lower with untreated cuttings soiled sediments as compared to the unsoiled sediments.
 Rabke, S.P., J. Candler, and C. Trial. 1998. Development of acute benthic toxicity testing for monitoringsynthetic-based muds discharged offshore. Presented at the IBC Conference on Monitoring theEnvironmental Effects of Offshore Drilling, Houston, TX. 26 pp.
 Abstract: Synthetic-based muds (SBM's) have performance advantages over traditional drilling fluids in offshoreapplications, especially deep water. These advantages can reduce the volume of waste generated. Because of thephysical and chemical properties of cuttings coated with SBM, the investigation of potential impacts of SBM's on theenvironment has focused on the seafloor. Acute benthic toxicity tests are one method of evaluating potential seafloorenvironmental impacts from SBM's. This paper will look at benthic organisms, using EPA 600/R-24/025 and ASTME1367-92, as possible test methods. It also presents information on reproducibility and variability of the tests andtest organisms. The average acute toxicities of the base fluid to the benthic amphipod Ampelisca abdita were 0.9mg/kg, 3.5 mg/kg, and 11.7 mg/kg for diesel fuel, C1618IO, and PAO, respectively. The relative toxicities of thethree whole muds were 1.5 mg/kg, 2.5 mg/kg, and 3.7 mg/kg, respectively. Sediments in the test containers did notbecome anoxic during the tests, so anoxia did not contribute to the observed toxicity.
 Rabke, S.P. and J.E. Candler. 1998. Reducing potential seafloor impacts from synthetic-based muds with acute benthic toxicity testing. Presented at the 5th Annual International Petroleum Environmental Conference.Albuquerque, New Mexico, October 20-23, 1998. 16 Pages plus appendix and charts.
 Abstract: The use of synthetic-based mud (SBM) can improve drilling performance and reduce the volume ofpollution for offshore operations. Because of the hydrophobic nature of cuttings coated with SBM, the cuttings willsettle rapidly to the seafloor. Consequently the focus of investigations has been on the benthic community.Laboratory tests that measure acute benthic toxicity and biodegradation rates may be useful tools for predictingimpacts of various SBM's on the seafloor. This paper reports the most updated information on development ofbenthic toxicity tests that can be used on SBM's. The mean acute toxicity to the benthic amphipod Leptocheirusplumulosus in solid phase tests was 407 mg/kg for diesel fuel and 1581 mg/kg for C1618IO.
 Rabke, S.P. and J.E. Candler. 1999. Maximizing the discriminatory power for non-aqueous fluids usingmodified Leptocheirus plumulosus sediment toxicity test method. Poster, SETAC Annual Meeting,Philadelphia, PA, Nov. 14-18, 1999. Manuscript from M-I L.L.C, Houston, TX.
 Abstract: Advanced drilling fluids used in offshore applications have been using non-aqueous base fluids toincrease performance. In order to select non-aqueous products that minimized acute toxic effects when dischargedinto marine benthic environments, a toxicity test must be able to discriminate between different technologies. In thisstudy, non-aqueous materials, used as base fluids for drilling offshore, were spiked into sediments to evaluate theirtoxic effect on the test organisms. The purpose of this paper is to evaluate the discriminatory power of a modifiedversion of the sediment toxicity test using Leptocheirus plumulosus. The modifications evaluated includedshortening the test duration from ten days to four days and using formulated sediments as the substrate. Bymodifying the test parameters, the test can increase its discriminatory power and repeatability can increase testperformance. The average 96h LC50 for a diesel and an internal olefin, determined with the modified test, were534±19 mg/kg and 3480±36 mg/kg, respectively.
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 Robert Ayers & Associates, Inc., S. McKelvie, and R.C. Ayers, Jr. 1997. Environmental effects of cuttingsfrom synthetic based drilling fluids. A literature review. Prepared by Robert Ayers & Associates, Inc.,S. McKelvie of Rudall Blanchard Associates, and R.C. Ayers, Jr. Report for: American PetroleumInstitute. Robert Ayers & Associates, Inc. Houston, TX. 33 pp.
 Abstract: Synthetic based drilling muds (SBMs) have been developed for use in difficult drilling situations inresponse to restrictions on the discharge of cuttings associated with oil based muds (OBMs). SBMs exhibit drillingperformance comparable to OBMs while the base fluid (synthetic) is less toxic and degrades faster thanconventional mineral oils or diesels. A "synthetic material" or "synthetic" as defined by the U.S. EPA means amaterial produced by the reaction of specific purified chemical feedstocks. Synthetics differ in this way fromtraditional non-aqueous base fluids such as diesel and mineral oil. At this time (May 1997), SBMs have been usedmore in the North Sea than in the Gulf of Mexico; however, SBMs have great potential to lower drilling costs indeepwater areas of the Gulf, a region of increasing importance to the U.S. industry.
 Recent studies, particularly in the UK, have suggested that the environmental effects resulting from the discharge ofSBM cuttings may be similar to those associated with OBM. In order to determine if similar impacts occur in theGulf of Mexico, a consortium of operators and mud suppliers is planning studies to evaluate the environmentalimpacts of SBM discharges in the Gulf. API commissioned this review to aid in the planning process.
 SBMs may be classified into four general categories:· synthetic hydrocarbons;· ethers;· esters; and· acetals.At this time, the most common SBMs used in the Gulf of Mexico are the synthetic hydrocarbons. Of these, linearalpha olefins (LAOs) and internal olefins (IOs) are most preferred. Esters and blends of an ester with a synthetichydrocarbon are also being used.
 Perhaps the most important fluid properties that may affect environmental impacts are toxicity and rate ofbiodegradation. Laboratory studies have shown that, though toxicity levels vary considerably, most syntheticsexhibit low toxicity and can generally meet toxicity requirements in all countries where toxicity data are required.Toxicity within a particular class of SBMs appears to be inversely related to molecular size, which affects watersolubility. For example, the toxicity ranking for the olefins is LAO=IO>PAO. However, most standard toxicitytests, such as the U.S. EPA drilling fluid test, have limited application to the discharge of SBM cuttings because thecuttings settle quickly and exposure times in the water column are quite short. Solid phase bioassay tests have thepotential of better estimating the toxicity of SBM cuttings. Biodegradation of SBMs has been studied in three typesof experiments:
 · standard laboratory tests;· solid phase tests; and. simulated seabed studies.
