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Organic Contaminants, Trace and Major Elements, and 
Nutrients in Water and Sediment Sampled in Response to 
the Deepwater Horizon Oil Spill

By Lisa H. Nowell, Amy S. Ludtke, David K. Mueller, and Jonathon C. Scott

Abstract

Beach water and sediment samples were collected along 

the Gulf of Mexico coast to assess differences in contaminant 

concentrations before and after landfall of Macondo-1 well 

oil released into the Gulf of Mexico from the sinking of 

the British Petroleum Corporation’s Deepwater Horizon 

drilling platform. Samples were collected at 70 coastal sites 

between May 7 and July 7, 2010, to document baseline, or 

“pre-landfall” conditions. A subset of 48 sites was resampled 

during October 4 to 14, 2010, after oil had made landfall on 

the Gulf of Mexico coast, called the “post-landfall” sampling 

period, to determine if actionable concentrations of oil were 

present along shorelines. 

Few organic contaminants were detected in water; 

their detection frequencies generally were low and similar 

in pre-landfall and post-landfall samples. Only one 

organic contaminant—toluene—had significantly higher 
concentrations in post-landfall than pre-landfall water 

samples. No water samples exceeded any human-health 

benchmarks, and only one post-landfall water sample 

exceeded an aquatic-life benchmark—the toxic-unit 

benchmark for polycyclic aromatic hydrocarbons (PAH) 

mixtures. In sediment, concentrations of 3 parent PAHs 

and 17 alkylated PAH groups were significantly higher 
in post-landfall samples than pre-landfall samples. One 

pre-landfall sample from Texas exceeded the sediment 

toxic-unit benchmark for PAH mixtures; this site was not 

sampled during the post-landfall period. Empirical upper 

screening-value benchmarks for PAHs in sediment were 

exceeded at 37 percent of post-landfall samples and 22 percent 

of pre-landfall samples, but there was no significant difference 
in the proportion of samples exceeding benchmarks between 

paired pre-landfall and post-landfall samples. Seven sites had 

the largest concentration differences between post-landfall 

and pre-landfall samples for 15 alkylated PAHs. Five of these 

seven sites, located in Louisiana, Mississippi, and Alabama, 

had diagnostic geochemical evidence of Macondo-1 oil in 

post-landfall sediments and tarballs. 

For trace and major elements in water, analytical 

reporting levels for several elements were high and variable. 

No human-health benchmarks were exceeded, although 

these were available for only two elements. Aquatic-life 

benchmarks for trace elements were exceeded in 47 percent 

of water samples overall. The elements responsible for the 

most exceedances in post-landfall samples were boron, copper, 

and manganese. Benchmark exceedances in water could 

be substantially underestimated because some samples had 

reporting levels higher than the applicable benchmarks (such 

as cobalt, copper, lead and zinc) and some elements (such as 

boron and vanadium) were analyzed in samples from only 

one sampling period. For trace elements in whole sediment, 

empirical upper screening-value benchmarks were exceeded 

in 57 percent of post-landfall samples and 40 percent of 

pre-landfall samples, but there was no significant difference 
in the proportion of samples exceeding benchmarks between 

paired pre-landfall and post-landfall samples. Benchmark 

exceedance frequencies could be conservatively high because 

they are based on measurements of total trace-element 

concentrations in sediment. In the less than 63-micrometer 

sediment fraction, one or more trace or major elements were 

anthropogenically enriched relative to national baseline values 

for U.S. streams for all sediment samples except one. Sixteen 

percent of sediment samples exceeded upper screening-

value benchmarks for, and were enriched in, one or more 

of the following elements: barium, vanadium, aluminum, 

manganese, arsenic, chromium, and cobalt. These samples 

were evenly divided between the sampling periods. 

 Aquatic-life benchmarks were frequently exceeded 

along the Gulf of Mexico coast by trace elements in both 

water and sediment and by PAHs in sediment. For the most 

part, however, significant differences between pre-landfall 
and post-landfall samples were limited to concentrations of 

PAHs in sediment. At five sites along the coast, the higher 
post-landfall concentrations of PAHs were associated with 

diagnostic geochemical evidence of Deepwater Horizon 

Macondo-1 oil. 



2  Contaminants in Water and Sediment Sampled in Response to the Deepwater Horizon Oil Spill 

Introduction 

On April 20, 2010, the British Petroleum (BP) 

Corporation’s Deepwater Horizon Mississippi Canyon 252 

(MC252) drilling platform sank following an explosion, 

and oil and gas began to be released into the northern Gulf 

of Mexico (GOM) from the ruptured Macondo-1 (M-1) 

well approximately 5,000 feet below the sea surface. About 

4.93 million barrels (205.8 million gallons) of oil were 

released into the northern GOM by the time the well was 

successfully capped on July 15, 2010 (Operational Science 

Advisory Team, 2010). To disperse the oil, 1.84 million 

gallons of chemical dispersants were applied to surface oil and 

at the well-head (Operational Science Advisory Team, 2010). 

In response to the threat of oil affecting sensitive habitat 

along the shores of the GOM, the U.S. Geological Survey 

(USGS) collected near-surface beach water and sediment at 

coastal sites from Texas to Florida, both before and after the 

oil made landfall on the GOM coast. “Pre-landfall” samples 

were collected from May 7 to July 7, 2010, and “post-landfall” 

samples were collected on August 23 and from October 4 to 

14, 2010. The post-landfall study was requested by the U.S. 

Coast Guard (Wilde and Skrobialowski, 2011) and was used 

in conjunction with data from other sources, including the 

U.S. Environmental Protection Agency, National Oceanic 

and Atmospheric Administration, the GOM coast states, and 

BP, to assess the distribution of actionable—that is, amenable 

to removal actions—oil-related chemicals that remain in the 

water column, sediments, or both, and to inform decision 

makers on further oil-removal operations (Operational Science 

Advisory Team, 2010; Unified Area Command, 2010).
The purpose of this report is to characterize the water and 

sediment chemistry in pre-landfall and post-landfall samples 

and to ascertain whether there were significant changes 
between the two sampling periods. This report complements 

activities of other USGS scientists and USGS production and 

research laboratories who are determining surfactants in water 

samples; analyzing geochemical markers for the presence 

of M-1 oil, also called MC252 oil, in sediment and tarballs; 

evaluating bacterial populations capable of degrading oils; 

assessing the toxicity of sediment pore water to the sea urchin 

(Arbacia punctulata); and assessing benthic macroinvertebrate 

indicators of shoreline habitat conditions (Donna N. Myers, 

Chief, Office of Water Quality, U.S. Geological Survey, 
Reston, Va., written commun., September 9, 2011).

Specific objectives of this report are the following:
• Summarize the occurrence of organic contaminants, 

trace and major elements, and nutrients in water 

and sediment samples at sites along the GOM 

coast sampled by the USGS before and after oil 

made landfall.

• Compare contaminant concentrations in pre-

landfall samples to post-landfall samples for water 

and sediment.

• Compare measured concentrations of contaminants 

to applicable existing benchmarks for protection of 

human health, aquatic life, and sediment quality.

This report presents one of multiple lines of evidence 

documenting conditions along the GOM coast before and after 

landfall of M-1 oil. 

Methods 

This study had two sample collection periods: 

pre-landfall and post-landfall. Pre-landfall samples were 

collected from May 7 to July 7, 2010, which was after the oil 

spill began, but before oil made landfall on the GOM coast. 

Post-landfall samples were collected on August 23 and from 

October 4 to 14, 2010, after oil made landfall at the sampled 

sites. Post-landfall sampling was carried out at a subset of the 

pre-landfall sampling sites, plus one oil-affected site that was 

not sampled during the pre-landfall period. 

Although the sample-collection methods were mostly 

the same during pre-landfall and post-landfall periods, the 

priorities for chemical analyses changed in some ways 

between the pre-landfall and post-landfall periods as more 

information became available from the National Oceanic 

and Atmospheric Administration (NOAA) and the U.S. 

Environmental Protection Agency (USEPA) about methods 

and priorities for oil-related chemical contaminant testing 

(Operational Science Advisory Team, 2010, appendix F). As 

a result, the choice of some chemical analysis methods and 

laboratories was revised for the post-landfall period period. 

Differences in methods between the two sampling periods are 

described in the “Chemical Analyses” section.

Study Area and Site Selection

The initial response of the USGS to the Deepwater 

Horizon oil spill required rapid mobilization to collect 

water and sediment samples before landfall of the oil in 

order to establish a baseline chemical and biological profile. 
This baseline profile could then be used to understand 
any post-landfall effects on, or changes to, GOM coastal 

environments (Wilde and Skrobialowski, 2011). The USGS 

Water Science Centers in Texas, Louisiana, Mississippi, 

Alabama, and Florida coordinated efforts to sample water 

and sediments at 70 sites from beaches, barrier islands, and 

coastal wetlands that could be adversely affected by oil from 

the spill coming ashore (fig. 1). High priority was given to 

coastal wetlands, Department of Interior lands at risk for oil 

contamination, such as National Wildlife Refuges, Bureau of 

Land Management (BLM) lands, National Seashore areas, 

and State Parks (Rosenbauer and others, 2010; Donna Myers, 

Chief, Office of Water Quality, U.S. Geological Survey, 
Reston, Va., written commun., September 9, 2011). The 
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purpose of the sampling was to define pre-landfall conditions 
in the physical, chemical, biological, and microbiological 

quality of the nearshore environment. Pre-landfall samples 

were collected between May 7 and July 7, 2010 (fig. 1; 

table 1). Global Positioning System (GPS) coordinates were 

recorded at each site so that any subsequent samples could be 

collected in the same location. 

Post-landfall sampling was carried out following a 

request by the U.S. Coast Guard to assess whether actionable 

levels of Deepwater Horizon-related oil-spill contamination 

were present after the extensive clean-up efforts of coastal 

areas by BP (Wilde and Skrobialowski, 2011). Sampling was 

performed by the same USGS Water Science Centers that 

collected data for the pre-landfall assessment. Post-landfall 

samples were collected at 48 of the original 70 pre-landfall 

sites plus 1 oil-affected wetland site at Bay Jimmy, Louisiana, 

which was not sampled before landfall, making a total of 

71 sites (fig. 1; table 1). Post-landfall sites were selected 

from among the pre-landfall site locations on the basis of the 

extent of oil observed at the surface, as ascertained from ships, 

aircraft, satellites, and in situ sampling; knowledge of the 

nearshore physical oceanography, that is, movement of water 

and sediments; and trajectory modeling by NOAA (National 

Oceanic and Atmospheric Adminsitration, 2010; Unified Area 
Command, 2010). The purpose of the post-landfall sampling 

was to document residual, or actionable, oil. 

Sample Collection 

One water sample and one composite sediment sample 

were collected at each pre-landfall and post-landfall site by 

personnel from the USGS Water Science Centers from the 

GOM coastal states. All pre-landfall samples were collected 

between May 7 and July 7, 2010. All post-landfall samples 

were collected between October 4 and 14, 2010, except the 

Bay Jimmy site, which was sampled on August 23, 2010 

(table 1). Post-landfall sampling took place after the arrival 

of M-1 oil at the sampled sites. USGS field teams collected 
pre-landfall and post-landfall samples and site data by 

following protocols and procedures described in Wilde and 

Skrobialowski (2011) and in the USGS National Field Manual 

for the Collection of Water-Quality Data (variously dated). 
Post-landfall samples at each site were collected at, or close to, 

the pre-landfall sampling location (Wilde and Skrobialowski, 

2011). All samples of water and sediment were collected 

near the land/water interface, as described in the following 

sections. Samples were intended to be representative of 

ambient conditions at the time of sample collection (Wilde and 

Skrobialowski, 2011). Water samples were collected first and 
packed in coolers, and then sediment samples were collected. 

The collected samples were held on ice at 4 degrees Celsius 

(°C) after collection and during transport under chain-of-

custody to the respective laboratories for chemical analysis.
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Wilde and Skrobialowski (2011) by Gregory Wetherbee and David Strong
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6  Contaminants in Water and Sediment Sampled in Response to the Deepwater Horizon Oil Spill 

Water Samples

Water samples were collected to represent surf and 

suspended-sediment conditions at the time of sampling (Wilde 

and Skrobialowski, 2011). Samples were collected in wadable 

water about 60 to 90 centimeters (cm) deep by using the 

direct dip method. Samples were collected from depths of 

15 to 30 cm below the surface, and at least 15 cm from the sea 

bottom to avoid collection of re-suspended bottom material. In 

general, sample containers were submerged to an appropriate 

depth, uncapped to fill the container to the appropriate volume, 
and recapped underwater. For analysis of trace and major 

elements and nutrients, water was collected in field-rinsed 
bottles, then poured into smaller sample bottles containing 

the appropriate chemical preservative (table 2). Bottles used 

for organic-contaminant samples were not field rinsed prior to 
sample collection to avoid over-representing oil in the water 

sample (Wilde and Skrobialowski, 2011). Quality-control 
(QC) samples collected for water included field (ambient) 
blanks, trip blanks, matrix spikes, and field replicates; 
these are described later in the report. Water samples were 

preserved, if appropriate, then stored on ice in coolers and 

shipped chilled at less than 4°C to the appropriate laboratory. 

Table 2 lists the laboratory, method code, sample containers, 

and preservatives for each class of analytes determined in 

water samples. 

Sediment Samples

Wet-sediment core samples were collected from a 

2-square meter or larger area at the land/water interface, or 

swash zone, on beaches and from bottom materials of streams 

that dissect wetland or marsh areas (Wilde and Skrobialowski, 

2011). For post-landfall samples, samples were collected 

from an area and at a depth horizon to which oil could have 

penetrated (Wilde and Skrobialowski, 2011). Beach sediment 

samples were collected to a depth of 25 cm from the swash 

zone by using a Teflon scoop or core tube and were stored in 
a Teflon-lined bucket. Where possible, post-landfall sediment 
was collected at a comparable stage of tide as the pre-landfall 

sample collection at the same site. Marsh sediment samples 

were collected from a depth of 10 to 15 cm in submerged 

sediment by using a Teflon scoop and were stored in a 
Teflon-lined bucket. A single bulk-sediment sample was 
subdivided into subsamples for different analyses, including 

various chemical contaminants, percent moisture, pore-water 

toxicity, microorganisms, and oil-fingerprinting characteristics. 
The sub-samples for chemical analyses were chilled to less 

than 4°C and shipped to the appropriate laboratory (table 3). 

Chemical Analyses 

Water and sediment samples were analyzed for a variety 

of contaminants known to be associated with oil. Crude oil 

contains a complex mixture of many types of hydrocarbons, 

which range in size from 1 to 50 carbon atoms per molecule 

and in structure from simple, linear alkanes to branched or 

cyclic molecules (Georgia Coastal Research Council, 2010). 

These include polycyclic aromatic hydrocarbons (PAH), 

which are important because of their potential adverse effects 

on humans and aquatic life (U.S. Environmental Protection 

Agency, 2010, 2011a, and 2011b). Crude oil typically 

contains 1 to 2 percent PAHs, with the majority being 

alkylated PAHs (Operational Science Advisory Team, 2010). 

The M-1 well oil is a light, sweet oil with about 84 percent 

carbon, 4 percent hydrogen, and often less than 1 percent 

sulfur by weight (Georgia Coastal Research Council, 2010) 

and has an American Petroleum Institute (API) gravity of 

38.8 degrees (Rosenbauer and others, 2010). “Light” indicates 

that the material has a low density due to the relatively 

high abundance of smaller, saturated alkane hydrocarbons. 

“Sweet” indicates there is little sulfur contamination (Georgia 

Coastal Research Council, 2010). The U.S. Environmental 

Protection Agency (2011a) identified nickel and vanadium as 
relevant to the Deepwater Horizon oil spill, and the general 

category of Louisiana sweet crude oil was reported to be 

low in trace elements, having 0.1 to 0.8 percent sulfur by 

weight, 0 to 4 milligrams per kilogram (mg/kg) vanadium, 

and 0 to 6 mg/kg nickel (Nadkarni, 1991). In two surveys 

of the general category of light crude oils, or those having 

an API gravity of 33 degrees or more, reported by the 

American Petroleum Institute (2011), maximum trace-element 

concentrations were less than 1 mg/kg for arsenic, barium, 

cadmium, chromium, cobalt, copper, mercury, molybdenum, 

lead, antimony, selenium, and thallium. Concentrations 

were higher for iron, nickel, tin, vanadium, and zinc, which 

had mean values in the 2 to 4 mg/kg range and maximum 

concentrations of 16 mg/kg for iron, 7 mg/kg for nickel, 

10 mg/kg for tin, 20 mg/kg for vanadium, and 8 mg/kg for 

zinc. Concentrations of most trace elements are similar 

in different crude types, but nickel and vanadium tend to 

increase as crude oils become heavier (American Petroleum 

Institute, 2011).

In general, after oil is released into the environment, it is 

subject to various weathering processes, including dissolution, 

evaporation, emulsification, photo-oxidation, sedimentation, 
and biodegradation. The lower molecular-weight components 

tend to be lost through dissolution and evaporation, and 

photo-oxidation forms more water-soluble products, such as 
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phenols, carboxylic acids, and ketones (Operational Science 

Advisory Team, 2011). Intermediate molecular-weight 

components can float and disperse in water, form emulsions, 
or sorb to sediment; the viscous, heavy components can form 

solid aggregates, or tarballs, that float or sink in water or sorb 
to sediment (American Petroleum Institute, 2003). Meanwhile, 

oil molecules are subject to microbial degradation at rates 

depending on the complexity of the oil molecules; degree 

of dispersion; environmental factors, such as temperature, 

oxygen, and nutrient concentrations; and the species and 

abundance of microbial organisms (Operational Science 

Advisory Team, 2011). The result is “weathered” crude oil that 

has a different composition from the oil originally released. A 

sample of weathered M-1 oil collected on April 27, 2010, was 

determined to contain aliphatic and cyclic hydrocarbons of, 

or greater than, C14—that is, with 14 or more carbon atoms. 

Benzene, toluene, ethylbenzene, xylene and related volatile 

(BTEX) compounds were not detected (State of Florida Oil 

Spill Academic Task Force, 2010). One goal of the nearshore 

sampling and chemical analysis was to characterize the 

weathering and shoreline degradation of the oil (Unified Area 
Command, 2010).

In the present study, contaminant classes determined 

in water and whole sediment included various organic 

compounds, trace and major elements, nutrients, and organic 

carbon. Trace and major elements, nutrients, and carbon also 

were analyzed in the fine sediment fraction, which is also 
called the silt-clay fraction, defined as less than 63-micrometer 
(µm) in size. As noted previously, there were changes in target 

analytes and analytical methods between the pre-landfall 

and post-landfall sampling periods. In September 2010, the 

Operational Science Advisory Team (2010, appendix F) 

recommended that future sample analyses in water and 

sediment include 43 PAH analytes, other organic compounds 

required for comparison to USEPA benchmarks for PAH 

mixtures, and metals. In the case of PAHs, this represented an 

expanded analyte list, and a change in the analytical method 

was made. For PAHs in sediment, pre-landfall samples were 

subsequently reanalyzed by using the updated analytical 

method. The analytical methods and laboratories that carried 

out the analyses are listed by analyte type in table 2 for 

water samples, and in table 3 for sediment samples, and are 

described briefly in the following sections. More detail is 
provided in the publications cited in tables 2 and 3. Analytical 

reporting levels are summarized in appendix 1. 