 There has been some confusion regarding the biodegradability of SBMs from laboratory studies because of thewide variety of methods available, some of which may not be comparable or relevant to the conditions of dischargein the marine environment. Generally, test results suggest that biodegradation rate occurs in the following order:ester>LAO/IO>PAO>acetal.
 Solid phase tests have been developed to better reflect seafloor conditions than standard biodegradation tests.These tests measure losses of SBM from all mechanisms, not just biodegradation. The results are in generalagreement with the relative ranking obtained in the conventional biodegradation tests and also suggest that someSBMs degrade at rates similar to mineral oils. In addition these tests show that degradation rates are dependent onconcentration and also sediment type.
 Simulated seabed studies have found a similar ranking of degradation rates as those reported from solid phasetests. There are also indications of degradation being dependent on concentration in sediments. These studies also
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 found that the faster degrading SBMs have the greatest impact on the benthic fauna because of the resultantreduction in oxygen in the sediments.
 Results from field surveys where SBMs have been used are limited and impacts are difficult to compare because ofthe wide range of factors involved (e.g. water depth, temperature, currents, mud type, geology, benthic fauna).
 Based on available data, the LAOs, IOs and esters appear to be superior to other classes of synthetics in terms ofthe associated environmental effects. Each class has advantages and disadvantages. Esters biodegrade quickerthan LAOs or IOs and may cause sediments to become anoxic resulting in a relatively more severe initial impact;however, the ester�s faster biodegradation rate may also result in faster recovery.
 While much is known about the environmental effects of synthetic use, a number of information gaps still exist. Themost important need is a better understanding of SBM cuttings discharge in Gulf of Mexico environments. Moreinformation is needed on how environmental conditions at the seafloor affect impact and recovery. A key factor isto determine if SBM cuttings discharge will result in the formation of persistent cuttings piles similar to those foundin certain areas of the North Sea. In addition to the seafloor field studies, laboratory studies designed to providemore information on toxicity of synthetics to benthic organisms and biodegradation rates under Gulf of Mexicoseafloor conditions should be considered.
 Rushing, J.H., M.A. Churan, and F.V. Jones. 1991. Bioaccumulation from mineral oil-wet and synthetic liquid-wet cuttings in an estuarine fish, Fundulus grandis. SPE 23350. Pages 311-320 In: The FirstInternational Conference on Health, Safety and Environment. The Hague, The Netherlands, 10-14November 1991. Society of Petroleum Engineers, Inc. Richardson, TX.
 Abstract: The long-term effects of discharged oily drill cuttings on native fish populations are of major concern.This study investigates the uptake of oil and synthetic liquid by the mud minnow, Fundulus grandis, when exposed tothree different concentrations of low-aromatic mineral oil-wet and synthetic liquid-wet cuttings in flow-throughbioassay chambers.
 Fish were introduced into the flow-through bioassay system and cultured for 30 days. Water, cuttings, and fish weresampled routinely for analysis. Fish samples were dissected; gut and tissue samples were analyzed separately.Flow-through water was analyzed by extracting the water sampling tube absorbent. The cuttings samples wereanalyzed by Soxhlet extraction. Fish tissue and gut samples were digested in sodium hydroxide and extracted withether. The extracted organics in all the samples were analyzed by gas chromatograph/mass spectrometry.
 Gas chromatograph/mass spectrometry identified uptake of the mineral oil in fish tissue and gut samples for allcuttings treated with mineral oil-based mud (MOBM). No uptake was measured in any of the tissue samples for allcuttings treated with synthetic liquid-based mud (SBM). An accumulation of synthetic liquid was only detected inone sample of fish gut from the lowest concentration of SBM. The contrast in uptake between the mineral oil and thesynthetic liquid is perhaps due to the greater molecular size of the synthetic liquid over that of the mineral oil. It ishypothesized that the greater molecular size of the synthetic liquid restricts uptake by gill and digestive structures.
 During the study, there was little migration of either base fluid from the cuttings. Hydrocarbon amounts in the watersamples generally decreased during the 30-day test period. All collected organics were liberated as negligiblysoluble microdroplets. Tests indicated no selective solubility of released microdroplets and little if anybiodegradation for both SBM and MOBM.
 Rye, H., T. Nordtug, A. Tobiesen, and A. Østeorøt. 1997. Drilling and well chemicals and their environmentalimpacts. A survey of amounts, ecotoxicological properties, dispersion and imacts in the marineenvironment. Paper in �Chemistry in the Oil Industry,� 6th International Symposium. Ambleside, theLake District, UK, 14-17 April, 1997. The Royal Society of Chemistry, UK. London. 21 pp.
 Abstract: OLF (The Norwegian Oil Industry Association) has performed a survey on the potential for harmfulenvironmental effects caused by releases from drilling and well operations in the Norwegian continental shelf. Theproject was divided into four different parts:
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 • A survey of released chemicals from the Norwegian offshore industry during drilling and well operationsthrough the years 1993 and 1994, on a component level.
 • An ecotoxicological characterization of the most harmful compounds that amounted to more than 500 kgreleased per year in total to the Norwegian continental shelf.
 • A calculation of the dispersion and expected deposition of the releases in the marine environments in order todetermine the downstream distance to the estimate No Effect Concentration level for various compounds, bothin the free water masses and on the sea bottom.
 • An evaluation of possible (acute or chronic) impact on marine resources in the free water masses and on thebottom fauna (benthic community) from the most harmful compounds (including deposition of barite).
 The study comprises the releases of:
 • Water based drilling fluids (WBM)
 • Water based cuttings (WBC)
 • Synthetic based cuttings (SBC)
 • Well chemicals.
 Oil based mud and cuttings (OBM and OBC) as well as synthetic based mud (SBM) are not allowed to be releasedon the Norwegian continental shelf. The (Olso and) Paris Commission (PARCOM) and OSPARCOM) has since1980 recommended (in different �decisions�) that the use of oil based mud should be reduced or avoided, until thestandard of 10 g/kg (1 percent) of oil content in cuttings is attained. This criterion has been in effect since 1 January1997 (Decision 92/2, OSPARCOM 1993).