Water

Organic contaminants analyzed in water included volatile 

organic compounds (VOC), PAHs and other semivolatile 

organic compounds (SVOC), dissolved organic carbon 

(DOC), gasoline-range organics having 6 to 10 carbon 

atoms, diesel-range organics having 10 to 28 carbon atoms, 

and oil and grease (table 2). Most organic contaminants 

were determined by using gas chromatography with mass 

spectrometry (GC/MS). Most analyses were carried out at 

either the USGS National Water Quality Laboratory (NWQL) 
in Denver, Colorado, or the TestAmerica Laboratory in 

Pensacola, Florida (table 2), except for DOC, which was 

determined at the USGS Organic Carbon Research Laboratory 

(OCRL) in Boulder, Colorado. 

Trace and major elements and nutrients were determined 

in water by various methods, including cold vapor atomic 

absorption spectrometry for mercury, and inductively 

coupled plasma-optical emission spectrometry (ICP-OES) or 

inductively coupled plasma-mass spectrometry (ICP-MS) for 

other trace elements (table 2). Analyses of water samples were 

carried out at either the USGS NWQL or the TestAmerica 
Laboratory in Florida (table 2). If water samples had high 

specific conductance (for example, greater than 2,000 
microsiemens per centimeter) or high dissolved total solids, 

they were diluted prior to analysis by ICP-OES or ICP-MS 

methods for operational purposes and to approximate the 

matrices of the standards used to calibrate the instruments. 

High-salinity samples can cause an accumulation of solids 

in the sample-introduction system on ICP-OES and ICP-MS 

instruments, thereby compromising sensitivity (and therefore 

detection capability), accuracy, and precision (Tedmund M. 

Struzeski, Chemist, U.S. Geological Survey, Denver, Colo., 

written comm., Nov. 8, 2011). 

References for the analytical methods that were used are 

cited in table 2, and individual analytes and their reporting 

levels in water are listed in appendix tables 1-1 and 1-3. 

Sediment

Contaminants determined in whole, unsieved sediments 

included PAHs, alkylated PAH groups, other SVOCs, oil 

and grease, trace and major elements, nutrients, and carbon 

(table 3). Oil and grease in sediment was analyzed by the 

TestAmerica Laboratory in Arvada, Colorado, for pre-landfall 

samples and the TestAmerica Laboratory in Florida for 

post-landfall samples (table 3). PAHs in sediment were 

analyzed by GC/MS at the USGS NWQL for pre-landfall 
samples and the TestAmerica Laboratory in Florida for 

post-landfall samples. In addition, both pre-landfall and 

post-landfall samples were analyzed for PAHs and alkylated 

PAH groups at the TestAmerica Laboratory in Burlington, 

Vermont, by using GC/MS in the selective ion monitoring 

mode (SIM). Because the GC/MS SIM mode resulted in 

lower method detection limits (MDL), analytical results 

from the GC/MS SIM method were given precedence over 

results obtained by using GC/MS when both were available. 

Pre-landfall sediment samples were frozen for approximately 

8 months prior to reanalysis in February 2011 by GC/MS SIM. 
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For most trace and major elements, whole sediment was 

subjected to strong acid digestion prior to chemical analyses at 

the USGS Sediment Chemistry Laboratory (SCL) in Atlanta, 

Georgia (table 3). This analysis generated total concentrations 

of trace and major elements, that is, 95 percent or more of 

the element present in sediment (Horowitz and Stephens, 

2008). Silver, cadmium, and lead were determined by flame 
atomic absorption spectrometry, and other constituents were 

determined by ICP-OES. Mercury was digested separately 

and determined by cold vapor atomic absorption spectrometry. 

Total nitrogen, total carbon, and total organic carbon were 

determined by combustion. 

Additional sediment subsamples were wet-sieved through 

a 63-µm polyester mesh to obtain the silt-clay fraction, 

which was subjected to the same strong acid-digestion 

procedure and analyzed for the same trace and major 

elements as whole sediment, for comparison to national 

baseline concentrations in fine sediment. Sieving sediment 
at 63 µm limits the grain-size effect, which results from 

finer material that typically contains higher trace-element 
concentrations than coarser material, and facilitates spatial 

and temporal comparisons (Horowitz and Stephens, 2008). 

The less than 63-µm fraction tended to have markedly lower 

sample mass than whole sediment. For about 20 samples, 

the less than 63-µm sample mass was insufficient to run a 
chemical analysis. 

References for the analytical methods used are cited in 

table 3, and individual analytes and their reporting levels in 

sediment are listed in appendix tables 1-2, 1-4, and 1-5.

Quality-Control Samples

Three types of field QC samples were collected: blanks, 
replicates, and matrix spikes. The number of blanks, replicate 

sets, and matrix samples for laboratory spiking submitted to 

the various laboratories are shown in table 4.

Blanks

Blanks consist of samples prepared with water that is 

certified to be free of the analytes that will be measured by 
the laboratory. Blanks are used to estimate positive bias that 

can be caused by incidental contamination, which is the 

unintentional introduction of an analyte into the sample. For 

evaluation of potential contamination in water samples, three 

types of blanks were collected: field blanks, trip blanks, and 
equipment blanks. For evaluation of potential contamination 

in sediment samples, the only blanks collected were 

equipment blanks.

Table 4. Number of blanks, matrix samples for laboratory spiking, and replicate sets from the 2010 Deepwater Horizon oil spill, 

submitted to U.S. Geological Survey and TestAmerica laboratories.

[Abbreviations: NWQL, National Water Quality Laboratory, Denver, Colorado; OCRL, Organic Carbon Research Laboratory, Boulder, Colorado; SCL, 
Sediment Chemistry Laboratory, Atlanta, Georgia; TAL-CO, TestAmerica Laboratory, Denver, Colorado; TAL-FL, TestAmerica Laboratory, Pensacola, Florida; 

TAL-VT, TestAmerica Laboratory, Burlington, Vermont; USGS, U.S. Geological Survey; –, no applicable samples of this type]

Laboratory

Blanks Replicates Matrix spikes

Pre-landfall Post-landfall Pre-landfall Post-landfall Pre-landfall Post-landfall

Field
Equipment

Field Trip Water Sediment Water Sediment Water Sediment Water Sediment
Water Sediment

USGS NWQL 7 – – – – 27 22 – – 5 4 – –

USGS SCL – – – – – – 9 – 9 – – – –

USGS OCRL 5 6 4 – – 9 – 3 – – – – –

TAL-CO 5 – – – – 9 9 – – – – – –

TAL-FL – 5 3 4 31 – – 7 7 – – 5 3

TAL-VT – – – – – – 24 – 7 – – – –
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 Field blanks were prepared by pouring blank water 

directly into sample bottles under ambient conditions at 

field sites. These are “field” blanks because they were 
prepared in the field by the same procedure used to collect 
environmental samples. In general, they did not contact any 

sampling equipment other than the sample bottles. In Wilde 

and Skrobialowski (2011), they are called “ambient” blanks 

because they were exposed to the atmosphere. Blanks and 

environmental samples for DOC and total nitrogen collected 

during the pre-landfall period were pumped from a collection 

bottle through a filter into a sample bottle. Field blanks enable 
the assessment of potential contamination of environmental 

water samples during sample preparation. Sources of 

contamination are not necessarily the same for pre-landfall and 

post-landfall samples, however, because (1) conditions could 

vary from one sampling period to the next and (2) pre-landfall 

samples and post-landfall samples were not analyzed at the 

same time and, in some cases, were analyzed by different 

laboratories (tables 2 and 4). Thus, pre-landfall field blanks 
should be compared only to pre-landfall water samples, and 

post-landfall field blanks compared only to post-landfall 
water samples. 

Trip blanks were prepared at the TestAmerica 

Laboratory in Florida during the post-landfall period. These 

blanks were shipped to USGS offices, transported to field 
sites during sampling trips, and returned to the laboratory 

with environmental samples. Trip blanks generally are 

prepared only for VOCs and are used to evaluate whether 

environmental samples were contaminated during sample 

transport and analysis. Absence of detectable contaminants in 

a trip blank indicates there is no evidence that environmental 

samples were contaminated during transport and processing, 

but does not necessarily rule out contamination from other 

sources, such as ambient conditions at the site. 

Equipment blanks were prepared in USGS offices by 
pumping blank water through water-sampling equipment, or 

by pouring blank water over sediment-sampling equipment, 

and collecting the rinsate in sample bottles. Blanks prepared 

by using water-sampling equipment are useful in this study 

only for comparison to environmental samples that were 

pumped through a filter—that is, pre-landfall samples 
analyzed for organic carbon and total nitrogen. Even for these 

analytes, the field blanks provide a more useful comparison 
than equipment blanks because they more completely 

represent potential sources of contamination. For sediment, 

equipment rinsate blanks were intended to indicate the 

potential for incidental contamination of environmental 

sediment samples from collection equipment and containers. 

Blank-water rinsate can be assumed to pick up contaminants 

that are removed easily from the sampling equipment, but it 

might not represent certain processes, such as abrasion, that 

can occur during sediment-sample collection. Also, laboratory 

analysis of the blanks is done by using methods for water, 

rather than methods for sediment, and the potential sources 

of contamination during sample processing and laboratory 

analysis are not exactly the same for water as for sediment.

Data from blank samples can be used to estimate 

the potential for contamination in environmental samples 

in excess of concentrations that actually occur in the 

sampled matrix, which in this study is water or sediment. 

If a representative blank can be associated with each 

environmental sample, analytical results for the blanks can 

be used to qualify results for the environmental samples 

(U.S. Environmental Protection Agency, 1989, pages 16–17 

in chapter 5). If the blank contains detectable levels of an 

analyte, concentrations of that analyte in the associated 

environmental samples should be censored unless they 

exceed five times the amount in the blank or, if the analyte 
is considered a common laboratory contaminant (such as 

acetone), ten times the amount in the blank.

Field Replicates

Field replicates are two or more environmental samples 

that are collected and prepared such that they are considered 

to be essentially identical in composition. Replicates are used 

to estimate variability of the analytical result. In this study, 

replicate water samples were collected sequentially by filling 
one set of sample bottles, followed immediately by filling 
a second, third, and, in some cases, a fourth set of bottles. 

Replicate sediment samples were collected by compositing a 

large amount of material in a single container. This material 

was homogenized, and replicate subsamples were scooped into 

separate sample containers.

Statistical evaluation of replicate variability is based 

on the standard deviation of measured values in the primary 

environmental sample and the replicate sample, or samples. 

For many analytes, variability is correlated with the mean 

concentration of that analyte in the replicates (Martin, 

2002; Mueller and Titus, 2005). Within a range of low 

concentrations, standard deviation of replicates generally 

is uniform, but at higher concentrations, standard deviation 

tends to increase in proportion to concentration. Within this 

higher range, the relative standard deviation (RSD), defined 
as the standard deviation of replicate results divided by 

the mean concentration, is generally uniform. Therefore, 

over the low-concentration range, variability is estimated 

as the average standard deviation of replicates; over the 

high-concentration range, variability is estimated as the 

average RSD. 
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Typically, replicate variability is similar to the analytic 

error of laboratory methods, having RSDs ranging from a few 

percent to around 10 percent. If variability is substantially 

higher than this range, it could interfere with certain types 

of data interpretation. For example, high variability adds 

uncertainty when comparing data to a standard or benchmark. 

Also, it can reduce the likelihood of finding statistically 
significant differences in comparisons among groups of data 
over time or space. Variability is less likely to affect the 

central tendency (for example, the mean and median) of data 

distributions, but can increase the spread and range.

Matrix Spikes

Matrix spikes are samples fortified, or “spiked,” with 
known concentrations of analytes that will be measured by the 

laboratory. Spikes are used to estimate positive or negative 

bias in the analytical result caused by matrix effects—that is, 

chemical, physical, or biological characteristics of the sample 

material (water or sediment itself) that can interfere with 

chemical analysis of the sample. Matrix spike samples were 

collected in the same manner as field replicates; subsequently, 
these samples were spiked in the laboratory to introduce a 

known amount of the analytes of interest.

Method performance is determined by spike recovery, 

which is the measured amount of analyte expressed as 

a percentage of the known spiked amount. Recovery is 

calculated from analyte concentrations in the spiked sample 

compared to a replicate environmental sample that was not 

spiked. Recovery can be poorly estimated if the analyte 

concentration in the background environmental sample is 

similar to, or greater than, the expected concentration of the 

spiked addition.

Generally, recovery is within a few percent of 100 for 

analytes that are not affected by method or sample-matrix 

interferences, though the acceptable range can extend to 

within 10 to 20 percent for some analytes. Poor recovery is 

more typically low, rather than high. For constituents with 

chronically poor recovery, some aspects of data interpretation 

require qualification; for example, the detection frequency and 
the likelihood of exceeding a standard or benchmark can be 

underestimated.

Spikes are used most often for organic compounds 

because the analytical methods involve extraction and 

analysis steps that can be affected by other chemicals in the 

sample. For example, naturally occurring organic matter can 

be co-extracted with anthropogenic organic compounds in a 

sample and interfere with GC analysis. 

Laboratory Quality-Control Procedures

Laboratory QC procedures include analysis of reagent 
blanks (also called method blanks), spikes, standard reference 

materials, and surrogate compounds. Each laboratory has 

its own QC procedures and analyses in order to assess the 
quality of the data and meet performance standards. It is 

beyond the scope of this report to describe the laboratory QC 
sampling, except in one regard—where contamination was 

detected in reagent blanks, this information was considered 

in data analysis for this report. Laboratory reagent blanks are 

processed and analyzed along with each set of environmental 

samples and are used to monitor for incidental contamination 

introduced during sample processing and analysis at 

the laboratory.

Water- and Sediment-Quality Benchmarks 

Concentrations of trace and major elements and organic 

contaminants were compared to various benchmarks to assess 

the potential for adverse effects on human health or aquatic 

life. Benchmark comparisons were made for all available 

samples, including field replicate samples and samples from 
sites sampled in only one study period, to maximize the 

information gained from the dataset regarding benchmark 

exceedance at the sampled sites.

Contaminant concentrations in water were compared to 

benchmarks for protection of human health and aquatic life, 

whereas concentrations in whole sediment were compared 

to sediment-quality benchmarks for protection of benthic 

organisms. The benchmarks used were those recommended by 

the U.S. Environmental Protection Agency (2010, 2011a, and 

2011b) on its web site, “EPA Response to BP Spill in the Gulf 

of Mexico, Coastal Water Sampling” (U.S. Environmental 

Protection Agency, 2011c), supplemented by screening-level 

benchmarks from the NOAA Office of Response and 
Restoration (Buchman, 2008). In addition, trace- and 

major-element and nutrient concentrations in the less than 

63-µm sediment fraction were compared to national baseline 

concentrations in bed sediments of U.S. rivers from Horowitz 

and Stephens (2008). 

Benchmark values are listed for organic contaminants in 

table 5 and for trace and major elements in table 6. Table 6D 

lists baseline concentrations for trace and major elements and 

nutrients in the less than 63-µm sediment fraction. 
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Human-Health Benchmarks for Water

Human-health benchmarks are based on potential cancer 

and non-cancer risks associated with recreational exposure 

to oil-contaminated water. They were developed by U.S. 

Environmental Protection Agency (2010) in coordination 

with the U.S. Department of Health and Human Services. 

These benchmarks consider both skin contact and incidental 

ingestion of water by a child swimmer, assuming 90 hours of 

exposure. Human-health benchmark values are available for 

five VOCs, six PAHs, and two trace elements—nickel and 
vanadium—in water (tables 5C and 6B). 

Aquatic-Life Benchmarks for Water

For water samples, potential toxicity to aquatic life 

was assessed by comparison to two types of benchmarks: 

(1) a toxic-unit (TU) approach for mixtures of PAHs and 

BTEX compounds (table 5A) and (2) marine benchmarks for 

individual contaminants (tables 5B and 6A). 

Toxic-Unit Benchmarks for PAH-BTEX Mixtures in Water

Because PAHs and BTEX compounds share a common 

mechanism of action, toxicity is expected to be additive. 

A toxic-unit approach is used, therefore, in which the 

concentration of each component (i) of the mixture is divided 

by a potency factor to determine its toxic-unit concentration 

(TUi). The TUi values for all components in the mixture are 

summed and the sum (∑TUi) is compared to a hazard index 

of 1 (U.S. Environmental Protection Agency, 2011a). Separate 

TU computations are made for acute and chronic toxicity 

by using acute and chronic potency factors, respectively 

(table 5A). Because alkylated PAHs (for example, C1- and 

C2-alkylated naphthalenes) tend to have comparable or 

greater toxicity to aquatic life than parent PAHs (for example, 

naphthalene itself), it is important to include alkylated PAHs in 

TU calculations. Because alkylated PAHs were not measured 

in water in this study, concentrations of alkylated PAHs were 

estimated from parent PAHs by using appropriate alkylation 

multipliers, as recommended by USEPA (Mount, 2010). 

USEPA developed these multipliers by using the analysis of a 

tarball that was collected at Dauphin Island during the current 

oil spill and checked them against oil composition data from 

other sources, including the Exxon Valdez oil. Because the 

present study did not analyze 2 of the 18 parent PAHs that 

should be included in the ∑TUi value for water—benzo(e)

pyrene and perylene—these two compounds were omitted 

from ∑TUi calculations, which therefore could be biased low. 

An acute or chronic ∑TUi value greater than 1 indicates 

that the sample has the potential to cause an acute or chronic 

effect, respectively, on aquatic organisms such as fish, crabs, 

and clams. The PAHs and BTEX contaminants included in 

the ∑TUi calculations for water are provided in table 5A, 

along with their acute and chronic potency factors and 

alkylation multipliers. 

Marine Benchmarks

Marine benchmarks for acute or chronic exposure to 

individual contaminants are available from various sources 

for many organic contaminants (table 5B) and trace elements 

(table 6A). These values were obtained from Buchman 

(2008), who compiled acute and chronic marine benchmarks 

from multiple sources. Most values were from the USEPA, 

such as ambient water-quality criteria and Tier II Species-

Acute Values, which were supplemented by benchmarks 

from Canada, British Columbia, and New Zealand. As such, 

individual benchmarks were not necessarily derived the same 

way, and exceedance of one benchmark can mean something 

slightly different from exceedance of another, as shown in 

these examples: 

• The USEPA chronic water-quality criterion is the 

highest concentration of a pollutant that aquatic 

organisms can be exposed to for an extended period 

without deleterious effects. The acute water-quality 

criterion is the highest concentration that aquatic 

organisms can be exposed to for a short period (1-hour 

average) without deleterious effects. Both are intended 

to protect 95 percent of a diverse group of genera and 

should not be exceeded more than once every 3 years.

• Canadian aquatic-life guidelines are based on toxicity 

data for the most sensitive species of plants and 

animals found in Canadian waters; they are intended 

to protect all forms of aquatic life during all stages 

of the aquatic life cycles and should not be exceeded 

at any time (Canadian Council of Ministers of the 

Environment, 1999).