 Rymell, M.C., Z.A. Sabeur, M.O. Williams, and D.M. Borwell. 1997. Development and application ofenvironmental models in the assessment of exploratory drilling in a sensitive coastal region, Isle of Man,UK. SPE 37872. Pages 257-265 In: 1997 SPE/UKOOA European Environmental Conference. Aberdeen,Scotland, 15-16 April 1997. Society of Petroleum Engineers, Inc., Richardson, TX.
 Abstract: Contamination of the seabed by drilling operation discharges and the potential for accidental oil spillageremains a significant environmental concern. A project commissioned by Elf Caledonia Ltd. has led to thedevelopment of a series of models that allow assessment of the environmental impact of contaminants associatedwith offshore drilling and prediction of possible oil spill scenarios.
 Three environmental modelling systems have been implemented. A current flow prediction system has been set up toprovide a primary source of data on the hydrodynamics of the region. An oil spill model allows prediction of thetrajectory and fate of oil in the event of an accidental spillage. The third model considers the drilling mud andcuttings discharges made during exploration. The three models use the same base set of hydrodynamics/bathymetryand run under the same base GIS user-interface.
 This paper discusses the development of the various databases underlying the models, development of the modelsand the use of the models in planning the drilling programme. Development of models for future applications isdiscussed.
 Sachez, G., N. Leon, M. Esclapes, I. Galindo, A. Martinez, J. Bruzual, and I. Siegert. 1999. Environmentally safeoil-based fluids for drilling activities. SPE 52739. Pages 469-478 In: 1999 SPE/EPA Exploration andProduction Environmental Conference. Austin, TX, 28 February-3 March 1999. Society of PetroleumEngineers, Inc. Richardson, TX.
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 Abstract: Diesel based drilling fluids had been widely used in the past due to its low price in the market. However, ithas been well documented the adverse health and environmental effects of diesel mostly due to the high aromatichydrocarbon content which makes it toxic. As an alternative to the use of diesel, PDVSA-Intevep has addressedefforts toward the development of environmentally safe drilling fluids. In that sense, new oil based mud formulatedwith mineral oil (< 0.1% aromatics) and palm tree oil (without aromatic), both produced in Venezuela, have beenused for drilling operation purposes to overcome the environmental and health risks. The present work evaluatedthe toxic and biodegradability of mineral and palm tree oil-base drilling fluids compared to those formulated withdiesel. Standard procedures were performed for both tests. U.S.-EPA protocols were followed for toxicity evaluationand A.S.T.M. for biodegradability tests. Biodegradation rate of drilling cuttings impregnated with the three fluidswere estimated in soil pans at laboratory scale to determine bioremediation process of the waste. The resultsindicate that mineral and palm tree oil based fluids are not toxic (LC50 > 30,000 ppm) while diesel was more toxic(LC50 19,000 ppm). Under anaerobic conditions, the palm tree oil based fluid was the only one biodegraded(>70%). From the soil pan studies, the three types of oil impregnated cuttings could be bioremediated; nevertheless,the palm tree oil cuttings biodegrade in soil compost even without aeration.
 Schaanning, M.T. 1994. Test on Degradation of Aquamul BII Drill Mud on Cuttings under Simulated SeabedConditions. NIVA rapport nr 3092.
 Abstract: The biodegradation of an ether and ester SBM was compared with a mineral oil mud in the NIVA semi-enclosed experimental chambers. The biodegradation of the ester was similar to other studies. Biodegradation ofthe ether was slow with the half-life exceeding 100 days and oxygen consumption rates not significantly differentfrom the mineral oil.
 Schaanning, M.T. 1996. Environmental Fate of Synthetic Drilling Fluids from Offshore Drilling Operations.NIVA rapport nr. 3429-96.
 Abstract: This study compared the biodegradation of three SBM mud systems, an ester, an ether and a PAO, in theNIVA semi-enclosed experimental chambers. Similar biodegradation rates were found for the PAO and etherfluids, except that the degradation of the ether was consistent with a 60-day lag phase before degradation wasevident. A half-life of 210 days was calculated for the PAO even though 55-60% of the fluid was present at theend of the 5-month experimental period. The total loss of the ether was similar (half-life = 254 days) but the lossby biodegradation alone was slow (half-life = 387 days). Processes other than biodegradation were concluded tobe more significant for the ether than the other two muds. The ester fluid degraded at the fastest rate (half-life =92 days). However, this was associated with anoxic conditions as an accumulation of hydrogen sulfide wasevident in the pore waters.
 Schaanning, M, T. Bakke and J.A. Berge. 1996b. En totalvurdering av miljokonsekvenser ved bruk av ulike syntetiske borevaesker ved leteboring og produksjonsboring. NIVA Rapport LNR 3534-96.
 Abstract: This report summarized the results of many of the biodegradation studies on SBMs undertaken at NIVA.The comparison showed that, for all SBM types tested (e.g. ether, PAO, ester, internal olefin, linear olefin), rate ofbiodegradation was proportional to the initial concentration of mud in sediment.
 The report provided further evidence for a 60-day lag phase in the degradation of ether SBM in sediment. Furtheranalysis also demonstrated the higher sediment oxygen consumption and subsequent reduction in sediment redoxpotential associated with the rapid degradation of ester SBM in sediments compared to other SBM types.
 The paper also reviewed data from field studies in the Norwegian sector of the North Sea by analyzingconcentrations of mud in sediments normalized to barium concentration in order to separate biodegradation fromother losses such as resuspension and sediment movement. These data showed that esters biodegraded within 1year of discharge whereas there was little biodegradation of ether until 2 years after drilling.
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 Schaanning, M., K. Hylland, R. Lichtenthaler, and B. Rygg. 1996. Biodegradation of Anco Green andNovaplus drilling muds on cuttings deposited in benthic chambers. Report SNO 3475-96. NorwegianInstitute for Water Research. Oslo, Norway. 77 Pages plus appendix.