• The British Columbia guidelines set safe conditions 

or levels that have province-wide application and 

are designed to protect marine aquatic life (British 

Columbia Ministry of Environment, 2010). They are 

intended to protect all forms of aquatic life and all 

stages of their life cycle during indefinite exposure 
(Meays, 2010). If a single guideline is recommended, 

it represents a long-term no-effect level and should not 

be exceeded at any time. For some substances, both 

maximum (acute) and average (chronic) guidelines 

are recommended; acute guidelines apply in the initial 

dilution zone, and chronic guidelines apply everywhere 

else (Meays, 2010). In addition, British Columbia 

has working guidelines for additional contaminants 
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that were obtained from various North American 

jurisdictions, but have not yet been fully assessed by 

the Ministry of Environment; they represent the best 

guidance the Ministry can provide about safe levels 

of these substances in the environment (Nagpal and 

others, 2006).

• Trigger values from New Zealand are derived by 

fitting an appropriate statistical distribution to the 
no-observed-effect-concentration data available for 

a given contaminant, and estimating a concentration 

that protects 95 percent of species in the environment 

(Australian and New Zealand Environment and 

Conservation Council, 2000).

Organic  

contaminant
CASRN

Acute divisor1 

 (µg/L)

Chronic divisor1  

(µg/L)
Multiplier2 Analyzed  

in this study

Benzene 71-43-2 27,000 5,300 1 Yes

Cyclohexane 110-82-7 1,900 374 1 Yes

Ethylbenzene 100-41-4 4,020 790 1 Yes

Isopropylbenzene (cumene) 98-82-8 2,140 420 1 Yes

Total xylene (o, m and/or p) 108-38-3 3,560 700 1 Yes

Methylcyclohexane 108-87-2 463 91.0 1 Yes

Toluene 108-88-3 8,140 1,600 1 Yes

Naphthalene 91-20-3 803 193 120 Yes

Acenaphthylene 208-96-8 1,280 307 1 Yes

Acenaphthene 83-32-9 232 55.8 1 Yes

Fluorene 86-73-7 164 39.3 14 Yes

Phenanthrene 85-01-8 79.7 19.1 6.8 Yes

Anthracene 120-12-7 86.1 20.7 1 Yes

Fluoranthene 206-44-0 29.6 7.11 1 Yes

Pyrene 129-00-0 42.0 10.1 2.1 Yes

Benz[a]anthracene 56-55-3 9.28 2.23 1 Yes

Chrysene 218-01-9 8.49 2.04 5 Yes

Perylene 198-55-0 3.75 0.901 1 No

Benzo[b]fluoranthene 205-99-2 2.82 0.677 1 Yes

Benzo[k]fluoranthene 207-08-9 2.67 0.642 1 Yes

Benzo[e]pyrene 192-97-2 3.75 0.901 1 No

Benzo[a]pyrene 50-32-8 3.98 0.957 1 Yes

Indeno[1,2,3-cd]pyrene 193-39-5 1.14 0.275 1 Yes

Dibenz[a,h]- anthracene 53-70-3 1.17 0.282 1 Yes

Benzo[g,h,i]perylene 191-24-2 1.83 0.439 1 Yes

1The Toxic Unit (∑TU
i
) benchmark is computed by dividing the concentration of each individual compound by its potency divisor (acute or chronic), then 

adding the ratios for all compounds in the sample to calculate the combined toxicity. A ∑TU
i
 benchmark value >1 indicates an exceedance.

2Because alkylated PAHs were not analyzed in water, their concentrations were estimated by applying a multiplier to the parent PAH concentration.

Table 5A. Benchmark values for organic contaminants: toxic-unit benchmarks (∑TUi) for PAH and BTEX compounds in water.

[Abbreviations: BP, British Petroleum; BTEX, benzene, toluene, ethylbenzene, xylenes and related compounds; CASRN, Chemical Abstracts Service Registry 

Number; PAH, polycyclic aromatic hydrocarbons; TU, toxic unit; µg/L, microgram per liter; >, greater than]
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Table 5B. Benchmark values for organic contaminants: supplemental aquatic-life benchmarks for organic contaminants in water.

[Abbreviations: ANZ, Australian and New Zealand guideline trigger value (Australian and New Zealand Environment and Conservation Council, 2000); 

BC, British Columbia water-quality guideline for marine aquatic life (British Columbia Ministry of Environment, 2010; Nagpal and others, 2006); C, Value 

for chemical class; CA, Canadian water-quality guideline for the protection of marine aquatic life (Canadian Council of Ministers of the Environment, 

2011); Eco, Ecotox threshold (U.S. Environmental Protection Agency [USEPA], 1996); LOEL, USEPA LOEL value (unverified) from Buchman (2008), who 
compiled LOELs previously published by USEPA; MW, molecular weight; p, proposed value (unverified) from Buchman (2008); PAH, polycyclic aromatic 
hydrocarbons; S, value for summation of isomers; #, chronic value derived by division of acute value by 10; <, less than; –, no benchmark]

Contaminant
Marine acute  

(µg/L)1,2

Marine chronic 

(µg/L)1,2

1,1,1-Trichloroethane 31,200 LOEL 3,120 #

1,1,2,2-Tetrachloroethane 9,020 LOEL 902 #

1,1,2-Trichloroethane – 1,900 ANZ

1,1-Dichloroethene 224,000 S, LOEL –

1,2,4-Trichlorobenzene 160 C, LOEL 5.4 CA

1,2-Dichlorobenzene <1,970 S, LOEL 42 CA

1,2-Dichloroethane 113,000 LOEL 11,300 #

1,2-Dichloroethene (cis or 

trans)

224,000 S, LOEL –

1,2-Dichloropropane 10,300 S, LOEL 3,040 S, LOEL

1,3-Dichlorobenzene <1,970 S, LOEL –

1,3-Dichloropropene (cis or 

trans)

790 S, LOEL –

1,4-Dichlorobenzene <1,970 S, LOEL 129 C, LOEL

2,4,5-Trichlorophenol 240 p 11 p

2,4-Dinitrophenol 4,850 C, LOEL –

2,4-Dinitrotoluene 590 S, LOEL 370 S, LOEL

2-Chloronaphthalene 7.5 C, LOEL –

2-Methylnaphthalene 300 C, LOEL –

4-Chloroaniline 160 C, LOEL 129 C, LOEL

4-Nitrophenol 4,850 C, LOEL –

Acenaphthene 970 LOEL 40 Eco

Acenaphthylene 300 C, LOEL –

Anthracene 300 C, LOEL –

Benzene 5,100 LOEL 110 CA

Benzo(a)anthracene 300 C, LOEL –

Benzo(a)pyrene 300 C, LOEL –

Benzo(b)fluoranthene 300 C, LOEL –

Benzo(ghi)perylene 300 C, LOEL –

Benzo(k)fluoranthene 300 C, LOEL –

Benzyl n-butyl phthalate 2,944 C, LOEL 3.4 C, LOEL

Bis(2-chloroethoxy)methane 12,000 C, LOEL 6,400 C, LOEL

Bis(2-ethylhexyl) phthalate 400 p 360 p

Bromodichloromethane 12,000 C, LOEL 6,400 C, LOEL

Chrysene 300 C, LOEL –

cis-1,2-Dichloroethene 224,000 S, LOEL –

cis-1,3-Dichloropropene 790 S, LOEL –

Dibenzo(ah)anthracene 300 C, LOEL –

Dibromochloromethane 12,000 C, LOEL 6,400 C, LOEL

Contaminant
Marine acute  

(µg/L)1,2

Marine chronic 

(µg/L)1,2

Dibromomethane 

(methylene bromide)

12,000 C, LOEL 6,400 C, LOEL

Dichlorobenzenes 1,970 S, LOEL –

Dichloromethane 

(methylene chloride)

12,000 C, LOEL 6,400 C, LOEL

Diethyl phthalate 2,944 C, LOEL 3.4 C, LOEL

Dimethyl phthalate 2,944 C, LOEL 3.4 C, LOEL

Di-n-butyl phthalate 2,944 C, LOEL 3.4 C, LOEL

Di-n-octyl phthalate 2,944 C, LOEL 3.4 C, LOEL

Ethylbenzene 430 LOEL 25 CA

Fluoranthene 40 C, LOEL 11 Eco

Fluorene 300 C, LOEL –

Hexachlorobenzene 160 C, LOEL 129 C, LOEL

Hexachlorobutadiene 32 LOEL 3.2 #

Hexachlorocyclopentadiene 7 LOEL 0.7 #

Hexachloroethane 940 LOEL 94 #

Indeno[1,2,3-cd]pyrene 300 C, LOEL –

Isophorone 12,900 LOEL 1,290 #

Methyl tert-butyl ether 

(MTBE)

– 5,000 CA

Monochlorobenzene 160 C, LOEL 25 CA

Naphthalene 2,350 LOEL 1.4 CA

Nitrobenzene 6,680 LOEL 668 #

N-Nitrosodiphenylamine 3,300,000 C, LOEL –

PAHs, high MW 300 C, LOEL –

PAHs, low MW 300 C, LOEL –

PAHs, total 300 C, LOEL –

Pentachlorophenol 13 7.9

Phenanthrene 7.7 p 4.6 p

Sum dichloroethenes 224,000 S, LOEL –

Tetrachloroethene (PCE) 10,200 LOEL 450 LOEL

Tetrachloromethane 50,000 LOEL 5,000 #

Toluene 6,300 LOEL 215 CA

trans-1,2-Dichloroethene 224,000 S, LOEL –

trans-1,3-Dichloropropene 790 S, LOEL –

Trichlorobenzenes 160 C, LOEL <5.4 CA

Trichloroethene (TCE) 2,000 LOEL 200 #

Trichlorofluoromethane 12,000 C, LOEL 6,400 C, LOEL
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Sediment-Quality Benchmarks

Potential effects of sediment contaminants on benthic 

organisms were assessed by comparing contaminant 

concentrations to benchmarks derived by using two different 

approaches: equilibrium partitioning and empirical biological-

effects correlation. In the equilibrium-partitioning approach, 

an equilibrium-partition coefficient (Koc) is used to calculate 

the contaminant concentration in sediment that corresponds 

to the concentration in interstitial water, or pore water, above 

which toxic effects on aquatic organisms could occur (Di Toro 

and others, 1991). This approach assumes that contaminants 

are in equilibrium between water and sediment organic carbon, 

and postulates a theoretical causal relation between chemical 

bioavailability and chemical toxicity in different sediments. 

Equilibrium-partitioning (EqP) benchmarks are available for 

nonionic-organic contaminants, including PAH mixtures and 

some individual organic contaminants, and are described later 

in this section. 

In contrast, the biological-effects correlation approach 

consists of matching sediment-chemistry measurements with 

biological-effects measurements to relate the incidence of 

biological effects in field sediments to the concentration of 
an individual contaminant at a particular site. The matching 

measurements come primarily from field studies, and 
sometimes from spiked sediment bioassays. The dataset of 

matching measurements is used to identify a level of concern 

for an individual contaminant that is associated with a certain 

probability of observing adverse effects on benthic organisms 

in studies where that contaminant was measured. This 

approach is empirically based and does not indicate a direct 

cause-and-effect relation between chemical contamination 

and biological effects. It assumes that the contaminant 

measured is responsible for the effects observed, although 

field sediment samples typically contain complex mixtures 
of chemical contaminants (see, for example, MacDonald and 

others, 1996; Burgess and others, 2003; Hyland and others, 

2003). Empirical, or correlative, benchmarks for both organic 

contaminants and trace elements are available from a number 

of sources, which are described later in this section. 

Equilibrium-Partitioning Sediment Benchmarks for 
PAH Mixtures 

As in water, toxicity to PAHs and BTEX compounds 

in sediment is expected to be additive. The bioavailability 

of nonionic organic compounds in sediment, however, is 

assumed to be controlled by sorption to sediment organic 

carbon. Therefore, the toxic unit approach in sediment first 
requires that measured concentrations of the contaminants be 

normalized to the total organic carbon (TOC) content of the 

sediment. Then, the TOC-normalized concentration of each 

component compound (i) is divided by its potency factor 

to obtain its equilibrium-partitioning sediment benchmark 

toxic-unit concentration (ESBTUi), and the ESBTUi values are 

summed for all components in the sediment mixture to obtain 

the equilibrium-partitioning sediment benchmark toxic units 

(∑ESBTUi) for that sediment sample (U.S. Environmental 

Protection Agency, 2011b). Separate calculations are made 

for acute and chronic exposure by using acute and chronic 

potency factors. The PAHs included in ∑ESBTUi calculations 

consist of both parent PAHs and alkylated PAHs because the 

latter have comparable, or greater, toxicity than the former 

(table 5D). Just as in the TU procedure for water, the ESBTU 

procedure for sediment calls for using alkylation multipliers 

if data for alkylated PAH groups are not available. In this 

study, data were available for alkylated PAHs in all sediment 

samples, so alkylation multipliers were not used. BTEX 

compounds were not determined in sediment, however, so 

calculated ∑ESBTUi values could be slightly low; this bias is 

expected to be minimal in shoreline sediments because BTEX 

compounds are volatile, were not detected in weathered M-1 

oil (State of Florida Oil Spill Academic Task Force, 2010), and 

are not expected to persist in sediment (Mount, 2010). 

An acute or chronic ∑ESBTUi value greater than 1 

indicates that the sample has the potential to cause an acute or 

chronic effect, respectively, on sediment-dwelling organisms, 

such as crabs, clams, and worms. The contaminants included 

in the ESBTU calculations, and their potency factors and 

multipliers, are provided in table 5D. 

Table 5C. Benchmark values for organic contaminants: 

human-health benchmarks (recreational contact) for organic 

contaminants in water.

[Abbreviations: C, cancer endpoint; CASRN, Chemical Abstracts Service 

Registry Number; HH, human health; NC, noncancer effects endpoint; µg/L, 

microgram per liter]

Organic  

contaminant
CASRN

HH benchmark  

(child swimmer)

(µg/L)

Cancer/ 

noncancer

Benzene 71-43-2 380 C

Isopropylbenzene 

(cumene)

98-82-8 20,000 NC

Ethylbenzene 100-41-4 610 C

Total xylene1 108-38-3 18,000 NC

Toluene 108-88-3 120,000 NC

2-Methylnaphthalene 91-57-6 170 NC

Naphthalene 91-20-3 1,800 NC

Acenaphthene 83-32-9 2,500 NC

Fluorene 86-73-7 12,000 NC

Anthracene 120-12-7 22,000 NC

Pyrene 129-00-0 4,100 NC

1

Analyzed in this study as total xylene in some samples, and as the summed 

concentrations of ortho, meta, and para isomers in other samples.
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Table 5D. Benchmark values for organic contaminants: equilibrium-partitioning sediment benchmark toxic units (∑ESBTU
i
) for PAH 

and BTEX compounds in sediment.

[Abbreviations: BP, British Petroleum; BTEX, benzene, toluene, ethylbenzene, xylenes and related compounds; CASRN, Chemical Abstracts Service Registry 

Number; ΣESBTU
i 
, equilibrium-partitioning sediment benchmark toxic unit; PAH, polycyclic aromatic hydrocarbons; µg/kg-oc, microgram per kilogram of 

sediment organic carbon; >, greater than; –, not applicable]

Organic  

contaminant
CASRN

Acute divisor1  

(µg/kg-oc)

Chronic divisor1  

 (µg/kg-oc)
Multiplier2 Analyzed  

in this study

Benzene 71-43-2 3,360,000 660,000 1 No

Cyclohexane 110-82-7 4,000,000 786,000 1 No

Ethylbenzene 100-41-4 4,930,000 970,000 1 No

Isopropylbenzene (cumene) 98-82-8 5,750,000 1,130,000 1 No

Total xylene 108-38-3 4,980,000 980,000 1 No

Methylcyclohexane 108-87-2 4,960,000 976,000 1 No

Toluene 108-88-3 4,120,000 810,000 1 No

Naphthalene 91-20-3 1,600,000 385,000 120 Yes

C1-Naphthalenes – 1,850,000 444,000 – Yes

C2-Naphthalenes – 2,120,000 510,000 – Yes

C3-Naphthalenes – 2,420,000 581,000 – Yes

C4-Naphthalenes – 2,730,000 657,000 – Yes

Acenaphthylene 208-96-8 1,880,000 452,000 1 Yes

Acenaphthene 83-32-9 2,040,000 491,000 1 Yes

Fluorene 86-73-7 2,240,000 538,000 14 Yes

C1-Fluorenes – 2,540,000 611,000 – Yes

C2-Fluorenes – 2,850,000 686,000 – Yes

C3-Fluorenes – 3,200,000 769,000 – Yes

Phenanthrene 85-01-8 2,480,000 596,000 6.8 Yes

Anthracene 120-12-7 2,470,000 594,000 1 Yes

C1-Phenanthrenes/anthracenes – 2,790,000 670,000 – Yes

C2-Phenanthrenes/anthracenes – 3,100,000 746,000 – Yes

C3-Phenanthrenes/anthracenes – 3,450,000 829,000 – Yes

C4-Phenanthrenes/anthracenes – 3,790,000 912,000 – Yes

Fluoranthene 206-44-0 2,940,000 707,000 1 Yes

Pyrene 129-00-0 2,900,000 697,000 2.1 Yes

C1-pyrene/fluoranthenes – 3,200,000 770,000 – Yes

Benz(a)anthracene 56-55-3 3,500,000 841,000 1 Yes

Chrysene 218-01-9 3,510,000 844,000 5 Yes

C1-Chrysenes/benzanthracenes – 3,870,000 929,000 – Yes

C2-Chrysenes/benzanthracenes – 4,200,000 1,010,000 – Yes

C3-Chrysenes/benzanthracenes – 4,620,000 1,110,000 – Yes

C4-Chrysenes/benzanthracenes – 5,030,000 1,210,000 – Yes

Perylene 198-55-0 4,020,000 967,000 1 Yes

Benzo(b)fluoranthene 205-99-2 4,070,000 979,000 1 Yes

Benzo(k)fluoranthene 207-08-9 4,080,000 981,000 1 Yes

Benzo(e)pyrene 192-97-2 4,020,000 967,000 1 Yes

Benzo(a)pyrene 50-32-8 4,020,000 965,000 1 Yes

Indeno(1,2,3-cd)pyrene 193-39-5 4,620,000 1,110,000 1 Yes

Dibenz(a,h) anthracene 53-70-3 4,660,000 1,120,000 1 Yes

Benzo(g,h,i)perylene 191-24-2 4,540,000 1,090,000 1 Yes

1The ΣESBTU
i
 benchmark is computed by dividing the sediment organic carbon-normalized concentration of each individual compound by its potency divisor 

(acute or chronic), then adding the ratios for all compounds to calculate the combined toxicity. An ΣESBTU
i
 benchmark value >1 indicates an exceedance.

2

For samples with no data available for alkylated PAHs, concentrations were estimated by applying a multiplier to the parent PAH concentration.
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Equilibrium-Partitioning Sediment Benchmarks for 
Individual Contaminants 

As with the ESBTU approach described previously for 

PAH-BTEX mixtures, these EqP benchmarks are based on 

equilibrium-partitioning theory, but they apply to individual 

contaminants rather than contaminant mixtures. The acute 

and chronic EqP benchmarks are in units of microgram per 

gram (µg/g) of sediment TOC, so that measured contaminant 

concentrations in dry weights must be normalized to sediment 

TOC prior to comparison with these benchmarks (table 5E). 

Acute and chronic EqP benchmarks are based on acute or 

chronic toxicity to aquatic life, respectively, and represent 

the concentration of chemicals in sediment that are predictive 

of biological effects, protective of the presence of benthic 

organisms, and applicable to the range of natural sediments 

from lakes, streams, estuaries, and near-coastal marine waters 

(U.S. Environmental Protection Agency, 2008). Exceedance of 

an individual EqP benchmark indicates that effects can occur 

if the contaminant in question is bioavailable as predicted by 

EqP theory; in general, the degree of effect that is expected 

increases with increasing exceedance of the benchmark (U.S. 

Environmental Protection Agency, 2008). Individual EqP 

benchmark values are listed in table 5E. 

Empirical Sediment Benchmarks

Several types of empirical benchmarks have been 

developed on the basis of correlations between measured 

chemical concentrations and observed toxicity in field 
sediments. As such, they define concentrations in sediments 
that are associated with certain types and levels of toxicity. 

These benchmarks typically come in pairs: lower screening 

values define concentrations below which adverse effects are 
not expected and upper screening values define concentrations 
above which adverse effects are likely or frequent. Four such 

pairs of sediment benchmarks are listed; benchmark types 

and values are shown in tables 5E and 6C. In this study, two 

supplementary benchmarks—Washington State’s apparent 

effect threshold (AET; tables 5E and 6C) and the USEPA’s 

EqP benchmark (table 5E)—are grouped with upper screening 

values because they indicate concentrations above which 

toxicity is likely. 

• Apparent Effect Threshold. These values are based 

on matching sediment chemistry and toxicity data 

from Puget Sound. The AET is the concentration of 

an individual contaminant above which a particular 

adverse biological effect is always expected (Barrick 

and others, 1988). Different types of AETs represent 

different indicators of toxicity, including amphipod 

mortality, benthic abundance, Microtox, and oyster 

larval development. For a given contaminant, the AET 

value shown in table 5E or 6C represents the lowest 

available AET value, as determined by Buchman 

(2008). Because of its definition, the AET was 
considered an upper screening value in this study.

• Effects-Range Low and Effects-Range Median. 

These were derived from matching sediment 

chemistry and toxicity data. The effects range-low 

(ERL) corresponds to the lower 10th percentile of the 

matched data for a given contaminant and represents 

the contaminant concentration below which effects 

are rarely observed. The effects range-median (ERM) 

corresponds to the 50th percentile of the matched data 

and represents the contaminant concentration above 

which adverse effects frequently occur (Long and 

Morgan, 1991). 

• Threshold Effect Level and Probable Effect Level. 

The Canadian threshold effect level (TEL) defines a 
concentration below which adverse effects are rarely 

anticipated and above which adverse effects are 

occasionally anticipated, whereas the probable effect 

level (PEL) defines a concentration above which 
adverse effects are frequently anticipated. Both the 

Canadian TEL and PEL are empirically based and 

were derived by compiling data from multiple types 

of studies in the literature, including equilibrium 

partitioning studies, guidelines from other jurisdictions, 

spiked-sediment toxicity tests, and field studies from 
throughout North America (Canadian Council of 

Ministers of the Environment, 1995 and 2001). The 

TEL and PEL values for a given contaminant were 

selected so that fewer than 25 percent of adverse 

effects occur below the TEL and more than 50 percent 

of adverse effects occur above the PEL (Canadian 

Council of Ministers of the Environment, 2001).

• Threshold Effect Concentration and Probable 

Effect Concentration. The consensus-based threshold 

effect concentration (TEC) from MacDonald and 

others (2000) defines the concentration below which 
adverse effects on sediment-dwelling organisms are 

not expected to occur. The consensus-based probable 

effect concentration (PEC) defines the concentration 
of sediment-associated contaminants above which 

adverse effects on sediment-dwelling organisms are 

likely to be observed. These guidelines were developed 

by compiling multiple sediment-quality guidelines 

for a given contaminant, including both causally 

and empirically based guidelines, identifying those 

that meet certain selection criteria, and selecting the 

geometric mean as the consensus-based guideline.

• T20 and T50. These were derived from logistic 

regression models that predict the probability of 

toxicity to marine amphipods by using a large database 

of matching sediment chemistry and toxicity data 

representing coastal North America (Field and others, 

2002). The T20 and T50 for an individual contaminant 

consist of concentrations of that contaminant that are 

associated with a 20 percent or 50 percent probability, 

respectively, of observing toxicity.
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Table 6A. Benchmark values for trace and major elements: aquatic-life benchmarks for trace 

elements in water.

[Abbreviations: ANZ, Australian and New Zealand Environment and Conservation Council; BC, British 

Columbia; CMC, criteria maximum concentration; LOEL, lowest observable effect level; NOAA, National 

Oceanic and Atmospheric Administration; p, proposed; USEPA, U.S. Environmental Protection Agency; WQC, 
water-quality criteria; µg/L, microgram0 per liter; –, no benchmark available]

Element Symbol
Acute, marine 

(µg/L)1

Chronic, marine 

(µg/L) 1 Source2

Antimony Sb 31,500 3500 NOAA

Arsenic As 69 36 USEPA WQC
Barium Ba 1,000 200 BC

Beryllium Be 1,500 100 BC

Boron4 B – 1,200 BC

Cadmium Cd 40 8.8 USEPA WQC
Cobalt Co – 1 ANZ

Copper4 Cu 4.8 3.1 USEPA WQC
Lead Pb 210 8.1 USEPA WQC
Manganese Mn – 100 BC

Mercury Hg 1.8 0.94 USEPA WQC
Molybdenum Mo – 23 ANZ

Nickel Ni 74 8.2 USEPA WQC; USEPA response
Selenium Se 290 71 USEPA WQC
Silver Ag 50.95 – NOAA

Thallium Tl 62,130 17 Acute: NOAA; chronic: ANZ

Vanadium V – 50 BC; USEPA response

Zinc Zn 90 81 USEPA WQC
1

Values are USEPA ambient water-quality criteria supplemented by the lowest of Tier II Species Acute 

Values or other guidelines, as selected by Buchman (2008). Values were verified (except as noted) in the cited 
references. 

2

ANZ, Australian and New Zealand Environment and Conservation Council (2000); BC, British Columbia 

Ministry of Environment (2010); NOAA, Buchman (2008); USEPA WQC, water-quality criteria from U.S. 
Environmental Protection Agency (2009); USEPA response, USEPA Response to British Petroleum Spill in the 

Gulf of Mexico from U.S. Environmental Protection Agency (2011a).

3

p, proposed values from Buchman (2008) .

4Detected in 1 of 4 field blanks for post-landfall samples, so data were censored prior to comparison with 
benchmarks (see “Censoring Based on Quality Control Results” in text).

5

The criterion maximum concentration (CMC, which is USEPA’s acute water-quality criterion) was halved to 

correspond to the 1985 guideline derivation (Buchman, 2008).

6USEPA’s LOEL; values (unverified) are from Buchman (2008), who compiled LOELs previously published 
by USEPA.

Table 6B. Benchmark values for trace and major elements: 

human-health benchmarks (recreational contact) for trace 

elements in water.

[Abbreviations: HH, human health; NC, noncancer effects endpoint; µg/L, 

micrograms per liter]

Element Symbol

HH Benchmark  

(child swimmer)1

(µg/L)

Cancer/ 

noncancer

Nickel Ni 15,000 NC

Vanadium V 5,400 NC

1From U.S. Environmental Protection Agency (2010).



Methods   23
Ta

b
le

 6
C

. 
B

e
n

c
h

m
a

rk
 v

a
lu

e
s 

fo
r 

tr
a

c
e

 a
n

d
 m

a
jo

r 
e

le
m

e
n

ts
: a

q
u

a
ti

c
-l

if
e

 b
e

n
c

h
m

a
rk

s 
fo

r 
tr

a
c

e
 e

le
m

e
n

ts
 in

 w
h

o
le

 s
e

d
im

e
n

t.

[A
b

b
re

v
ia

ti
o
n

s:
 A

, 
am

p
h
ip

o
d
; 
A

E
T

, 
ap

p
ar

en
t 

ef
fe

ct
s 

th
re

sh
o
ld

; 
B

, 
b
iv

al
v
e;

 E
, 
E

ch
in

o
d
er

m
; 

E
R

L
, 
ef

fe
ct

s 
ra

n
g
e–

lo
w

; 
E

R
M

,e
ff

ec
ts

 r
an

g
e–

m
ed

ia
n
; 

I,
 i

n
fa

u
n
al

 c
o
m

m
u
n
it

y
 i

n
d
ex

; 
L

, 
la

rv
ae

; 
M

, 
M

ic
ro

to
x
 a

ss
ay

; 
m

g
/

k
g
 d

w
, 
m

il
li

g
ra

m
 p

er
 k

il
o
g
ra

m
 d

ry
 w

ei
g
h
t;

 N
, 
N

ea
n
th

es
 b

io
as

sa
y
; 

N
O

A
A

, 
N

at
io

n
al

 O
ce

an
ic

 a
n
d
 A

tm
o
sp

h
er

ic
 A

d
m

in
is

tr
at

io
n
; 

O
, 
o
y
st

er
 l

ar
v
ae

; 
P

E
C

, 
p
ro

b
ab

le
 e

ff
ec

t 
co

n
ce

n
tr

at
io

n
; 

P
E

L
, 
p
ro

b
ab

le
 e

ff
ec

t 
le

v
el

; 

S
V

, 
sc

re
en

in
g
 v

al
u
e;

 T
2
0
, 
ch

em
ic

al
 c

o
n
ce

n
tr

at
io

n
 c

o
rr

es
p
o
n
d
in

g
 t

o
 2

0
 p

er
ce

n
t 

p
ro

b
ab

il
it

y
 o

f 
to

x
ic

it
y
 t

o
 m

ar
in

e 
am

p
h
ip

o
d
s;

 T
5
0
, 
ch

em
ic

al
 c

o
n
ce

n
tr

at
io

n
 c

o
rr

es
p
o
n
d
in

g
 t

o
 5

0
 p

er
ce

n
t 

p
ro

b
ab

il
it

y
 o

f 
to

x
ic

it
y
 t

o
 

m
ar

in
e 

am
p
h
ip

o
d
s;

 T
E

C
, 

th
re

sh
o
ld

 e
ff

ec
t 

co
n
ce

n
tr

at
io

n
; 

T
E

L
, 
th

re
sh

o
ld

 e
ff

ec
ts

 l
ev

el
; 

U
S

E
P
A

, 
U

.S
. 
E

n
v
ir

o
n
m

en
ta

l 
P

ro
te

ct
io

n
 A

g
en

cy
; 

W
A

 D
O

E
, 
W

as
h
in

g
to

n
 D

ep
ar

tm
en

t 
o
f 

E
co

lo
g
y
; 

>
, 
g
re

at
er

 t
h
an

; 
 

–
, 
n
o
 b

en
ch

m
ar

k
] B

e
n

c
h

m
a

rk
 t

yp
e

:
Lo

w
e

r 
S

V
1

U
p

p
e

r 
S

V
2

Lo
w

e
r 

S
V

1
U

p
p

e
r 

S
V

2
Lo

w
e

r 
S

V
1

U
p

p
e

r 
S

V
2

Lo
w

e
r 

S
V

1
U

p
p

e
r 

S
V

2
U

p
p

e
r 

S
V

2

B
e

n
c

h
m

a
rk

 s
o

u
rc

e
:

N
O

A
A

2
N

O
A

A
2

C
a

n
a

d
a

/ 

Fl
o

ri
d

a
3

C
a

n
a

d
a

/ 

Fl
o

ri
d

a
3

M
a

c
D

o
n

a
ld

4
M

a
c

D
o

n
a

ld
4

Fi
e

ld
5

Fi
e

ld
5

W
A

 D
O

E
6

E
le

m
e

n
t

S
ym

b
o

l

U
n

it
s/

b
e

n
c

h
m

a
rk

 

n
a

m
e

:

E
R

L,
 m

a
ri

n
e

E
R

M
, m

a
ri

n
e

T
E

L,
 m

a
ri

n
e

P
E

L,
 m

a
ri

n
e

T
E

C
P

E
C

T
20

T
50

A
E

T

A
lu

m
in

u
m

A
l

p
er

ce
n
t

–
–

–
–

–
–

–
–

1
.8

 N

A
n
ti

m
o
n
y

S
b

m
g
/k

g
 d

w
–

–
–

–
–

–
0
.6

3
2
.4

9
.3

 E

A
rs

en
ic

A
s

m
g
/k

g
 d

w
8
.2

7
0

7
.2

4
4
1
.6

9
.7

9
3
3

7
.4

2
0

3
5
 B

B
ar

iu
m

B
a

m
g
/k

g
 d

w
–

–
7
1
3
0
.1

–
–

–
–

–
4
8
 A

C
ad

m
iu

m
C

d
m

g
/k

g
 d

w
1
.2

9
.6

0
.7

4
.2

0
.9

9
4
.9

8
0
.3

8
1
.4

3
 N

C
o
b
al

t
C

o
m

g
/k

g
 d

w
–

–
–

–
–

–
–

–
1
0
 N

C
h
ro

m
iu

m
C

r
m

g
/k

g
 d

w
8
1

3
7
0

5
2
.3

1
6
0

4
3
.4

1
1
1

4
9

1
4
1

6
2
 N

C
o
p
p
er

C
u

m
g
/k

g
 d

w
3
4

2
7
0

1
8
.7

1
0
8

3
1
.6

1
4
9

3
2

9
4

3
9
0
 M

O

Ir
o
n

F
e

p
er

ce
n
t

–
–

–
–

–
–

–
–

2
2
 N

L
ea

d
P

b
m

g
/k

g
 d

w
4
6
.7

2
1
8

3
0
.2

1
1

2
3
5
.8

1
2

8
3
0

9
4

4
0
0
 B

M
an

g
an

es
e

M
n

m
g
/k

g
 d

w
–

–
–

–
–

–
–

–
2
6
0
 N

M
er

cu
ry

H
g

m
g
/k

g
 d

w
0
.1

5
0
.7

1
0
.1

3
0
.7

0
0
.1

8
1
.0

6
0
.1

4
0
.4

8
0
.4

1
 M

O

N
ic

k
el

N
i

m
g
/k

g
 d

w
2
0
.9

5
1
.6

8
1
5
.9

8
4
2
.8

2
2
.7

4
8
.6

1
5

4
7

1
1
0
 E

L

S
el

en
iu

m
S

e
m

g
/k

g
 d

w
–

–
–

–
–

–
–

–
1
 A

S
il

v
er

A
g

m
g
/k

g
 d

w
1

3
.7

8
0
.7

3
8
1
.7

7
–

–
0
.2

3
1
.1

3
.1

 B

T
in

S
n

m
g
/k

g
 d

w
–

–
9
0
.0

4
8

–
–

–
–

–
>

3
.4

 N

V
an

ad
iu

m
V

m
g
/k

g
 d

w
–

–
–

–
–

–
–

–
5
7
 N

Z
in

c
Z

n
m

g
/k

g
 d

w
1
5
0

4
1
0

1
2
4

2
7
1

1
2
1

4
5

9
9
4

2
4
5

4
1
0
 I

1

L
o
w

er
 S

V
, 
em

p
ir

ic
al

 s
cr

ee
n
in

g
 v

al
u
e 

b
el

o
w

 w
h
ic

h
 a

d
v
er

se
 e

ff
ec

ts
 a

re
 n

o
t 

ex
p
ec

te
d
; 

U
p
p
er

 S
V

, 
em

p
ir

ic
al

 s
cr

ee
n
in

g
 v

al
u
e 

ab
o
v
e 

w
h
ic

h
 t

h
er

e 
is

 a
 h

ig
h
 p

ro
b
ab

il
it

y
 o

f 
ad

v
er

se
 e

ff
ec

ts
.

2

F
ro

m
 L

o
n
g
 a

n
d
 o

th
er

s 
(1

9
9
5
).

 

3

E
x
ce

p
t 

as
 n

o
te

d
, 
v
al

u
es

 a
re

 c
o
m

m
o
n
 t

o
 b

o
th

 C
an

ad
a 

(C
an

ad
ia

n
 C

o
u
n
ci

l 
o
f 

M
in

is
te

rs
 o

f 
th

e 
E

n
v
ir

o
n
m

en
t,

 2
0
1
1
) 

an
d
 F

lo
ri

d
a 

D
ep

ar
tm

en
t 

o
f 

E
n
v
ir

o
n
m

en
ta

l 
P

ro
te

ct
io

n
 (

M
ac

D
o
n
al

d
 a

n
d
 o

th
er

s,
 1

9
9
6
).

 

4

F
ro

m
 M

ac
D

o
n
al

d
 a

n
d
 o

th
er

s 
(2

0
0
0
).

 

5

F
ro

m
 F

ie
ld

 a
n
d
 o

th
er

s 
(2

0
0
2
).

6

F
ro

m
 B

u
ch

m
an

 (
2
0
0
8
).

 V
al

u
e 

sh
o
w

n
 i

s 
th

e 
lo

w
es

t 
re

li
ab

le
 A

E
T

 v
al

u
e 

am
o
n
g
 a

v
ai

la
b
le

 t
es

ts
, 
as

 d
et

er
m

in
ed

 b
y
 B

u
ch

m
an

 (
2
0
0
8
).

 S
o
m

e 
v
al

u
es

 a
ls

o
 a

p
p
ea

r 
in

 B
ar

ri
ck

 a
n
d
 o

th
er

s 
(1

9
9
8
) 

o
r 

G
ri

es
 a

n
d
 W

al
d
o
w

 

(1
99

4)
. A

bb
re

vi
at

io
ns

 in
di

ca
te

 ty
pe

s o
f b

io
as

sa
ys

, a
nd

 a
re

 d
efi

ne
d 

in
 th

e 
ta

bl
e 

he
ad

no
te

.
7

B
as

ed
 o

n
 S

cr
ee

n
in

g
 L

ev
el

 C
o
n
ce

n
tr

at
io

n
 a

p
p
ro

ac
h
 u

si
n
g
 s

en
si

ti
v
e 

sp
ec

ie
s,

 H
C

5
 (

h
az

ar
d
o
u
s 

co
n
ce

n
tr

at
io

n
 f

o
r 

5
 p

er
ce

n
t 

o
f 

sp
ec

ie
s)

. 
F

ro
m

 L
eu

n
g
 a

n
d
 o

th
er

s 
(2

0
0
5
).

8

V
al

u
e 

ap
p
li

es
 t

o
 F

lo
ri

d
a 

o
n
ly

 (
n
o
t 

C
an

ad
a)

.