 Abstract: Discharge of drilling fluids attached to bore hole cuttings may affect the benthic environment of thedeposition sites in the North Sea. The effects may vary according to dose and properties of the base fluid and othercomponents of the mud recipe. In the present study, biodegradation and environmental effects of two new drillingmuds, Anco Green (Based on an ester produced from fish oil fatty acids) and Novaplus (based on a linear olefin),was investigated in a six months simulated seabed experiment performed in benthic chambers at Marine ResearchStation Solbergstrand. Exponential regression analyses yielded the following rank of half-lives: Anco Green<Petrofree (reference ester) < Ultidrill (reference olefin) < Novaplus < Safemul (reference mineral oil.). Effects ofthe ester based cuttings on redox-potentials and macrobenthic communities were more severe than the effects ofolefin based cuttings. The most severe effects were observed in the Petrofree treatment. All chambers treated witholefin cuttings or low-organic control sediment, maintained diverse benthic communities classified by the end of thesix months enclosure, as good or fair according to general criteria for fjord and coastal environments.Concentrations of drilling fluids, barium and two biomarker enzymes were measured in the polychaete Hedistediversicolor after six months exposure in the chambers. Several indications were found on bioaccumulation ofolefins and mineral oil. Different levels of enzyme activities between control and treated chambers, showed that thepolychaete had been affected by components present in some of the cuttings.
 The ester mud showed rapid degradation with half lives of between 13.9 and 20.8 days, comparable with studies ofother ester muds. Degradation of the internal olefin mud was slower than the linear olefin (half lives of 74 and 40-72 days, respectively) but faster than the mineral oil (half-life of 105 days). However, none of the tests showedcomplete disappearance of the olefin muds and the apparent low availability of olefins to sulfate reducing bacteriamay slow down biodegradation of buried olefins.
 Schaanning, M.T. and Laake, M. 1993. Test on Degradation of Novadril drill mud on cuttings under simulatedseabed conditions. NIVA rapport nr. 2866.
 Abstract: The biodegradation of a PAO mud was examined within the NIVA semi-enclosed experimental chambers.The biodegradation of the PAO was found to be slow. The half-life was 127 days at the lower initial concentration(2.2 mg/cm2). At a higher concentration (11.5 mg/cm2) there was little evidence of biodegradation. Oxygenconsumption rates for the PAO did not differ significantly from those found for mineral oil.
 Schaanning, M., R. Lichtenhaler, and B. Rygg. 1997. Biodegradation of esters and olefins in drilling mud deposited on Arctic soft-bottom communities in a low-temperature mesocosm. Report SNO 3760-97.Norwegian Institute for Water Research. Oslo, Norway. 57 Pages plus appendices.
 Abstract: Discharge of chemicals from offshore drilling operations represents a matter of concern for the oilindustry and pollution control authorities worldwide. As the industry expands towards higher latitudes and greaterdepths, mud chemicals attached to bore hole cuttings may become deposited on sediments with ambienttemperatures below 0°C. In order to assess the fate of the most recently developed ester- and olefin-based chemicalsunder such conditions, a comparative study was performed in the soft-bottom laboratory at Marine Research StationSolbergstrand on sediment communities transferred from Arctic and temperate deep fjord locations. The sedimentswere initially treated with four levels of cuttings (zero, 5, 50, and 200 mg) and maintained at simulated seabedconditions at -0.5 and 7°C. Biodegradation and effects on the sediment environment were assessed fromobservations of concentration change of organic phase and barium in the sediment, oxygen consumption rates,redox potentials and the macrobenthic community structure. During the three months experimental period,increasing rates of oxygen consumption in the Arctic communities showed adaptation to degradation of thechemicals at rates no less than those observed in the Olsofjord communities. The Arctic communities appeared,however, more sensitive to sulphide toxicity produced in high dose ester treatments, and no evidence was found tosupport the hypothesis that better availability to anoxic degraders would yield shorter sea-bed remediation times ofareas contaminated with esters as compared to areas contaminated with C14-C18 olefins.
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 Slater, M., M.H. Hille, and A. Molversmyr. 1995. Commonly used biodegradation techniques for drilling fluidchemicals, are they appropriate? SPE/IADC 29376. Pages 387-397 In: 1995 SPE/IADC DrillingConference. Amsterdam, 28 February-2 March 1995. SPE/IADC Drilling Conference. Richardson,TX.
 Abstract: In order to assess the suitability of commonly used biodegradation techniques to simulate theenvironmental behaviour of pseudo oil-based fluids in the sea, a comprehensive study has been conducted. Morethan 40 biodegradation experiments, using different techniques, have been performed on one particular syntheticbase fluid (an acetal). The results are compared to large-scale simulation tests and a seabed survey in an attempt toidentify the biodegradation method that most closely resembles the natural biodegradation process. Acetal, polyalpha olefin, and ester have acute toxicities in water column tests with barnacles of 173,000, >69,000, and 100,000,respectively. Several biodegradability tests were performed on the acetal and produced degradation rates between 5percent and 87 percent. A simulated seabed study by NIVA (Norway) showed loss of acetal varying from 31 to 67percent after 5 months. Freshwater simulation studies seem to produce results similar to those for field studies.
 Stagg, R.M., B. Croce, A.D. McIntosh, C. Moffat, and S. Hird. 1996. Biodegradation of base-oils used insynthetic drilling muds in an experimental solid-phase sediment system. Fisheries Research ServicesReport No 3/96. Scottish Office Agriculture, Environment and Fisheries Department, MarineLaboratory. Aberdeen. 40 pp.
 Abstract: The results are described of a trial designed to evaluate the performance of a solid-phase biodegradationtest set up to assess the fate in marine sediments of base oils used in synthetic drilling muds (SMs) used for drillingoffshore wells. The test was intended to provide conditions for degradation that more closely paralleled those thatwould be encountered in the marine environment, with particular respect to temperature, microbial flora andanaerobic characteristics.
 The method was evaluated by determining the effects on biodegradation of the following factors:
 • Synthetic oil type. Two different SM base oils were used in the study: an ester type and a blend of n-alkanes, poly-alpha olefin, and linear-alpha olefin.
 • Oil concentration. The oils were mixed with the sediments to give concentrations of 100, 500, and 5,000ppm. These were selected because such concentrations have been determined in and around mineral oilcuttings piles.
 • Sediment type. A sand, a mud, and a 1:1 sand/mud mixture were chosen to provide a range of particle sizevariance.