9

B
as

ed
 o

n
 e

q
u
il

ib
ri

u
m

-p
ar

ti
ti

o
n
in

g
 a

p
p
ro

ac
h
 u

si
n
g
 t

h
e 

cu
rr

en
t 

cr
it

er
io

n
 c

o
n
ti

n
u
o
u
s 

co
n
ce

n
tr

at
io

n
 (

C
C

C
, 
U

S
E

P
A

’s
 c

h
ro

n
ic

 a
m

b
ie

n
t 

w
at

er
-q

u
al

it
y
 c

ri
te

ri
o
n
).

 F
ro

m
 B

u
ch

m
an

 (
2
0
0
8
).



24  Contaminants in Water and Sediment Sampled in Response to the Deepwater Horizon Oil Spill 

Table 6D. Benchmark values for trace and major elements: national baseline concentrations for trace and major elements in the less 

than 63-micrometer sediment fraction.

[Abbreviations: mg/kg, milligram per kilogram; <, less than; ≤, less than or equal to; ±, plus or minus]

Constituent Symbol Units Baseline minimum1 Baseline median1 Baseline maximum1

Aluminum Al percent 4.9 5.9 6.9

Antimony Sb mg/kg 0.5 0.7 1.2

Arsenic As mg/kg 4.4 6.6 8.8

Barium Ba mg/kg 380 490 600

Beryllium Be mg/kg 1 1.8 2.6

Cadmium Cd mg/kg 0.2 0.37 0.6

Calcium Ca percent 0.5 1.8 3.1

Cerium Ce mg/kg 54 69 84

Chromium Cr mg/kg 45 58 71

Cobalt Co mg/kg 8 12 16

Copper Cu mg/kg 14 20 26

Iron Fe percent 2.2 2.9 3.6

Lanthanum La mg/kg 31 39 47

Lead Pb mg/kg 14 20 26

Lithium Li mg/kg 20 30 40

Magnesium Mg percent 0.5 0.9 1.3

Manganese Mn mg/kg 480 840 1,200

Mercury Hg mg/kg 0.02 0.04 0.06

Molybdenum Mo mg/kg 0.7 1 1.3

Nickel Ni mg/kg 16 23 30

Phosphorus P mg/kg 800 1,000 1,200

Potassium K percent 1.2 1.5 1.8

Selenium Se mg/kg 0.5 0.65 0.9

Silver Ag mg/kg 0.1 0.2 0.3

Sodium Na percent 0.3 0.6 0.9

Strontium Sr mg/kg 90 150 210

Sulfur S percent 0.04 0.08 0.12

Tin Sn mg/kg 1.5 2.5 4

Titanium Ti percent 0.25 0.33 0.41

Total carbon TC percent 1.7 3.3 4.9

Total organic carbon TOC percent 1.3 2.4 3.5

Vanadium V mg/kg 62 83 104

Zinc Zn mg/kg 71 90.5 110

1Baseline median, median concentration associated with sites (1) that were predominantly agricultural or undeveloped, (2) where urban land use was ≤5 
percent, and (3) where population densities were ≤27 people per square kilometer, calculated from 450 bed-sediment samples collected from streams across  
the United States. The baseline minimum and baseline maximum values are equivalent to the median baseline ±30 percent median absolute deviation. From 
Horowitz and Stephens (2008).
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National Baseline Concentrations for Trace and 
Major Elements and Nutrients in Fine Sediment

Trace and major elements and nutrients in the less than 

63-µm sediment fraction were compared to national baseline 

concentrations from Horowitz and Stephens (2008). Although 

not technically benchmarks, these baseline concentrations can 

be used to indicate anthropogenic enrichment. Horowitz and 

Stephens (2008) determined national baseline concentrations 

for trace and major elements, and some nutrients, in stream 

sediments collected from agricultural or undeveloped areas or 

areas with population density less than or equal to 27 people 

per square kilometer and urban land use less than or equal 

to 5 percent. These authors found that enrichment of some 

elements above baseline was associated with urban land 

use and population density. These elements, in generally 

decreasing likelihood of enrichment, are lead, mercury, 

silver, zinc, cadmium, copper, antimony, sulfur, nickel, tin, 

chromium, arsenic, cobalt, iron, and phosphorus. Horowitz 

and Stephens (2008) computed the minimum, median, and 

maximum baseline concentrations for each element, where 

the range between the minimum and maximum baseline 

concentrations represents the range of natural geochemical 

variance. In Horowitz and Stephens (2008), sediment was 

wet-sieved through a less than 63-µm mesh and subjected to 

total digestion prior to analysis; thus, these authors determined 

total concentrations, that is 95 percent or more of the 

constituent present, in the less than 63-µm sediment fraction. 

The processing and analytical methods used by these authors 

are comparable to those used in the present study. 

In the present study, the measured concentration of each 

element was divided by its maximum baseline concentration to 

obtain a maximum baseline quotient. The maximum baseline 

concentration is the upper end of the range in baseline values 

for a given element as determined by Horowitz and Stephens 

(2008) and listed in table 6D. “Enrichment” above baseline 

is defined as having the maximum baseline quotient greater 
than 1, with the following exception. For samples in which the 

less than 63-µm fraction makes up less than 1 percent of the 

total sediment, analytical errors are elevated, and there often is 

insufficient material to run duplicate analyses to determine the 
degree of precision. In this case, the precision could be as poor 

as a 100 percent difference, especially at concentrations near 

the detection level (Arthur J. Horowitz, Research Chemist, 

USGS, Atlanta, Georgia, written comm., Feb. 3, 2011). For 

individual samples with less than 1 percent of total sediment 

in the less than 63-µm fraction, therefore, maximum baseline 

quotients needed to be elevated above 2 in order to indicate 

enrichment. By itself, enrichment, as indicated by maximum 

baseline exceedance, does not necessarily indicate a potential 

for adverse effects. 

Interpretation of Benchmark Exceedances 

For organic contaminants, exceedance of either an EqP 

benchmark or an upper screening value was considered to 

be an indication of potential toxicity to benthic organisms. 

Trace elements were considered to be of most concern if 

they met the following exceedance criteria for both potential 

toxicity and anthropogenic enrichment: (1) they exceeded one 

or more upper screening values in whole sediment samples 

and (2) they were enriched relative to national baseline 

concentrations in less than 63-µm sediment samples. Because 

sediment samples were analyzed for total trace-element 

concentrations, exceedance rates for upper screening values 

could be overestimated but are not likely to be underestimated; 

therefore, these rates, and resulting inferences about potential 

toxicity, can be considered conservatively high.

In addition, for both organic contaminants and trace 

elements, sediment samples were classified into one of three 
effect ranges using terminology from Canadian Council of 

Ministers of the Environment (2001): (1) minimal-effect 

range, within which adverse biological effects rarely occur 

(that is, all constituents were below their lower screening 

values); (2) possible-effect range, within which adverse 

biological effects occasionally occur (one or more constituents 

exceeded a lower screening value, but no elements exceeded 

an upper screening value); or (3) probable-effect range, within 

which adverse biological effects frequently occur (one or more 

constituents exceeded an upper screening value). 

Data Compilation 

Each distinct sampling event is recorded in the USGS 

database with a unique combination of agency code for the 

site, station-identification number, sample-collection start date, 
sample-collection end date, and sample medium. The agency 

code associated with the samples described in this report is 

“USGS,” and the station-identification numbers are presented 
in table 1. In the database, sediment samples are assigned 

sampling-medium designations of either bottom material or 

soil. 

The results for environmental samples from water and 

sediment can be retrieved from the USGS by supplying the 

station-identification numbers to one of the following web 
sites: 

• NWISWeb (http://nwis.waterdata.usgs.gov/usa/nwis/

qwdata) or

• Water-Quality Data Portal (http://qwwebservices.usgs.

gov/portal.html)

http://nwis.waterdata.usgs.gov/usa/nwis/qwdata
http://nwis.waterdata.usgs.gov/usa/nwis/qwdata
http://qwwebservices.usgs.gov/portal.html
http://qwwebservices.usgs.gov/portal.html
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The Data Portal provides data in a manner consistent with 

similar data provided by the STORET database, except that a 

few of the observational metadata available from NWISWeb 

are omitted. Samples collected prior to July 15, 2010, are 

categorized as “pre-landfall,” and subsequent samples are 

categorized as “post-landfall.” 

Sometimes, one or more constituents in a particular 

sample were reanalyzed to verify the results or to employ 

an analytical method with improved sensitivity to low 

concentrations. When verification reruns were performed, 
the earliest analytical result is presented in the database, and 

additional results from a subsequent analysis are preserved 

in the “result-laboratory” comments field. When a more 
sensitive method was employed, however, the results from 

the more sensitive method are presented in the database, and 

results from the less sensitive method are preserved in the 

“result-laboratory” comments.

Data Analyses 

Data for all analyses described in this report were 

obtained on March 28, 2011 (March 24 DWH GOM Data 

Release), and used as received from the participating 

laboratories without further rounding. Benchmark comparisons 

were made for all samples, including environmental and 

field-replicate samples. For most sites, if multiple samples 
were collected during either the pre-landfall or post-landfall 

sampling period, one was designated as the primary, or 

environmental sample, and any others were considered to be 

replicates for that sampling period. If no primary sample was 

designated, however, or if the primary sample was missing 

data for either trace elements or organic analytes, then the 

replicate sample with the earliest date and time, or with data 

for the fullest suite of analytes, typically was designated as a 

primary sample. This “primary-sample” dataset was used for 

statistical summaries of contaminant occurrence, so that each 

site was represented only once for each sampling period and 

analytical method. 

A subset of the primary-sample dataset, consisting 

of paired pre- and post-landfall samples, was used for 

statistical comparison of pre-landfall to post-landfall sample 

concentrations at these sites. This “paired-sample” dataset 

was generated by dropping data for all sites that were sampled 

during only one sampling period, either pre-landfall or 

post-landfall. The resulting paired-sample dataset contained 

exactly two samples per site—one collected during each of the 

pre-landfall and post-landfall periods. 

Detection frequencies and percentile concentrations 

were determined by using procedures in the statistical 

software package, SAS 9.2 TS Level 2M3 (SAS Institute 

Inc., 2009a and 2009b). Summary statistics are presented 

separately for each chemical class (organic contaminants, 

or trace and major elements and nutrients) in each sampling 

medium (water, whole sediment, or less than 63-µm sediment 

fraction). The detection frequency for a given analyte varies 

with the sensitivity of the analytical method; for example, 

of two methods for a given analyte, the method with the 

lower reporting level is likely to result in a higher detection 

frequency. Therefore, to facilitate comparison of detection 

frequencies between sampling periods and for different 

contaminants, detection frequencies were calculated at 

multiple detection thresholds appropriate for the chemical 

class and sampling medium. These detection thresholds 

are discussed in detail in the section on “Data Censoring.” 

Briefly, for each analyte, one “optimal” detection threshold 
was determined to facilitate comparison between pre-landfall 

and post-landfall samples. In addition, detection frequencies 

for all analytes within the same contaminant class and 

sampling medium were computed at each of four common 

detection thresholds to allow comparison of detection 

frequencies among analytes. In the context of this study, data 

censoring refers to the process of distinguishing detections, 

or quantified values, from nondetections, or censored values; 
censored datasets are datasets with some portion of the results 

composed of nondetections. 

Percentiles of concentrations were determined in the 

primary-sample dataset by using one of four methods, 

depending on the amount of censored data, or nondetections, 

for a given analyte (fig. 2). For analytes detected in 100 

percent of samples, or having no censored data, the SAS 

UNIVARIATE procedure was used to compute concentration 

percentiles. For analytes with some, but less than 50-percent, 

censored data, percentiles were estimated by using the 

nonparametric Kaplan-Meier method (Helsel, 2005) in 

the SAS LIFETEST procedure. For analytes with 50- to 

80-percent censored data, percentiles were estimated by 

using a SAS freeware macro, Censored Data Regression 

on Order Statistics (Helsel, 2005). For analytes with more 

than 80-percent censored data, all data for that analyte were 

censored at a common detection threshold, and only the 95th 

percentile concentration was calculated. 

Statistical comparisons of contaminant concentrations 

in pre-landfall to post-landfall samples were made by using 

the paired Prentice-Wilcoxon (PPW) test. This test was 

implemented by using the USGS S-PLUS library version 4.0 

(Lorenz and others, 2011) for the statistical software package 

Spotfire S+ (TIBCO Software, Inc., 2008). The PPW test is 
appropriate for comparing two groups with matched pairs 

of data and can be applied to censored datasets. This test 

evaluates whether there is a difference in the distributions of 

the two sample groups. To do so, first the data are stacked 
into one column, a score is computed for each observation 

(both censored and uncensored data) on the basis of the 

Kaplan-Meier estimate of the survival function, and then 

the scores are divided back into the two groups of matched 

pairs. The PPW test computes the differences between the 

paired scores and determines whether the sum of these 

differences is significantly different from zero by using a 
normal approximation for the test statistic (Helsel, 2005). In 

this study, the PPW test was performed on the paired-sample 

dataset, which represents the 48 sites that were sampled 

during both the pre-landfall and post-landfall periods, as 

described previously. 
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Additional PPW tests were used to compare 

concentrations in pre-landfall and post-landfall samples 

collected at a subset of 19 paired-sample sites that were 

identified by Rosenbauer and others (2010) as having 
geochemical evidence, or a fingerprint, of M-1 well oil in post-
landfall samples of sediment, tarballs, or both. At this subset of 

sites, which is called the “fingerprint-sample” dataset, there is 
direct evidence from Rosenbauer and others (2010) of residual 

M-1 well oil at the sites during the post-landfall period. 

Benchmark exceedance frequencies were computed by 

using the Spotfire S+ program. All field samples, including 
primary and replicate samples, were compared to benchmarks 

to maximize the information on benchmark exceedance. 

However, direct comparison between exceedance frequencies 

for the pre-landfall and post-landfall sampling periods must be 

qualified because data from the two sampling periods do not 
represent exactly the same sites. Specifically, 22 pre-landfall 
sites and 1 post-landfall site were not sampled during the other 

sampling period (table 1); also, 20 of the 71 total sites were 

sampled more than once during one or both sampling periods. 

For each combination of contaminant class and sampling 

medium, Fisher’s exact test was used to determine whether 

the proportion of samples exceeding applicable benchmarks 

was significantly different (p <0.05) between the pre-landfall 
and post-landfall sampling periods. This test was performed 

on the 48 sites in the paired-sample dataset, so that the same 

sites are represented only once in both sampling periods. In 

addition, the paired-sample sign test was used to compare 

selected benchmark exceedance results, such as ∑TUi and 

∑ESBTUi values, and benchmark exceedances for individual 

trace elements, between pre-landfall and post-landfall samples 

in the paired-sample dataset. A nonparametric test with few 

assumptions, this tests whether the pre-landfall values were 

generally larger or smaller than the post-landfall values 

(p <0.05; Helsel and Hirsch, 2002). 
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Figure 2. Number of analytes for which percentiles were determined by using four different methods, shown by 

contaminant class, sampling medium, and sampling period from the 2010 Deepwater Horizon oil spill in the Gulf of Mexico.
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For comparison of measured contaminant concentrations 

to various benchmarks for human health and aquatic life, some 

data manipulations were necessary because of the nature of the 

dataset. Specifically, the following apply:
• In this study, trace-element concentrations are 

reported as total concentrations in water. Because 

most benchmarks for trace elements are expressed in 

terms of dissolved concentration in the water column, 

estimates of these benchmarks as total trace-element 

concentrations were calculated by using saltwater 

conversion factors from U.S. Environmental Protection 

Agency (2011d) prior to comparison with measured 

concentrations (Buchman, 2008). 

• As previously described, water samples were not 

analyzed for the alkylated PAH groups required for 

calculation of USEPA benchmarks for mixtures of 

PAH and BTEX compounds (∑TUi). Concentrations 

of each alkylated PAH group were estimated from the 

corresponding parent PAH concentrations by using 

multipliers, as specified in the USEPA procedures for 
benchmark calculation (Mount, 2010).

• For sediment samples, BTEX compounds were not 

determined, so calculated ∑ESBTUi values could 

be slightly low; however, this bias is expected to be 

minimal because BTEX compounds are volatile, were 

not detected in weathered M-1 oil (State of Florida 

Oil Spill Academic Task Force, 2010), and are not 

expected to persist in sediment (Mount, 2010). 

Results and Discussion 

The results are presented first for QC analyses because 
these findings affect interpretation of field sample data. 
Following the QC data discussion, results are presented 
separately for each combination of contaminant class and 

sampling medium. In each case, contaminant occurrence 

is assessed, statistical comparisons are made between 

concentrations in pre-landfall and post-landfall samples, and 

measured concentrations are compared to applicable water- or 

sediment-quality benchmarks. 

Quality-Control Analyses

Analytical results for the various QC samples follow. 
These results were considered in computing occurrence 

statistics and making benchmark comparisons, as discussed 

later in this section.

Blank Samples

Results were available for 166 analytes in at least 

4 pre-landfall field blanks. Most of these results were from 
the USGS NWQL. In addition, results were available from 
TestAmerica Laboratory in Colorado for six analytes, four 

of which overlap with analytes determined by the USGS 

NWQL, and results were available from the USGS OCRL 
for dissolved organic carbon. Of the 885 total results, 861 

(97 percent) were reported as censored values (nondetections). 

There were 24 quantified results, or detections, reported in 
blanks, affecting a total of 21 analytes (table 7). Five of the 

quantified values were less than the highest reporting level 
for that analyte. These were quantified by using corroborating 
evidence of analyte presence in the mass spectrogram, even 

though the concentration was below the typical reporting level 

for the method.

During the post-landfall sampling period, four field 
blanks were collected and shipped to the TestAmerica 

Laboratory in Florida for analysis. Of the 584 total reported 

results for 146 analytes, 564 (97 percent) were nondetections. 

There were 20 quantified detections reported for 12 analytes 
(table 8), of which only 3 are organic contaminants. Ammonia 

plus organic nitrogen and phosphorus were quantified in 
each of the four blanks. Trip blanks also were analyzed by 

the TestAmerica Laboratory during post-landfall sampling. 

These have limited utility for comparison to environmental 

samples; however, quantified detections reported for three 
analytes (table 8) could indicate potential for contamination 

during laboratory processing and analysis. None of these 

three analytes were detected in field blanks analyzed at this 
laboratory. The benzene result was from a blank associated 

with an environmental sample collected in Louisiana on 

October 12; the other results were from a blank associated 

with a sample collected in Florida on October 13.

There was little consistency in blank contamination 

between sampling periods. Only four analytes—calcium, 

magnesium, naphthalene, and sodium—were detected in 

blanks from both the pre-landfall and post-landfall periods. 

Six analytes detected in the pre-landfall blanks—1,4-

dichlorobenzene, 4-chloro-3-methylphenol, arsenic, 

dichloromethane, ethyl methyl ketone, and silver—were 

quantified at concentrations less than the reporting level 
for post-landfall blanks. Similarly, copper was detected in 

two post-landfall blanks, but at concentrations less than the 

highest reporting level for pre-landfall blanks. Because of 

these discrepancies, it was not possible to evaluate differences 

in incidental contamination between sampling periods. 

In subsequent data analyses, potential contamination in 

environmental samples was determined separately for each 

period by using field blanks collected during that period. 
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Table 7. Analytes with quantified detections in field blanks collected during the pre-landfall sampling period from the Deepwater 

Horizon oil spill, Gulf of Mexico, 2010.1

[Abbreviations: BTEX, benzene, toluene, ethylbenzene, xylenes and related compounds; mg/L, milligram per liter; USGS, U.S. Geological Survey; μg/L, 
microgram  per liter]

Analyte Units
Number  

of blanks

Highest  

reporting  

level

Number of  

quantified  

results

Maximum  

quantified  

value

Raised  

censoring  

level2

USGS National Water-Quality Laboratory

Organic contaminants

1,2,3,5-Tetramethylbenzene µg/L 5 0.08 1 0.032 0.16

1,2,3-Trimethylbenzene µg/L 5 0.06 1 0.022 0.11

1,2,4-Trimethylbenzene µg/L 5 0.016 1 0.026 0.13

1,4-Dichlorobenzene µg/L 6 0.22 1 0.014 0.07

4-Chloro-3-methylphenol µg/L 6 0.55 1 0.058 0.29

Acetone µg/L 5 1.7 1 4.5 45

Dichloromethane µg/L 5 0.019 1 0.64 6.4

Ethyl methyl ketone µg/L 5 1.6 1 0.49 4.9

Ethylbenzene µg/L 5 0.018 1 0.031 0.155

Naphthalene µg/L 6 0.22 1 0.057 0.285

Toluene µg/L 5 0.009 1 0.083 0.83

Trichloromethane µg/L 5 0.015 1 1.8 9

Xylene, meta plus para µg/L 5 0.04 1 0.10 0.5

Xylene, ortho µg/L 5 0.016 1 0.12 0.6

Trace and major elements

Arsenic µg/L 34 0.09 1 0.15 0.75

Calcium mg/L 44 0.02 1 0.02 0.1

Lithium µg/L 5 0.04 1 0.23 1.15

Magnesium mg/L 5 0.012 1 0.013 0.065

Silver µg/L 5 0.12 1 0.57 2.85

Sodium mg/L 5 0.36 1 0.41 2.05

USGS Organic Carbon Research Laboratory

Dissolved organic carbon mg/L 5 0.7 4 0.70 3.5

1

Blanks for BTEX compounds, gasoline range organics, and diesel range organics were submitted to the TestAmerica Laboratory in Colorado; all results were 

censored.

2The censoring level was raised to 5 times the maximum quantified value or, for common laboratory contaminants, to 10 times the maximum quantified value.
3One result with an elevated reporting level of 1.35 μg/L was excluded.
4One result with an elevated reporting level of 0.06 μg/L was excluded.

Sediment-equipment rinsate blank results were available 

for 146 analytes from the TestAmerica Laboratory in Florida 

and for one analyte from the USGS OCRL. Of the 389 

total reported results, 365 (94 percent) are nondetections. 

There were 24 quantified detections reported for 14 analytes 
(table 9). Similar to results for the post-landfall field blanks, 
ammonia plus organic nitrogen and phosphorus were detected 

in each of the sediment-equipment rinsate blanks. Naphthalene 

and toluene were the only organic compounds detected. The 

extremely high concentration of boron in one blank could 

have been caused by residue from a cleaning solution that 

was used on the sampling equipment. If so, the potential for 

contamination of a sediment sample collected by using this 

equipment is probably much less than the concentration in a 

blank-water rinse. Any residue would likely be washed away 

during field rinsing of the equipment.
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Table 8. Analytes with quantified detections in field and trip blanks collected during the post-landfall sampling period and analyzed at 

the TestAmerica Laboratory in Pensacola, Florida, from the 2010 Deepwater Horizon oil spill in the Gulf of Mexico.

[Abbreviations: mg/L, milligrams per liter; μg/L, micrograms per liter; –, no results were censored]

Analyte Units
Number of 

blanks

Highest  

reporting  

level 

Number of  

quantified 

results

Maximum  

quantified  

value

Raised  

censoring  

level1

Field blanks

Organic contaminants

Diesel range organics μg/L 4 46 1 50 250

Diethyl phthalate μg/L 4 0.26 1 0.42 4.2

Naphthalene μg/L 4 0.15 1 0.16 0.8

Trace and major elements, and nutrients

Ammonia plus organic nitrogen as N mg/L 4 0.02 4 1.7 8.5

Boron μg/L 4 5 1 10 50

Calcium mg/L 4 0.03 1 0.072 0.36

Copper μg/L 4 2.0 2 2.2 11

Magnesium mg/L 4 0.03 1 0.2 1

Mercury μg/L 4 0.07 2 0.18 0.9

Phosphorus as P mg/L 4 – 4 0.13 0.65

Potassium mg/L 4 0.1 1 0.16 0.8

Sodium mg/L 4 0.5 1 2.2 11

Trip blanks

Organic contaminants

Benzene μg/L 31 0.34 1 0.42 2.1

Dichloromethane μg/L 31 1 1 3.1 15.5

Trichlorofluoromethane μg/L 31 0.52 1 0.62 3.1

1The censoring level was raised to 5 times the maximum quantified value in blanks or, for common laboratory contaminants, to 10 times the maximum 
quantified value in blanks.

Table 9. Analytes with quantified detections in sediment-equipment rinsate blanks from the Deepwater Horizon oil spill, Gulf of 

Mexico, 2010.

[Abbreviations: mg/L, milligrams per liter; USGS, U.S. Geological Survey; μg/L, micrograms per liter; –, not applicable]

Analyte Units
Number of  

blanks

Highest  

reporting  

level

Number of  

quantified  

results

Maximum  

quantified  

value

TestAmerica Laboratory—Florida

Organic contaminants

Naphthalene μg/L 3 0.15 1 0.76

Toluene μg/L 2 0.70 1 8.7

Trace and major elements, and nutrients

Ammonia plus organic nitrogen as N mg/L 3 – 3 1.6

Boron μg/L 3 5.0 2 500

Calcium mg/L 3 0.030 2 0.088

Copper μg/L 3 2.0 1 4.4

Magnesium mg/L 3 0.030 1 0.22

Manganese μg/L 3 1.0 1 1.5

Mercury μg/L 3 0.070 1 0.11

Phosphorus as P mg/L 3 – 3 0.18

Potassium μg/L 3 0.10 1 0.25

Sodium mg/L 3 0.50 2 2.7

Zinc μg/L 3 8.0 1 19

USGS Organic Carbon Research Laboratory

Dissolved organic carbon mg/L 4 – 4 0.50
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Field Replicates

Replicate samples were analyzed at all laboratories used 

in this study (table 4). Replicate-sample data analysis requires 

quantified detections for at least two samples in a set in order 
to compute a standard error. In this study, many analytes, 

particularly organic compounds in water, were not detected 

in most or all replicate samples. Only those analytes with at 

least two quantified detections in at least four replicate sets 
were included in this analysis of variability.

Generally, the number of replicate sets was too 

small to evaluate variability over low and high ranges of 

concentration, so variability was simply estimated as the 

average RSD. This can be considered a conservatively 

high estimate of variability because RSD values for low-

concentration replicates typically are much higher than the 

average for high-concentration replicates. In subsequent 

interpretation of environmental data, variability was noted as 

a possible source of uncertainty for any contaminant with a 

replicate RSD greater than 10 percent for water or 20 percent 

for sediment. 

Replicate water samples collected during the pre-landfall 

period were analyzed at the USGS NWQL, the USGS OCRL, 
and the TestAmerica Laboratory in Colorado. The USGS 

OCRL also analyzed replicate water samples from the post-

landfall period, and these were combined with the pre-landfall 

samples for data analysis. Replicate sets with quantified 
detections were available for only 21 analytes: 2 organic 

compounds and 17 major ions, nutrients, or trace elements 

from the USGS NWQL, plus dissolved organic carbon and 
dissolved nitrogen from the USGS OCRL. The number of 

pre-landfall replicate sets ranged from 4 to 27, depending on 

the analyte, and the resulting mean RSD ranged from about 

1 percent to almost 19 percent (table 10). The mean RSD 

exceeded 10 percent for 8 of the 21 analytes in pre-landfall 

water samples. 

Table 10. Mean relative standard deviation for water analytes with quantified detections in at least two samples in at least four sets of 

replicate water samples from the Deepwater Horizon oil spill, Gulf of Mexico, 2010.1

[Abbreviations: mg/L, milligrams per liter; RSD, relative standard deviation; USGS, U.S. Geological Survey; μg/L, micrograms per liter; –, not applicable]

Analyte Units

USGS National Water  

Quality Laboratory  

(pre-landfall)

TestAmerica  

Laboratory, Florida  

(post-landfall)

Number of  

replicate sets

Mean RSD  

(percent)

Number of  

replicate sets

Mean RSD  

(percent)

Organic contaminants

Isophorone µg/L 6 7.59 – –

Dissolved organic carbon2 mg/L 13 3.81 – –

Trace and major elements, and nutrients

Aluminum µg/L 10 13.87 5 9.23

Ammonia plus organic nitrogen as N mg/L 27 12.76 7 16.16

Ammonia as N mg/L 22 12.66 – –

Arsenic µg/L 26 8.68 – –

Barium µg/L 26 4.59 7 8.13

Boron µg/L – – 7 0.83

Calcium mg/L 26 2.63 7 1.48

Cobalt µg/L 8 11.15 – –

Iron µg/L 21 18.72 4 19.18

Lithium µg/L 26 2.98 – –

Magnesium mg/L 26 2.78 7 0.56

Manganese µg/L 21 14.06 5 12.09

Mercury µg/L – – 4 29.63

Molybdenum µg/L 26 1.57 – –

Phosphorus as P mg/L 18 15.38 7 9.05

Potassium mg/L 26 3.06 7 4.96

Selenium µg/L 4 5.77 – –

Sodium mg/L 26 1.01 7 2.10

Strontium µg/L 26 2.78 – –

Dissolved nitrogen2 mg/L 13 5.64 – –

1

Replicates collected during the pre-landfall period were submitted to the TestAmerica Laboratory in Colorado for analysis of diesel range organics, but only 

one set had more than one quantified result.
2

Analyzed by USGS Organic Carbon Research Laboratory; samples collected during both sampling periods.
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Replicate water samples collected during the post-

landfall period were analyzed at the TestAmerica Laboratory 

in Florida. Quantified detections were available to assess the 
variability for 12 major ions, nutrients, or trace elements. 

The number of replicates sets ranged from 4 to 7, depending 

on the analyte, and the mean RSD ranged from less than 

1 percent to almost 30 percent (table 10). The mean RSD 

exceeded 10 percent for 4 of the 12 analytes in post-landfall 

water samples. 

Replicate sediment samples collected during the 

pre-landfall period were analyzed at the USGS NWQL, the 
USGS SCL, and the TestAmerica Laboratories in Colorado 

and Vermont (table 4). Samples collected during the post-

landfall period were analyzed at the USGS SCL and the 

TestAmerica Laboratories in Florida and Vermont. There 

were too few detections in replicate data from the USGS 

NWQL and the TestAmerica Laboratory in Florida to compute 
representative mean RSD values. For the other laboratories, 

replicate data from both sampling periods were combined for 

this analysis. Quantified results were available for 15 organic 
contaminants from the TestAmerica laboratories and for 

31 trace and major elements and nutrients from the USGS 

SCL. Analyses at the SCL included both whole sediment and 

the less than 63-µm sediment fraction. Mean RSD values were 

computed for all 31 analytes in the less than 63-µm sediment 

fraction, but quantified detections were available to compute 
mean RSD values for only two analytes—molybdenum and 

tin—in the whole-sediment samples. 

Table 11 lists mean RSD values for organic contaminants 

in whole sediment and for trace and major elements and 

nutrients in the less than 63-µm sediment fraction. For organic 

contaminants, the number of replicate sets ranged from 5 to 

17, depending on the contaminant, and the resulting mean 

RSD ranged from about 9 percent to more than 47 percent. 

Mean RSD exceeded 20 percent for 12 of the 15 organic 

contaminants in sediment. For trace and major elements and 

nutrients, the number of replicate sets ranged from 4 to 17, 

and the mean RSD ranged from about 2 percent to more 

than 28 percent. Mean RSD exceeded 20 percent for 4 of the 

31 constituents in sediment.

Matrix Spikes

The USGS NWQL spiked 85 organic compounds 
in 5 separate water-matrix samples collected during the 

pre-landfall period. Mean recovery for individual analytes 

ranged from about 52 to 134 percent. The lowest recovery was 

for dichlorodifluoromethane; otherwise, all recoveries were 
greater than 60 percent. The highest recovery was for acetone, 

which is a common laboratory contaminant and was measured 

at 4.5 micrograms per liter (µg/L) in one field blank analyzed 
at the USGS NWQL. The next highest recovery was only 
about 110 percent. Thus, almost all recoveries for this group of 

spikes were between 60 and 110 percent.

The TestAmerica Laboratory in Florida prepared 

duplicate spikes for 107 organic compounds and 24 trace 

elements in 5 water-matrix samples during the post-

landfall period. Mean recovery for individual analytes 

ranged from about 19 to 124 percent. The lowest mean 

recoveries were for 3, 3’-dichlorobenzidine at 19.2 percent 

and N-nitrosodiphenylamine at 43.4 percent; otherwise, 

all recoveries were greater than 52 percent. The highest 

recoveries were for aluminum at 124 percent and mercury 

at 117 percent. Mercury also was found in two field blanks 
at the TestAmerica Laboratory in Florida, at a maximum 

concentration of 0.18 µg/L; therefore, the high recovery could 

have been due to contamination.

Spikes in water-matrix samples at the two laboratories 

had 41 analytes in common. Differences in recoveries were 

generally small—less than 17 percent for all but five analytes.
The USGS NWQL spiked 37 organic compounds into 

4 separate sediment-matrix samples collected during the pre-

landfall period. Mean recovery for individual analytes ranged 

from about 23 to 62 percent. The lowest mean recoveries were 

for 1,2,4-trichlorobenzene at 22.9 percent and naphthalene 

at 33.7 percent; otherwise, all recoveries were greater than 

44 percent. The TestAmerica Laboratory in Florida prepared 

duplicate spikes for 59 organic compounds in either 3 or 

4 sediment-matrix samples during the post-landfall period. 

Mean recovery for individual analytes ranged from 43 to 

about 88 percent. The lowest mean recoveries were for 

N-nitrosodiphenylamine at 43.0 percent and 4-chloroaniline 

Table 11.  Mean relative standard deviation for analytes with 

quantified detections in at least two samples in at least four sets 

of replicate sediment samples from the Deepwater Horizon oil 

spill, Gulf of Mexico, 2010.1,2

[Abbreviations: mg/kg, milligrams per liter; RSD, relative standard 

deviation; USGS, U.S. Geological Survey; μg/kg, micrograms per kilogram]

Analyte Units
Number of  

replicate sets

Mean RSD  

(percent)

Selenium mg/kg 16 12.05

Sodium percent 17 28.44

Strontium mg/kg 17 10.28

Sulfur percent 17 17.17

Tin mg/kg 5 23.84

Titanium percent 15 7.94

Vanadium mg/kg 16 8.30

Zinc mg/kg 17 16.97

1

Replicates collected during the pre-landfall period were submitted to the 

USGS National Water Quality Laboratory for analysis of several organic 
compounds, but none had more than one quantified result in more than three 
sets.

2

Replicates collected during the post-landfall period were submitted to the 

TestAmerica Laboratory in Florida for analysis of oil and grease, but only 3 

sets had more than one quantified result.
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at 56.2 percent; otherwise, all recoveries were greater than 

61 percent. Spikes at the 2 laboratories had 18 analytes in 

common; mean recoveries in spikes from the TestAmerica 

Laboratory in Florida were consistently higher by about 13 to 

35 percent.

Analytes with low spike recovery could also have a low 

bias in environmental-sample results. In the present study, 

recovery is considered to be within acceptable limits if it is 

between 70 and 115 percent for organic analytes in water 

samples and between 50 and 115 percent for organic analytes 

in sediment samples. Table 12 provides a list of analytes 

with less than 70 percent or more than 115 percent recovery 

in water spikes, or with less than 50 percent or more than 

115 percent recovery in sediment spikes. Concentrations 

reported for these analytes in environmental samples could 

be substantially lower than their true concentrations. Analytes 

with overly high spike recovery could have a high bias in 

environmental-sample results, possibly due to laboratory 

contamination. This condition primarily affects acetone in 

water samples analyzed at the USGS NWQL and aluminum 
and mercury in water samples analyzed by the TestAmerica 

Laboratory in Florida. Concentrations were not recovery-

corrected, but analytes with exceptionally low or high 

recovery are footnoted in tables within this report.

Table 12. Analytes with less than 70 percent or more than 115 percent recovery in water matrix spikes, or with less than 50 percent or 

more than 115 percent recovery in sediment matrix spikes from the Deepwater Horizon oil spill, Gulf of Mexico, 2010.1

[Abbreviations: mg/L, milligram per liter; P, phosphorus; USGS, U.S. Geological Survey; μg/L, microgram per liter; μg/kg, microgram per kilogram; –, no 
spiked samples or mean recovery greater than 70 percent] 

Analyte Units

USGS National Water Quality Laboratory 

(pre-landfall)

TestAmerica Laboratory, Florida  

(post-landfall)

Number of  

spikes

Mean recovery 

(percent)

Number of  

spike sets

Mean recovery 

(percent)

Water

1,1,2-Trichloro-1,2,2-trifluoroethane μg/L 5 67.9 3 93.0

2,4-Dimethylphenol μg/L – – 5 59.3

3,3'-Dichlorobenzidine μg/L – – 5 19.2

4-Isopropyltoluene μg/L 5 69.3 – –

4-Nitroaniline μg/L – – 5 61.3

4-Nitrophenol μg/L – – 5 68.9

Acetone μg/L 5 134 – –

Aluminum μg/L – – 3 124

Benzo[a]pyrene μg/L – – 5 67.3

Carbon disulfide μg/L 5 63.4 3 88.2

Dichlorodifluoromethane μg/L 5 52.3 3 97.0

Hexachlorobutadiene μg/L 5 60.7 5 74.8

Hexachlorocyclopentadiene μg/L – – 5 53.3

Hexachloroethane μg/L 5 76.7 5 66.2

Mercury μg/L 3 117

n-Butylbenzene μg/L 5 65.6 – –

N-Nitrosodiphenylamine μg/L – – 5 43.4

n-Propylbenzene μg/L 5 67.9 – –

Styrene μg/L 5 61.2 3 88.8

Phosphorus as P mg/L – – 3 52.5

Sediment

1,2,4-Trichlorobenzene μg/kg 4 22.9 – –

1,6-Dimethylnaphthalene μg/kg 4 47.9 – –

2,6-Dimethylnaphthalene μg/kg 4 47.4 – –

2-Ethylnaphthalene μg/kg 4 46.3 – –

Acenaphthylene μg/kg 4 47.0 3 75.7

Naphthalene μg/kg 4 33.7 3 69.0

N-Nitrosodiphenylamine μg/kg – – 3 43.0

Pentachloronitrobenzene μg/kg 4 44.6 – –

1

Environmental samples also were analyzed at the USGS Sediment Chemistry Laboratory and the TestAmerica Laboratories in Colorado and Vermont, but no 

matrix-spike results were reported.
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Data Censoring

If an analyte cannot be reliably quantified—for example, 
if the measured value is less than the detection level or if 

there is no evidence, such as from mass spectra, that the 

analyte is present—then the analytical result reported by 

the laboratory is censored, that is, reported as less than a 

specified concentration, called a reporting level. In statistical 
terms, this practice results in censored data, which require 

special methods for data analysis. Many constituents were 

not quantified in any environmental sample collected for 
this study. Table 13 lists 114 organic contaminants that were 

censored—that is, not detected—in every water sample, 

and table 14 lists 51 organic contaminants and 3 trace 

elements that were censored in every sediment sample. These 

constituents were excluded from subsequent statistical tests 

and benchmark comparisons. In addition, concentrations of 

some detected analytes in environmental samples were subject 

to post-laboratory censoring on the basis of the QC analysis 
results, as described in the next subsection.