 Suitable control treatments for the experiment were also investigated with the use of olive oil treated sedimentsas positive controls and mercuric chloride treated sediments to provide a measure of abiotic losses from thesystem. The parameters measured included: the amount of SM base oil remaining in the sediment at the statedsampling times (using gas chromatography with flame ionization detection); the oxidation-reduction potential ofthe sediments; the oxygen consumption of selected sediments; and population of microbes in the sediments.
 The test was able to reproducibly distinguish between easily biodegradable and poor biodegradable oils. In thissystem, primary biodegradation rates for the ester were faster than for the n-alkane/alkene. However, the rapidmetabolism of the ester resulted in a depletion of oxygen, a drop in the redox potential and the occurrence ofsulphide events in the sediments.
 In 1:1 sand/mud mixtures, the rates of primary biodegradation of the ester were not significantly different whenthe dosing concentrations were 100 and 500 ppm (mean rate 15 ppm d-1, half-life 13 d) but the rate ofdegradation significantly increased in sediments dosed with 5,000 ppm ester (rate 40 ppm d-1, half-life 83 d).Although not statistically significant, the same effect was seen for the blended oil which, at 100 and 500 ppm,had a mean primary biodegradation rate of 5 ppm d-1 and a half-life of 77 d; this rate increased to 15 ppm d-1
 with a half-life of 236 d when the concentration was increased to 5,000 ppm. Biodegradation of the ester was

Page 126
                        

114
 significantly slower in sand as compared to mud. No measurable biodegradation of the blended oil took place inthe sand treatments.
 Olive oil stimulated a high degree of microbial activity in the sediments that made it suitable as a referencecompound for this test system. Sediments "poisoned" with mercuric chloride showed similar losses of test oilsafter a 60-d incubation to those determined in their unpoisoned counterparts. This was thought to be caused bysediment binding effects decreasing the effective toxicity of the mercuric chloride which did not provide theabiotic conditions intended.
 Steber, J., C.-P. Herold, H. KGaA, and J.M. Limia. 1994. Solving fluid biodegra4dation in seabed drill cuttingspile. Offshore. 57-60.
 Abstract: The European Centre for Ecotoxicology and Toxicology of Chemicals (ECETOC) screening test was usedto evaluate the biodegradability of several base oils for drilling muds. Alkylbenzenes were not biodegraded. Fattyacid esters, oleyl alcohol, and 2-ethyl hexanol muds were degraded by 79 to 89 percent under anaerobic conditions.Mineral oils, di-octyl ether, di-hexadecyl ether, and polyalpha olefin muds degraded slowly by 0.6 to 12 percentduring the test.
 Steber, J., C.-P. Herold, and J.M. Limia. 1995. Comparative evaluation of anaerobic biodegradability ofhydrocarbons and fatty derivatives currently used as drilling fluids. Chemosphere. 31(4):3105-3118.
 Abstract: The examination of a number of potential and currently used carrier fluids for invert emulsion drillingfluids in the ECETOC screening test revealed clear differences with respect to their easy anaerobicbiodegradability. Fatty acid- and alcohol-based ester oils exhibited excellent anaerobic degradation to the gaseousfinal end products of the methanogenic degradation pathway, methane and carbon dioxide. Mineral oils, dialkylethers, � -olefins, polyalphaolefins, linear alkylbenzenes and an acetal-derivative were not or only slowly degraded.Although the poor degradation results obtained in the stringent ECETOC screening test may not be regarded asfinal proof of anaerobic recalcitrance, nevertheless, these results were found to be in line with the presentunderstanding of the structural requirements for anaerobic biodegradability of chemicals. The validity of theconclusions drawn is corroborated by published results on the anaerobic biodegradation behaviour of ester oils,mineral oils and alkylbenzenes in marine sediments.
 Still, I. and J. Candler. 1997. Benthic toxicity testing of oil-based and synthetic based drilling fluids. EighthInternational Symposium on Toxicity Assessment. Perth, Australia, 25-30 May 1997. (Cited in EPA,1999).
 Abstract: A two-phase sediment toxicity study was performed to examine applicability of established sedimenttoxicity test methods for synthetic base fluids (SBFs). During Phase I, the marine amphipod Ampelisca abdida wastested with one drilling fluid formulation dosed individually with the following five base fluids: a diesel oil (DO), anenhanced mineral oil (EMO), a linear paraffin (LP), and internal olefin (IO), and a poly alpha olefin (PAO). Rangefinder tests were performed with test concentrations of 5,000 and 10,000 mg/kg. The ranking of relative toxicity wasPAO>IO>LP at 5,000 mg/kg and LP>PAO>IO at 10,000 mg/kg. In Phase II, toxicity tests were performed withfour species of marine amphipods. The response of each species was different:
 • Ampelisca abdida � EMO (557 mg/kg)>DO (879 mg/kg)>IO (3,121 mg/kg)>PAO (10,680 mg/kg)
 • Corophium volutator � DO (840 mg/kg)>EMO (7,146 mg/kg)>IO (>30,000 mg/kg)>PAO (>30,000 mg/kg)
 • Rheposynius abronius � DO (24, mg/kg)>EMO (239 mg/kg)>IO (299 mg.kg)>PAO (975 mg/kg)
 • Leptocheirus plumulosus � EMO (251 mg/kg)>DO (850 mg/kg)>IO (2,944 mg/kg)>PAO (9,636 mg/kg).
 Story, J. and B. Lee. (Amoco Corporation). 1997. Solid phase extraction (SPE) method for determination of crudeoil contamination in drilling fluids: a field method. Draft report. 2 pp.
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 Abstract: This is a draft protocol for detection of petroleum in SBM by solid phase extraction with quantification byfluorescence. The liquid phase of a SBM is applied to an active silica column and eluted with a MTBE solvent. Thecolumn is viewed under UV light and the fluorescing aromatic hydrocarbons are visualized and compared tostandards.
 Terrens, G.W., D. Gwyther, M.J. Keough, and R.D. Tait. 1998. Environmental assessment of synthetic baseddrilling mud discharges to Bass Strait, Australia. SPE 46622. Pages 1-14 In: 1998 SPE InternationalConference on Health, Safety and Environment in Oil and Gas Exploration and Production. Caracas,Venezuela, 7-10 June 1998. Society of Petroleum Engineers, Inc. Richardson, TX.