Table 13. Constituents that were not detected in any environmental water samples analyzed from the Deepwater Horizon oil spill, Gulf 

of Mexico, 2010.—Continued

[Abbreviations: BTEX, benzene, toluene, ethylbenzene, xylene and related compounds; CARB, carbon, including petroleum hydrocarbons and hexane-

extractable oil and grease; PAH, polycyclic aromatic hydrocarbon, including parent and alkylated compounds; SVOC, semi-volatile organic compound 

(excluding PAHs); TME, trace and major elements; VOC, volatile organic compound; – not analyzed for that time period]

Analytes Chemical class
Number of samples less than the reporting level

Pre-landfall Post-landfall

 Organic constituents

1,1,1,2-Tetrachloroethane VOC 60 –

1,1,1-Trichloroethane VOC 62 48

1,1,2,2-Tetrachloroethane VOC 62 48

1,1,2-Trichloro-1,2,2-trifluoroethane VOC 62 48

1,1,2-Trichloroethane VOC 62 48

1,1-Dichloroethane VOC 62 48

1,1-Dichloroethene VOC 62 48

1,1-Dichloropropene VOC 60 –

1,2,3,4-Tetramethylbenzene VOC 60 –

1,2,3,5-Tetramethylbenzene VOC 60 –

1,2,3-Trichlorobenzene VOC 60 –

1,2,3-Trichloropropane VOC 60 –

1,2,3-Trimethylbenzene VOC 60 –

1,2,4-Trichlorobenzene VOC 68 48

1,2,4-Trimethylbenzene VOC 60 –

1,2-Dibromo-3-chloropropane VOC 62 48

1,2-Dibromoethane VOC 62 48

1,2-Dichlorobenzene VOC 68 48

1,2-Dichloroethane VOC 62 48

1,2-Dichloropropane VOC 62 48

1,2-Diphenylhydrazine SVOC 65 –

1,3-Dichlorobenzene VOC 68 48

1,3-Dichloropropane VOC 60 –

1,4-Dichlorobenzene VOC 68 48

2,2-Dichloropropane VOC 60 –

2,4,5-Trichlorophenol SVOC 2 48

2,4,6-Trichlorophenol SVOC 67 48

2,4-Dichlorophenol SVOC 67 48

2,4-Dimethylphenol SVOC 67 48

2,4-Dinitrophenol SVOC 64 48

2,4-Dinitrotoluene VOC 67 48

2-Chloronaphthalene PAH 67 48

2-Chlorophenol SVOC 67 48

2-Chlorotoluene VOC 60 –

2-Methyl-4,6-dinitrophenol SVOC 67 48

Table 13. Constituents that were not detected in any environmental water samples analyzed from the Deepwater Horizon oil spill, Gulf  

of Mexico, 2010.
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Table 13. Constituents that were not detected in any environmental water samples analyzed from the Deepwater Horizon oil spill, Gulf 

of Mexico, 2010.—Continued

[Abbreviations: BTEX, benzene, toluene, ethylbenzene, xylene and related compounds; CARB, carbon, including petroleum hydrocarbons and hexane-

extractable oil and grease; PAH, polycyclic aromatic hydrocarbon, including parent and alkylated compounds; SVOC, semi-volatile organic compound 

(excluding PAHs); TME, trace and major elements; VOC, volatile organic compound; – not analyzed for that time period]

Analytes Chemical class
Number of samples less than the reporting level

Pre-landfall Post-landfall

 Organic constituents—Continued

2-Methylnaphthalene PAH 2 48

2-Naphthylamine SVOC 2 48

2-Nitrophenol SVOC 67 48

3,3'-Dichlorobenzidine SVOC 67 48

3-Chloropropene VOC 60 –

3-Nitroaniline SVOC 2 48

4-Bromophenyl phenyl ether SVOC 67 48

4-Chloro-3-methylphenol SVOC 67 48

4-Chloroaniline SVOC 2 48

4-Chlorophenyl phenyl ether SVOC 67 48

4-Chlorotoluene VOC 60 –

4-Isopropyltoluene VOC 60 –

4-Nitroaniline SVOC 2 48

4-Nitrophenol SVOC 67 48

Acetone VOC 62 48

Acetophenone SVOC 2 48

Acrylonitrile VOC 60 –

Atrazine SVOC 2 48

Benzaldehyde SVOC 2 48

Benzyl n-butylphthalate PAH 67 48

Biphenyl SVOC 2 48

Bis(2-Chloroisopropyl) ether SVOC 67 48

Bis-2-Chloroethoxymethane VOC 67 48

Bromobenzene VOC 60 –

Bromochloromethane VOC 60 –

Bromodichloromethane VOC 62 48

Bromoethene VOC 60 –

Bromomethane VOC 62 48

Caprolactam SVOC 2 48

Carbazole SVOC 2 48

Chlorobenzene VOC 62 48

Chloroethane VOC 62 48

cis-1,2-Dichloroethene VOC 62 48

cis-1,3-Dichloropropene VOC 62 48

Cyclohexane VOC/BTEX 2 48

Dibenzofuran SVOC 2 48

Dibromochloromethane VOC 62 48

Dichlorodifluoromethane VOC 62 48

Dichloromethane VOC 62 48

Diethyl ether VOC 60 –

Diisopropyl ether VOC 60 –

Dimethyl phthalate VOC 67 48

Ethyl methacrylate VOC 60 –

Ethyl methyl ketone VOC 62 48

Ethylbenzene VOC/BTEX 63 48

Gasoline range organics CARB 1 –

Hexachlorobenzene SVOC 67 48
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Table 13. Constituents that were not detected in any environmental water samples analyzed from the Deepwater Horizon oil spill, Gulf 

of Mexico, 2010.—Continued

[Abbreviations: BTEX, benzene, toluene, ethylbenzene, xylene and related compounds; CARB, carbon, including petroleum hydrocarbons and hexane-

extractable oil and grease; PAH, polycyclic aromatic hydrocarbon, including parent and alkylated compounds; SVOC, semi-volatile organic compound 

(excluding PAHs); TME, trace and major elements; VOC, volatile organic compound; – not analyzed for that time period]

Analytes Chemical class
Number of samples less than the reporting level

Pre-landfall Post-landfall

 Organic constituents—Continued

Hexachlorobutadiene VOC 68 48

Hexachlorocyclopentadiene SVOC 67 48

Hexachloroethane VOC 68 48

Iodomethane VOC 60 –

Isobutyl methyl ketone VOC 62 48

Isopropylbenzene VOC/BTEX 62 48

m-plus p-Cresol SVOC 2 48

m-plus p-Xylene VOC 60 –

Methyl acetate VOC 2 48

Methyl acrylate VOC 60 –

Methyl acrylonitrile VOC 60 –

Methyl methacrylate VOC 60 –

Methyl tert-butyl ether VOC 62 48

Methyl tert-pentyl ether VOC 60 –

Methylcyclohexane VOC 2 48

Naphthalene PAH 68 48

n-Butyl methyl ketone VOC 62 48

n-Butylbenzene PAH 60 –

Nitrobenzene SVOC 67 48

N-Nitrosodimethylamine SVOC 65 –

N-Nitrosodi-n-propylamine SVOC 67 48

N-Nitrosodiphenylamine SVOC 67 48

o-Cresol SVOC 2 48

Oil and grease CARB – 48

o-Xylene VOC 60 –

sec-Butylbenzene VOC 60 –

Styrene VOC 62 48

tert-Butyl ethyl ether VOC 60 –

tert-Butylbenzene VOC 60 –

Tetrachloroethene VOC 62 48

Tetrachloromethane VOC 62 48

Tetrahydrofuran VOC 60 –

trans-1,2-dichloroethene VOC 62 48

trans-1,3-dichloropropene VOC 62 48

trans-1,4-Dichloro-2-butene VOC 60 –

Trichloroethene VOC 62 48

Trichlorofluoromethane VOC 62 48

Vinyl chloride VOC 62 48

 Trace and major elements

Antimony TME 2 48

Mercury TME – 48

Silver TME 63 48

Thallium TME 2 48
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Table 14. Constituents that were not detected in any environmental sediment samples analyzed from the Deepwater Horizon oil spill, 

Gulf of Mexico, 2010.—Continued

[Sediment samples are whole sediment unless specified otherwise. Abbreviations: CARB, carbon, including petroleum hydrocarbons and hexane-extractable oil 

and grease; PAH, polycyclic aromatic hydrocarbon; SVOC, semi-volatile organic compound (excluding PAHs); TME, trace and major elements; VOC, volatile 

organic compound; <, less than; – not analyzed for that time period]

Analytes Chemical class
Number of samples less than the reporting level

Pre-landfall Post-landfall

Organic constituents

1,2,4-Trichlorobenzene SVOC 68 –

1-Methylfluorene PAH 69 –

2,4,5-Trichlorophenol SVOC – 48

2,4,6-Trichlorophenol SVOC – 48

2,4-Dichlorophenol SVOC – 48

2,4-Dimethylphenol SVOC – 48

2,4-Dinitrophenol SVOC – 48

2,4-Dinitrotoluene SVOC – 48

2,6-Dinitrotoluene SVOC – 48

2-Chloronaphthalene PAH – 48

2-Chlorophenol SVOC – 48

2-Methyl-4,6-dinitrophenol SVOC – 48

2-Methylanthracene PAH 69 –

2-Naphthylamine PAH – 48

2-Nitrophenol SVOC – 48

3,3'-Dichlorobenzidine SVOC – 48

3-Nitroaniline SVOC – 48

4-Bromophenyl phenyl ether SVOC – 48

4-Chloro-3-methylphenol SVOC – 48

4-Chloroaniline SVOC – 48

4-Chlorophenyl phenyl ether SVOC – 48

4-Nitroaniline SVOC – 48

4-Nitrophenol SVOC – 48

Acetophenone SVOC – 48

Atrazine SVOC – 48

Benzaldehyde SVOC – 48

Benzyl n-butylphthalate SVOC – 48

Bis(2-Chloro-1-methylethyl) ether SVOC – 48

Bis(2-Chloroethoxy)methane SVOC – 48

Bis(2-Chloroethyl) ether SVOC – 48

Caprolactam SVOC – 48

Dibenzofuran SVOC – 48

Diesel range organics (C10-C36) CARB 2 –

Diethylphthalate SVOC 69 48

Dimethylphthalate SVOC – 48

Di-n-butyl phthalate SVOC – 48

Di-n-octyl phthalate SVOC – 48

Hexachlorobenzene SVOC 69 48

Hexachlorobutadiene VOC – 48

Hexachlorocyclopentadiene SVOC – 48

Hexachloroethane SVOC – 48

Isophorone SVOC – 48

m-plus p-Cresol SVOC – 48

Nitrobenzene SVOC – 48

Table 14. Constituents that were not detected in any environmental sediment samples analyzed from the Deepwater Horizon oil spill, 

Gulf of Mexico, 2010.
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Censoring on the Basis of Quality-Control Results

For analytes detected in laboratory, field, or trip blanks, 
concentrations in environmental samples were censored at 

raised censoring levels on the basis of guidance from the 

U.S. Environmental Protection Agency (1989, pages 16–17 

in chapter 5). Field and trip blanks were available for water 

samples only, and laboratory reagent blanks were available for 

both water and sediment. For analytes detected in these blanks, 

a raised censoring level equal to five times the maximum 
concentration detected in the blanks was applied to results in 

any associated environmental samples. This raised censoring 

level ensures that a reported detection has a high probability 

of reflecting the actual concentration in the environmental 
sample, rather than the effect of incidental contamination from 

sampling and analysis procedures. Quantified results less than 
this raised censoring level were changed to censored values 

and reported as less than the quantified value. For example, 
naphthalene was detected in a post-landfall field blank, so 
was censored at a raised censoring level of 0.8. A quantified 
result of 0.5 would be censored to less than 0.5, indicating that 

the environmental contaminant concentration in that sample 

is no more than 0.5, but it could be less. For a few common 

laboratory contaminants—acetone, dichloromethane, diethyl 

phthalate, methyl ethyl ketone, and toluene—the censoring 

level was raised to 10 times the maximum concentration 

detected in the blank. 

Four organic contaminants in sediment, four trace 

or major elements in water, and two nutrients in water 

had one or more detections in laboratory reagent blanks. 

Concentrations in all environmental samples, however, 

were more than five times the reagent blank concentration, 
except for the two nutrients in water—ammonia plus organic 

nitrogen and phosphorus. Because a reagent blank sample 

is associated with a particular set of environmental samples, 

censoring for reagent-blank contamination was applied only 

to those environmental samples that had contamination in the 

associated reagent blank. Therefore, results for ammonia plus 

organic nitrogen were censored in 8 of the 48 post-landfall 

water samples, and phosphorus was censored in 26 of the 

48 post-landfall water samples and in 15 of the 68 pre-landfall 

water samples.

In this study, it was not possible to associate a particular 

field blank with each environmental sample, so an alternative 
procedure had to be used to estimate potential contamination. 

One option was to determine the statistical distribution of 

concentrations in a set of representative blanks and assume 

this same distribution applied to potential contamination in the 

environmental samples (Mueller and Titus, 2005; Apodaca and 

others, 2006). This procedure requires more than 20 blanks to 

estimate the 90th percentile of this distribution with reasonable 

confidence. Using the six blanks available for this study, 
only the lower 60th to 70th percentile of this distribution can 

be estimated; therefore, this approach could underestimate 

the extent of contamination in environmental samples. In 

the present study, the most conservative approach was used, 

which assumes that contamination identified in any field or 
trip blank could occur in all environmental samples collected 

during the same sampling period. Although this approach 

can overestimate the extent of incidental contamination, no 

other procedure would ensure that this extent would not be 

underestimated. Therefore, detection of an analyte in any field 
or trip blank resulted in the censoring of concentrations of that 

analyte in all environmental samples collected during the same 

sampling period.

Table 14. Constituents that were not detected in any environmental sediment samples analyzed from the Deepwater Horizon oil spill, 

Gulf of Mexico, 2010.—Continued

[Sediment samples are whole sediment unless specified otherwise. Abbreviations: CARB, carbon, including petroleum hydrocarbons and hexane-extractable oil 

and grease; PAH, polycyclic aromatic hydrocarbon; SVOC, semi-volatile organic compound (excluding PAHs); TME, trace and major elements; VOC, volatile 

organic compound; <, less than; – not analyzed for that time period]

Analytes Chemical class
Number of samples less than the reporting level

Pre-landfall Post-landfall

 Organic constituents—Continued

N-Nitrosodi-n-propylamine SVOC – 48

N-Nitrosodiphenylamine SVOC – 48

o-Cresol SVOC – 48

Pentachloroanisole SVOC 69 –

Pentachloronitrobenzene SVOC 69 –

Pentachlorophenol SVOC – 48

Phenanthridine SVOC 69 –

Phenol SVOC – 48

 Trace and major elements

Thallium, in <63-micrometer sediment TME 63 37

Thallium TME 70 49

Uranium TME 70 49
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The results for 19 constituents in water were affected by 

censoring on the basis of contamination in laboratory, field, 
and trip blanks, as shown in table 15. Nine organic compounds 

and two trace elements were left with no detections in either 

sampling period after blank-censoring. Four additional organic 

compounds were left with no detections in the pre-landfall 

period; benzene and ammonia plus organic nitrogen were 

left with no detections in the post-landfall period. Four other 

constituents were censored to some extent, although some 

results still were quantified; two of these constituents were 
left with only one quantified value during the post-landfall 
period. Overall, 236 results out of a total of 1,189 results 

for the 19 constituents in table 15 were censored because of 

contamination in laboratory blanks (49 results) or field and trip 
blanks (187 results); however, 80 percent of these censored 

results were for only 5 constituents: toluene, ammonia plus 

organic nitrogen, mercury, organic carbon, and phosphorus. 

Determination of Common Censoring Thresholds

Although the PPW test can be used with data censored at 

multiple reporting levels, it requires that the different reporting 

levels be randomly distributed between the two sample groups 

being compared. In this study, however, there were systematic 

differences in reporting levels between pre-landfall and post-

landfall samples, especially for analytes that were determined 

by using different methods, by different laboratories, or both, 

for the two sampling periods (appendixes 1, 2). Therefore, all 

data for a given contaminant were censored to an “optimal” 

censoring threshold prior to statistical analysis, which is 

described in the next paragraph. For example, acenaphthene 

in sediment has an optimal censoring threshold of 0.36 

micrograms per kilogram (µg/kg). Reported concentrations 

of 0.4, 0.2, and less than 1 µg/kg would be equivalent after 

censoring, respectively, to 0.4 µg/kg, less than 0.36 µg/kg, 

and indeterminate, which is defined in the next paragraph. 
Two-sided PPW tests were performed, and the sign of the test 

statistic indicated whether pre-landfall concentrations were 

higher than post-landfall concentrations or vice versa. 

An optimal censoring threshold was computed for 

each analyte for which data were censored for one or more 

of the 96 samples in the paired-sample dataset, which 

consists of primary samples for sites sampled during both 

the pre-landfall and post-landfall periods. Many analytes 

had a wide range of reporting levels—one to three orders 

of magnitude. Selection of an optimal censoring threshold 

balanced two competing objectives: to include as many 

quantified detections as possible, but also to minimize the 
number of “indeterminate” samples. An indeterminate sample 

is defined as a sample with censored data—that is, reported 
less than a specified reporting level—for which the specified 
reporting level is higher than the applied censoring threshold, 

so the sample cannot be classified as either a detection or 
nondetection at that threshold. As an example, censored data 

for acenaphthene in sediment ranged from less than 0.2 to 

less than 19 µg/kg, and quantified detections ranged from 
0.34 to 2.1 µg/kg. If acenaphthene data are censored at the 

lowest possible censoring threshold of 0.2, then any censored 

value with a higher reporting threshold (for example, from 

less than 0.22 to less than 19 µg/kg) must be considered 

as indeterminate because we do not know whether the 

acenaphthene concentration is less than 0.2 or greater than 

or equal to 0.2 µg/kg. On the other hand, if we censor at the 

highest threshold of 19 µg/kg, then all samples with a detected 

concentration less than 19 µg/kg—in this case, all of the 

reported detections—become censored, reported as less than 

19 µg/kg. The optimal censoring threshold was operationally 

defined as the lowest censoring level that converted no more 
than 5 percent of results from censored to indeterminate 

values, maximized the number of quantifiable detections, 
and if possible also minimized the number of indeterminate 

values. Because the optimal censoring threshold was designed 

for comparison of pre-landfall to post-landfall samples, it was 

determined by using the paired-sample dataset. For practical 

reasons, the maximum limit allowed for indeterminate values 

was raised slightly for some analytes that were determined in 

substantially fewer than the 96 samples typical of the paired-

sample dataset, because it was difficult to meet the 5 percent 
maximum indeterminate value requirement and still preserve 

detections. Therefore, up to 7 percent indeterminate values 

were allowed for trace and major elements in the less than 

63-µm sediment fraction, for which there were only about 

70 samples, and up to 8 percent for selected analytes measured 

only during one sampling period, for which there were up to 

48 samples. 