 Abstract: Esso Australia Ltd. (Esso) on behalf of the Esso/BHP joint venture undertakes exploration anddevelopment drilling activities to produce oil and gas from the Gippsland Basin in eastern Bass Strait. As part of theenvironmental management of the operation, a field monitoring program was undertaken to verify the predictedlimited effect on the seabed of the discharge of residual synthetic based mud (SBM) adhered to drill cuttings.
 Esso's standard drilling fluid in Bass Strait is an environmentally acceptable water based mud (WBM). However,due to the high frictional forces involved the greater lubricating properties of a non-water based drilling mud wererequired to drill the long reach, high angle sections of seven of the additional wells. The ester SBM was chosen onthe basis of its lubricity and biodegradability, to reduce any potential environmental effects from the persistence ofnon-water based mud in seabed sediments.
 A seabed monitoring program was undertaken around the Fortescue platform by taking seabed samples fromAugust 1995 to August 1997 at sites along a transect following the predominant ocean current and at control sites,before, during and after the period in which SBM cuttings were discharged. The seabed sediments were measuredfor esters, barium, biological changes and grain size. Results show clearly the increase in esters concentration insediments during drilling, then the rapid decrease after completion of cuttings discharge. After a recovery period of11 months from completion of SBM drilling, SBM esters were not detected in sediments. Sediment bariumconcentration was also found to be elevated, but only after SBM had been used, indicating greater dispersion ofWBM than the more cohesive SBM. The barium concentrations found generally do not have measurable effects onbiota. The impact on the sediment biology was found to be limited to the sampling site 100 m from the platform withrecovery evident within four months of completion of drilling. Mechanisms for recovery of the minimal zone ofeffect are thought to be a combination of the biodegradation of the ester SBM used and the physical seabeddispersion process evident in eastern Bass Strait generated by the continuous series of storms that pass throughespecially in winter.
 Thaemlitz, C., A. Patel, G. Coffin, and L. Conn. 1997. A new environmentally safe high-temperature, water-base drilling fluid system. SPE/IADC 37606. Pages 263-268 In: 1997 SPE/IADC DrillingConference. Amsterdam, The Netherlands, 4-6 March 1997. Society of Petroleum Engineers &International Association of Drilling Contractors Drilling Conference. Society of PetroleumEngineers, Richardson, TX.
 Abstract: A new, environmentally safe water-based polymer system has been developed for drilling applicationswith temperatures up to 232°C (450°F) and high pressures. The system components are newly developed syntheticpolymers that do not contain chromium or other environmentally harmful materials. These new synthetic polymersare designed to perform specific functions at high temperatures and the innovative designs of these thermally stablepolymers allow for the use of a minimum number of products in the formulation of high-temperature fluids.
 The new system consists of two basic polymeric components for rheology and filtration control at hightemperatures. High-temperature fluid formulations are greatly simplified utilizing this new system, with only the twopolymeric components being required, along with a pH control additive, weight material, and small amounts of clayfor filter cake quality. This simplicity is a significant advantage over "traditional" high-temperature systems, whichnormally require use of a large number of additives to control or limit the effects of thermal degradation.
 The new system may be formulated with fresh water or seawater, providing flexibility for a variety of drillingenvironments. Excellent resistance to common contaminants, such as calcium and magnesium hardness and solidsaccumulation, is another important characteristic of this new system.
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 This paper will review the previous state of the art with respect to high-temperature, water-based muds and willgenerically discuss the unique chemistry of the newly developed polymer system components. System formulationand application will be discussed.
 Uhler, A.D., J.M. Neff, and T. Gulbransen. 1997. Survey of monitoring approaches for the detection of oilcontamination in synthetic-based drilling muds (SBMs). Draft Report submitted to: AmericanPetroleum Institute, Washington, DC. Battelle. Duxbury, MA. 47 pp.
 Abstract: The U.S. EPA recommends the bucket sheen test for determining if a drilling mud contains sufficientpetroleum material that it should not be discharged to the sea. The sheen test is not suitable for evaluating synthetic-based drilling fluids. Several methods were evaluated for determining petroleum in synthetic-based drilling muds.The top-ranked methods for use on the platform are: direct photoionization detection of monoaromatichydrocarbons; reverse solid-phase extraction for determination of crude oil contamination; solid-phase extractionfor determination of crude oil contamination; and thin layer chromatography with UV fluorescence detection todetect aromatic hydrocarbons. Gas chromatographic methods are suitable for mud analysis in the laboratory.
 United Kingdom. 1997. Synthetic mud (SM) system control in the UK - an update. SEBA 97/5/1-E. Presented by the United Kingdom at the Oslo and Paris Conventions for the Prevention of Marine PollutionWorking Group on Sea-Based Activities (SEBA). Biarritz, France, February 17-21, 1997. 6 pp.
 Abstract: Degradability of SBMs was evaluated. Several SBM base chemicals were no more degradable than OBMsand will be phased out for offshore disposal by 2001. Other muds, including esters, may be discharged unlessseabed surveys show unacceptable impact on the marine environment.
 Biodegradation of acetal, ester, internal olefun, linear alpha olefin, poly alpha olefin and n-paraffin were evaluatedat 100, 500, and 5,000 mg organic carbon/g dry sediment. Four of the base materials, acetal, internal olefin, n-paraffin, and poly alpha olefin, did not perform better than mineral oil in terms of their relative degradation.Although linear alpha olefin performed significantly better than the mineral oil at all concentrations, 76 percent ofthe base fluid still remained after 120 days at the highest concentration. The rate of degradation of the basematerials decreased as concentration in sediments increased. The rate of degradation of different chemicalsdecreased with increasing proportion of branching and complexity of the molecules. Some base materials had anapparent 28-day lag phase before degradation began.
 United Kingdom Offshore Operators Association and United Kingdom Department of Trade and Industry.1997. Synopsis of review of drill cuttings piles on the United Kingdom Continental Shelf. AgendaItem 5. SEBA 97/5/3-E. Presented by the United Kingdom at the Oslo and Paris Conventions for thePrevention of Marine Pollution Working Group on Sea-Based Activities (SEBA). Biarritz, France, 17-21 February 1997. 3 pp.
 Cuttings piles were observed around approximately 60 platforms in the northern and central North Sea. Shallowwater depths in the southern North Sea allow dispersion of cuttings and cuttings piles do not accumulate. Cuttingspiles range from less than 2 m to a maximum height of about 20 m. the piles are �soft� and contain 20% to 60%water. Hydrocarbons are biodegraded on the surface sediments in the pile but not below the surface. Severe impactson benthic fauna are observed out to about 500 m; there is a transition zone of lesser impact out to about 2 km.
 United Kingdom Offshore Operators Association and United Kingdom Department of Trade and Industry. 1997. Technical note on the use of synthetic drilling fluids. Agenda Item 5. SEBA 97/5/4-E.Presented by the United Kingdom at the Oslo and Paris Conventions for the Prevention of MarinePollution Working Group on Sea-Based Activities (SEBA). Biarritz, France,17-21 February 1997.1 pp.
 Abstract: With the phase-out of OBM, the UK oil industry has developed criteria for selection of replacement SBMs.Biodegradation studies, modelling, and seabed surveys are used to evaluate the environmental impacts of SBMcuttings.
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 Veil, J.A., C.J. Burke, and D.O. Moses. 1996. Synthetic-based muds can improve drilling efficiency without polluting. Oil & Gas Journal. 94(10):49-54.
 Abstract: The authors describe the environmental benefits of synthetic-based drilling muds. These include: lesswaste is produced from a recyclable product (compared to WBMs); elimination of diesel as a mud base lessens thepollution hazard, improves worker safety through lower toxicity and diminished irritant properties, and reducesconsequent risk (compared to OBMs); increased use of horizontal drilling reduces the areal extent and theenvironmental impacts of offshore oil and gas operations (compared to WBMs); shortened drilling time results inreduced air-emissions from drilling power sources (compared to WBMs); and improved drilling performancedecreases waste-generating incidents, such as pipe stuck in the hole. Such incidents necessitate the use of diesel orother oil "pills" that add to the waste load from the mud (compared to WBMs).
 Veil, J.A. and J.M. Daly. 1999. Innovative regulatory approach for synthetic-based drilling fluids. SPE 52737. In:1999 SPE/EPA Exploration and Production Environmental Conference. Austin, TX, 28 February-3 March1999. Society of Petroleum Engineers, Inc. Richardson, TX. 5 pp.
 Abstract: The oil and gas industry has historically used water-based muds (WBMs) and oil-based muds (OBMs) inoffshore drilling operations. WBMs are less expensive and are widely used. Both the WBMs and the associated drillcuttings may be discharged from the platform to the sea provided the U.S. Environmental Protection Agency (EPA)discharge limitations are met. In some wells, however, difficult drilling conditions may force a switch from a WBMto an OBM. Neither the OBM nor the associated drill cuttings may be discharged. The OBM is hauled to shore,where it is processed for reuse, while the associated cuttings are injected in a disposal well at the platform orhauled to shore to a disposal facility. Both of these options are expensive. Synthetic-based muds (SBMs) are drillingfluids that use synthetic organic chemicals as base fluids. SBMs were developed to replace OBMs in difficult drillingsituations. SBMs are more expensive than OBMs; however, they have superior environmental properties that maypermit the cuttings to be discharged on-site. Like OBMs, SBMs are hauled ashore for processing and reuse after thewell is drilled.
 The existing national effluent limitations guidelines (ELGs) for the offshore industry do not include requirements forSBM-cuttings since SBMs were not commonly in use at the time the ELGs were adopted. In late 1997, EPAannounced that it would modify the offshore ELGs to include requirements for discharges of cuttings drilled withSBMs. For the first time in the history of the ELG program, EPA is following an innovative expedited rulemakingprocess that will lead to development of draft regulations in one year rather than the 4- to 6-year period usuallyneeded. With direction from the federal government to stakeholders concerning information needs for the regulatorydevelopment, the industry has established several working groups to collect new scientific information on SBMs.This paper describes the expedited rulemaking process and summarizes the findings of the workgroups to date.
 Veil, J.A., J.M. Daly, and N. Johnson. 1999. EPA speeds regs for offshore synthetic-based mud. Oil and Gas Journal. 97(37):78-85.
 Abstract: The U.S. Environmental Protection Agency is collaborating with oil industry working groups to developregulations for the discharge of SBM-cuttings to offshore waters of the Gulf of Mexico. The working groups includeanalytical, retention on cuttings, toxicity, seabed effects and biodegradation.
 The analytical work group has developed and evaluated methods for detecting petroleum in SBM. The recommendedmethod for on-platform use is a reverse-phase extraction method, with confirmation for selected samples by GC/MS.The cuttings work group surveyed the percent of SBM on screened cuttings discharged to the ocean. Theydetermined that there is between 4 and 25% SBM, average 12%, retained on washed cuttings. The toxicity workgroup is evaluating different bioassay protocols for determining the toxicity to marine organisms of SBM cuttings inmarine sediments. The seabed work group is designing a multi-year survey to examine the effects of SBM cuttingsdischarges on benthic biological ecosystems. The biodegradation work group is evaluating different methods formeasuring biodegradation of SBM in marine sediments. EPA has chosen a discharge option for regulating SBM,based on its assessment that water-quality impacts of appropriately controlled SBM discharges are less harmful tothe environment than the non-water quality environmental impacts (fuel use, air emissions, etc.) that would occur ifzero discharge had been selected. Proposed regulations include the following:
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 1. Zero discharge of neat SBM (fluids not attached to cuttings);
 2. Limitations on SBM cuttings characteristics, including no more than 10 ppm PAH on cuttings, a minimum rateof biodegradation of SBM in sediments using the UK solid phase test, and a maximum 10-day sediment toxicitytest using the amphipod Leptocheirus plumulosus;
 3. Discharge limitations of cuttings containing SBMs, including no free oil by the static sheen test, a limit oncontamination by crude oil, and a maximum of 10.2% retention of SBM on cuttings;
 4. SBM cuttings discharges remain subject to current requirements for WBM, including a maximum of 1 mg/kgmercury in stock barite, a maximum of 3 mg/kg cadmium in stock barite, and no discharge of diesel fuel;
 5. Other controls being considered include a maximum sediment toxicity of whole drilling fluid, a maximumaqueous phase toxicity of the whole SBM, and a maximum potential for boiacumulation of base mud.
 Vik, E.A., S. Dempsey, and B.S. Nesgard. 1996. Evaluation of available test results from environmentalstudies of synthetic based drilling muds. Version 4. Aquateam Report Number: 96-010. OLF Project.Acceptance Criteria for Drilling Fluids. Aquateam-Norwegian Water Technology Centre A/S. Oslo,Norway. 127 pp.
 Abstract: This report includes a summary of all information brought forward to Aquateam for completion of anevaluation of test results from environmental impact studies of synthetic based mud systems. The project is carriedout on behalf of OLF's Working Group on Acceptance Criteria for Discharges of Drilling Fluids.
 The report includes an evaluation of laboratory test results, results from simulated seabed studies and from fieldsurveys for the different synthetic mud systems. The report compares test results obtained under different testconditions and gives recommendations to a set of criteria and future work concerning implementation.
 A marine anaerobic biodegradation test is needed to predict the persistence of synthetic based muds in the marineenvironment. The ultimate selection of the most environmentally friendly SBM should, however, not only compareenvironmental fate (percent biodegradation), but take into consideration the overall environmental impact. Fieldstudies of SBM impacts are the best methods for evaluating the environmental behavior of SBMs, but are expensive.Mesocosm tests, such as the NIVA test, produce good results at lower costs. Acceptance criteria for ocean disposalof SBM cuttings should include:
 • Requirements for documentation of absence of heavy metals, aromatic hydrocarbons, and other hazardouschemicals, evidence of biodegradability, and low potential to bioaccumulate.
 • Risk assessment of environmental impact suing CHARM.
 • Validation of the CHARM model using specially designed mesocosm experiments (e.g., NIVA test).
 • Standard test protocols for anaerobic degradation tests, determination of log Kow, and assessment ofbioaccumulation.
 Vik, E.A., B.S. Nesgard, J.D. Berg, S.M. Dempsey, D.R. Johnson, L. Gawel, and E. Dalland. 1996. Factors affectingmethods for biodegradation testing of drilling fluids for marine discharge. SPE 35981. Pages 697-711 In:International Conference on Health, Safety & Environment. New Orleans, Louisiana, 9-12 June 1996.Society of Petroleum Engineers, Inc. Richardson, TX.
 Abstract: This paper presents the results from a three-year research program performed on behalf of ConocoNorway Inc. (CNI) on the standardization of biodegradation test protocols for poorly or non-water-soluble SBMsand summarizes experiences from work conducted by chemical suppliers and oil operators, and evaluated on behalfof the Norwegian Oil Industry Association (OLF) in a project on acceptance criteria for drilling muds. Results from
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 the CNI project include information on parameters of importance for standardization of the biodegradation test andtheir influence on deviations in test results. Results from the OLF project are used to compare biodegradation testresults of SBMs using different test protocols, as well as for looking at the biodegradation test in the context ofevaluating overall environmental impact.
 Zevallos, M.A.L., J. Candler, J.H. Wood, and L.M. Reuter. 1996. Synthetic-based fluids enhanceenvironmental and drilling performance in deepwater locations. SPE 35329. Pages 235-242 In: SPEInternational Petroleum Conference & Exhibition of Mexico. Villahermosa, Tabasco, Mexico, 5-7March 1996. Society of Petroleum Engineers, Inc. Richardson, TX.
 Abstract: Deepwater drilling in the Gulf of Mexico is a challenging opportunity for drilling fluid performance.Synthetic-based muds (SBMs) applied in the Gulf of Mexico have overcome performance shortfalls of currentlyavailable water-based and oil-based muds. This paper will compare environmental, health, and drillingperformance factors of polyalphaolefins (PAO) and internal olefins (IO) SBMs with emphasis on rheologicalprofiles, acute toxicity, benthic toxicity, bioaccumulation, and biodegradation rates. Field case histories of PAO andIO SBMs used in deepwater projects are compared to water-based muds (WBM) and oil-based muds (OBM).
 The toxicity of a C1618 IO mud and a C2030 PAO mud in the suspended particulate phase test with mysids is belowEPA test requirements. Both drilling muds also pass the North Sea zooplankton toxicity test. They also pass thesolid-phase sediment bioassay with the amphipod Corophium volutator. The median lethal concentrations were>10,000 mg/kg for PAO and 7,000 mg/kg for IO. The SBMs have a low potential to bioaccumulate. The mudsexperienced 50 to 80 percent degradation in 28 days in two aerobic biodegradation tests. Between 35 and 40percent of the two SBMs degraded.
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The Department of the Interior Mission
 As the Nation's principal conservation agency, the Department of the Interior has responsibility formost of our nationally owned public lands and natural resources. This includes fostering sound use ofour land and water resources; protecting our fish, wildlife, and biological diversity; preserving theenvironmental and cultural values of our national parks and historical places; and providing for theenjoyment of life through outdoor recreation. The Department assesses our energy and mineralresources and works to ensure that their development is in the best interests of all our people byencouraging stewardship and citizen participation in their care. The Department also has a majorresponsibility for American Indian reservation communities and for people who live in island territoriesunder U.S. administration.
 The Minerals Management Service Mission
 As a bureau of the Department of the Interior, the Minerals Management Service's (MMS) primaryresponsibilities are to manage the mineral resources located on the Nation's Outer Continental Shelf(OCS), collect revenue from the Federal OCS and onshore Federal and Indian lands, and distributethose revenues.
 Moreover, in working to meet its responsibilities, the Offshore Minerals Management Programadministers the OCS competitive leasing program and oversees the safe and environmentally soundexploration and production of our Nation's offshore natural gas, oil and other mineral resources. TheMMS Royalty Management Program meets its responsibilities by ensuring the efficient, timely andaccurate collection and disbursement of revenue from mineral leasing and production due to Indiantribes and allottees, States and the U.S. Treasury.
 The MMS strives to fulfill its responsibilities through the general guiding principles of: (1) beingresponsive to the public's concerns and interests by maintaining a dialogue with all potentially affectedparties and (2) carrying out its programs with an emphasis on working to enhance the quality of life forall Americans by lending MMS assistance and expertise to economic development and environmentalprotection.
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