The procedure for calculating the optimal censoring 

threshold for comparison of pre-landfall to post-landfall 

samples for a given analyte is illustrated for acenaphthene 

in sediment in figure 3. The x-axis shows possible censoring 

threshold concentrations for acenaphthene, which consist of all 

the reporting levels for censored samples. For acenaphthene, 

there are 94 samples, of which nine are quantified values. 
All of the observed reporting levels, from 0.2 to 19 µg/

kg, were considered as possible censoring thresholds for 

this analyte, and each is represented in figure 3 with a gray 

bar showing the percentage of quantified values that would 
be “detections” if data were censored at that censoring 

threshold, except for 19 µg/kg, which is off the x-axis scale. 

The blue bars represent the percentage of samples that would 

be indeterminate at that threshold concentration because 

their reporting levels exceed the censoring threshold. The 

highest censoring threshold at which all 9 quantified values 
would still be “detections” after censoring would be 0.34. 
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Figure 3. The effect of censoring threshold on the percentages of quantified values that are retained (gray bars) and 

indeterminate values (blue bars) for an example contaminant from the Deepwater Horizon oil spill, Gulf of Mexico, 2010: 

acenaphthene in sediment.

At a censoring threshold of 0.34, however, 6 percent of 

samples would be considered indeterminate because their 

reporting levels exceed 0.34. The maximum allowable limit 

for indeterminate samples is 5 percent, which is shown as the 

red line in figure 3, so a censoring threshold of 0.34 would not 

be acceptable. The lowest censoring threshold that meets the 

maximum indeterminate sample requirement is 0.35, which 

corresponds to 5 percent indeterminate samples. Raising 

the censoring threshold slightly to 0.36, however, would 

decrease the percentage of indeterminate samples slightly, to 

4 percent, without censoring any quantified values. Increasing 
the censoring threshold again, such as to 0.40, would further 

reduce the indeterminate samples to 3 percent, but it also 

would result in loss of one more detection. The optimal 

censoring threshold selected was 0.36, which minimized the 

indeterminate samples and maximized quantifiable detections, 
while meeting the less than or equal to 5 percent criterion for 

maximum indeterminate samples. 

Optimal censoring thresholds are shown in table 16 

for individual analytes with at least 38 samples. Detection 

frequencies were calculated for each analyte at its optimal 

censoring threshold so that pre-landfall and post-landfall 

samples can be compared at a common detection threshold. 

Also, contaminant concentrations were censored at the optimal 

censoring threshold prior to statistical comparisons between 

sampling periods. 

For all analytes of the same contaminant class and 

sampling medium, detection frequencies also were computed 

by using four common detection thresholds that allowed 

comparison among analytes with different MDLs. A range of 

common thresholds was used because the lower thresholds 

preserve more of the low-level quantified values, whereas higher 
thresholds allowed comparisons among a greater number of 

analytes. The four detection thresholds for a given contaminant 

class and sampling medium correspond to the 10th, 25th, 50th, 

and 70th percentiles in the distribution of optimal censoring 

thresholds for that contaminant type and sampling medium. 
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Table 16E. Optimal censoring thresholds and sample counts from the Deepwater Horizon oil spill, Gulf of Mexico, 2010: trace and 

major elements and nutrients in the less than 63-micrometer (µm) sediment fraction

[Abbreviations: A, constituent was not detected in any samples after optimal censoring threshold was applied; CARB, carbon; mg/kg, milligram per kilogram; 

na, not applicable; nc, not censored because constituent was detected in all samples; NUTR, nutrient; PHYS, physical property; PPW, paired Prentice-Wilcoxon; 

TME, trace and major element; <, less than]

Analyte or  

parameter
Symbol

Chemical 

class

Optimal 

censoring 

threshold1

Units

Before censoring After censoring at optimal threshold

PPW test  

perfromed

Reason 

no PPW 

test was 

run

Number of 

samples  

with data

Number of  

quantified  

values that  

were censored

Number of  

censored values  

that are  

indeterminate2

Aluminum Al TME 0.3 percent 70 0 1 Yes na

Antimony Sb TME 0.4 mg/kg 70 3 5 Yes na

Arsenic As TME nc mg/kg 70 na na Yes na

Barium Ba TME nc mg/kg 70 na na Yes na

Beryllium Be TME 0.9 mg/kg 70 7 5 Yes na

Cadmium Cd TME 1.3 mg/kg 70 42 3 No A

Calcium Ca TME 0.2 percent 70 0 1 Yes na

Carbon, total TC CARB nc percent 39 na na Yes na

Chromium Cr TME 9 mg/kg 79 3 3 Yes na

Cobalt Co TME 10 mg/kg 70 24 5 Yes na

Copper Cu TME 5 mg/kg 79 0 1 Yes na

Iron Fe TME 0.2 percent 70 0 1 Yes na

Lead Pb TME 3 mg/kg 70 0 5 Yes na

Lithium Li TME 7 mg/kg 70 0 1 Yes na

Magnesium Mg TME nc percent 79 0 1 Yes na

Manganese Mn TME nc mg/kg 70 na na Yes na

Mercury Hg TME 0.01 mg/kg 47 0 0 Yes na

Molybdenum Mo TME 13 mg/kg 70 20 5 Yes na

Nickel Ni TME 2 mg/kg 70 0 1 Yes na

Nitrogen N NUTR nc percent 39 na na Yes na

Phosphorus P NUTR 1 mg/kg 79 0 0 Yes na

Potassium K TME 0.6 percent 70 0 4 Yes na

Selenium Se TME 1.2 mg/kg 70 45 5 Yes na

Sodium Na TME 0.5 percent 70 0 2 Yes na

Strontium Sr TME nc mg/kg 70 na na Yes na

Sulfur S TME nc percent 70 na na Yes na

Tin Sn TME 13 mg/kg 70 29 5 No A

Titanium Ti TME 0.03 percent 70 0 4 Yes na

Uranium U TME 600 mg/kg 70 1 5 No A

Vanadium V TME 6 mg/kg 79 0 1 Yes na

Zinc Zn TME 20 mg/kg 79 0 0 Yes na
1Lowest detection threshold that maximizes the number of quantifiable detections, minimizes the number of indeterminate samples, and for which the percent 

indeterminate samples is no more than 7 percent.
2Indeterminate samples are censored data for which the reporting level (for example, <1) is higher than the applied censoring threshold (for example, 0.2), so 

it cannot be classified as either a detection or nondetection at that threshold (for example, it is unknown whether the contaminant is present at levels above 0.2).
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Organic Contaminants in Water 

For organic contaminants in water, samples were 

analyzed by different laboratories; pre-landfall samples were 

analyzed by the USGS NWQL, and post-landfall samples 
by the TestAmerica Laboratories in either Colorado or 

Florida. This complicates the comparison of contaminant 

occurrence between sampling periods, as described in the 

following section. 

Contaminant Occurrence

Few organic contaminants were detected in water 

samples (table 17). For each contaminant, table 17 provides 

an optimal censoring threshold, as described previously, to 

use in comparing detection frequencies between pre-landfall 

and post-landfall samples, as well as a series of four common 

detection thresholds to use in comparing detection frequencies 

among analytes. A common detection threshold must be 

applied when comparing detection frequencies for analytes 

with different or variable reporting levels, as is discussed later 

in this report.

Of the 41 contaminants analyzed only in pre-landfall 

samples, where the number of samples (n) is 60 to 65 sites 

depending on the analyte, 5 contaminants were detected in 

one or more samples: 1,3,5-trimethylbenzene, 2-ethyltoluene, 

n-propylbenzene, dibromomethane, and benzo[g,h,i]

perylene. Of the 24 contaminants analyzed only in post-

landfall samples, where n is 48 sites, 5 contaminants were 

detected in one or more samples: a mixture of C8 to C36 

organics, oil range organics (C28 to C35), gasoline-range 

organics (C6 to C10), diesel-range organics, and total xylene. 

Of 94 organic contaminants analyzed in both pre-landfall 

samples and post-landfall samples, one or more detections 

were observed for 28 analytes in pre-landfall samples and for 

9 analytes in post-landfall samples, with 7 of these analytes, 

including dissolved organic carbon, detected in samples 

from both sampling periods. Two analytes—toluene and 

trichloromethane—were detected in one or more post-landfall 

samples but no pre-landfall samples. Although more analytes 

were detected in pre-landfall than post-landfall samples, two 

factors need to be considered: (1) more sites distributed over 

a wider geographic area were sampled during the pre-landfall 

period, typically 60 to 68, than during the post-landfall 

period, which typically had 47 to 48 sites; and (2) reporting 

levels were lower for many analytes in pre-landfall than in 

post-landfall samples, which were analyzed by different 

laboratories. Thus, the detection frequencies are not directly 

comparable without adjustment for these factors.

This is illustrated in figure 4, which shows the cumulative 

frequency distributions of concentrations determined 

for two example contaminants in water, isophorone and 

benzene. (Appendix 2 provides a complete set of cumulative 

frequency plots for all individual contaminants determined 

in water and sediment.) For isophorone in water (fig. 4A), 

the detections observed in many pre-landfall samples were 

well below the reporting level for isophorone in post-landfall 

samples. Although it is possible that isophorone was present 

in post-landfall samples at concentrations comparable to 

those in pre-landfall samples, the analytical method used 

for post-landfall samples was not sensitive enough to detect 

these values. Similar results were observed for several 

PAHs in water (appendix 2-1). The benzene example 

(fig. 4B) illustrates the effect of blank censoring. In this 

case, comparison of pre-landfall to post-landfall occurrence 

is limited because the censoring level for all post-landfall 

samples was raised to 2.1 µg/L as a result of benzene detection 

in a blank from the post-landfall period. Because the raw 

benzene concentrations detected in post-landfall samples 

were less than the censoring threshold, there is uncertainty as 

to whether these concentrations were the result of incidental 

contamination; therefore, all post-landfall samples were 

reported as less than 2.1 µg/L. Concentrations of 0.02 to 

0.05 µg/L that were detected in pre-landfall samples were 

much lower than the less than 2.1 µg/L censored results 

for post-landfall samples, so pre-landfall and post-landfall 

sample concentrations cannot be compared quantitatively for 

this analyte. 

When detection frequencies above the optimal censoring 

threshold, which varies by analyte, as shown in table 17, 

were computed for organic contaminants in water, dissolved 

organic carbon was detected in about 40 percent of samples 

from both pre-landfall and post-landfall sampling periods, 

and 14 additional analytes were detected in one or more 

samples. Of these 14 analytes, 12 were detected in only one 

sample each. The remaining two detected analytes were 

toluene and the mixture of C8 to C36 organics. Toluene was 

detected above an optimal censoring threshold of 0.7 µg/L 

in 13 percent of post-landfall samples and no pre-landfall 

samples; the C8 to C36 organics were detected above 

an optimal censoring threshold of 47 µg/L in 7 percent 

detection of post-landfall samples but were not analyzed 

in pre-landfall samples. Toluene is the only analyte of the 

94 determined in water during both sampling periods to 

show much difference between the two sampling periods in 

detection frequencies above the optimal censoring threshold 

(table 17). A more rigorous, statistical comparison between 

contaminant concentrations in pre-landfall and post-landfall 

samples follows. 

Table 17. Summary statistics for organic contaminants in water from the Deepwater Horizon oil spill, Gulf of Mexico, 2010.

This table is available as a Microsoft© Excel spreadsheet. It can be accessed and downloaded at URL http://pubs.usgs.gov/

sir/2012/5228.

http://pubs.usgs.gov/sir/2012/5228
http://pubs.usgs.gov/sir/2012/5228
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Comparison of Pre-Landfall to 
Post-Landfall Samples

Of the approximately 100 organic compounds that were 

determined in at least 100 water samples, only 11 compounds 

had enough quantified detections above the optimal censoring 
threshold to make a statistical comparison of pre-landfall 

to post-landfall samples. Of these, only toluene and organic 

carbon showed a significant difference between pre-landfall 
and post-landfall samples in the PPW test. Toluene 

concentrations were significantly higher in post-landfall 
samples than in pre-landfall samples (p = 0.0144; table 18). 

This statistical test result supports the previous observation 

that toluene in water had a higher detection frequency in 

post-landfall samples, at 13 percent, than in pre-landfall 

samples, where it was not detected, after data were censored 

to an optimal threshold of 0.7 µg/L (table 17). The difference 

in concentrations between post-landfall and pre-landfall 

samples (Cpost – Cpre) for toluene at each site along the GOM 

coast, from west to east, is shown in figure 5A. For each site 

in figure 5A, the difference in concentrations of toluene is a 

range, which indicates that one or both samples is censored, 

that is, a nondetection; this range is derived by using both 

zero and the reporting level as the censored value when 

calculating the difference. By using this method of calculation, 

all of the bars that are centered on zero are cases where both 

pre-landfall samples and post-landfall samples were censored 

(for example, most sites in fig. 5A); ranges that do not include 

zero are based on one censored value and one detection. 

For toluene (fig. 5A), the five bars with positive values 
indicate detections in post-landfall samples and censored 

data in the corresponding pre-landfall samples. If there is 

a single point instead of a range, then both samples were 

quantified detections. A single negative value results when the 
concentration is higher in the pre-landfall sample than in the 

post-landfall sample (as shown in fig. 5B for LA-22), and a 

single positive value indicates that the concentration is higher 

in the post-landfall sample than in the pre-landfall sample (as 

shown in fig. 5B for LA-26).
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Table 18. Statistical comparisons of contaminant concentrations in pre-landfall samples to those in post-landfall samples from the 

Deepwater Horizon oil spill, Gulf of Mexico, 2010: organic contaminants in water.

[Significant p-values are shaded yellow (p<0.01) or orange (p<0.05). Abbreviations: A, no detections remained after censoring at optimal censoring threshold; 

B, no detections in paired dataset; C, no detections remain after blank censoring; mg/L, milligrams per liter; n, number of sample pairs; na, not applicable; nc, 

not censored at optimal censoring threshold because no detections remained after blank censoring; ns, not significant at 0.05 level in a 2-sided test; PPW, paired 
Prentice-Wilcoxon; µg/L, micrograms per liter; <, less than; ≤, less than or equal to; –, PPW test was not run]

Analyte Units

Optimal  

censoring  

threshold1

Paired Prentice–Wilcoxon test

2n p-value

Sampling  

period with  

significantly higher  

concentration

Reason no PPW  

test was run

Acenaphthene µg/L 0.28 – – – A

Acenaphthylene µg/L 0.3 – – – A

Anthracene µg/L 0.39 – – – A

Benzene µg/L 0.34 44 0.0833 ns na

Benzo[a]anthracene µg/L 0.26 46.5 0.3173 ns na

Benzo[a]pyrene µg/L 0.33 46.5 0.3173 ns na 

Benzo[b]fluoranthene µg/L 0.3 46.5 0.3173 ns na 

Benzo[k]fluoranthene µg/L 0.4 – – – B

Bis(2-chloroethyl)ether µg/L 2.1 – – – B

Bis(2-ethylhexyl) phthalate µg/L 7.4 41.5 0.3173 ns na

Carbon, organic mg/L 3 40 0.0001 Post-landfall na

Carbon disulfide µg/L 0.5 41 0.3173 ns na

Chloromethane µg/L 0.53 – – – A

Chrysene µg/L 0.33 45 0.3173 ns na

Dibenzo[a,h]anthracene µg/L 0.42 – – – B

Dichloromethane µg/L nc – – – C

Diethyl phthalate µg/L 0.61 – – – A

Di-n-butyl phthalate µg/L 2 – – – A

Ethylbenzene µg/L nc – – – C

Fluoranthene µg/L 0.3 – – – A

Fluorene µg/L 0.33 – – – A

Indeno(1,2,3-cd)pyrene µg/L 0.38 – – – B

Isophorone µg/L 0.61 – – – A

Naphthalene µg/L nc – – – C

Pentachlorophenol µg/L 3.1 – – – A

Phenanthrene µg/L 0.32 – – – A

Phenol µg/L 1.5 – – – A

Pyrene µg/L 0.35 – – – A

Toluene µg/L 0.7 44 0.0144 Post-landfall na

Tribromomethane µg/L 0.58 – – – A

Trichloromethane µg/L 0.6 44 0.3173 ns na

Xylenes, total µg/L 1.6 44 0.3173 ns na
1Lowest detection threshold that maximizes the number of quantifiable detections, minimizes the number of indeterminate samples, and has ≤5 to 8 percent 

indeterminate samples, depending on sample size.

2Non-integer indicates data missing for one member of a sample pair.
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Toluene was not detected at greater than 0.7 µg/L in 

pre-landfall samples but was detected in six post-landfall 

samples, only five of which were in the paired data set and 
therefore appear in figure 5A. The significant PPW test result 
was influenced by the toluene detections in post-landfall 
samples from five sites: MS-37, FL-3, FL-4, FL-25, and 
FL-5 (fig. 5A). Additional BTEX compounds—benzene and 

xylenes—were detected in samples from two of these sites: 

MS-37 and FL-25. 

The detection of BTEX compounds in post-landfall 

beach-water samples does not necessarily indicate the 

presence of M-1 oil. Weathered M-1 oil, which was collected 

on April 27, 2010, contained no detectable BTEX compounds; 

of the aliphatic and cyclic hydrocarbons detected, the lowest 

molecular-weight compound detected was the alkane n-C14 

(State of Florida Oil Spill Academic Task Force, 2010), and 

BTEX compounds were not detected in surface-oil samples 

approaching the near shore environment (Atlas and Haven, 

2011). BTEX compounds are volatile and tend to be rapidly 

removed from seawater by evaporation, and to a lesser extent 

by sorption to particles and sediment, biodegradation, and 

photolysis (Neff, 2002). Other sources of BTEX compounds 

to the GOM include produced water (Neff, 2002; Neff and 

others, 2011), deposition of airborne hydrocarbons from 

combustion sources, and natural oil and gas seeps (Continental 

Shelf Associates, 1997). Nevertheless, high concentrations 

of BTEX compounds, including up to 30 µg/L toluene, were 

reported in a plume trending southwest from the M-1 well 

at about 1,100 m depth in June 2010 (Reddy and others, 

2012); it was concluded that although the ultimate fate of 

these compounds in the deep-water plume was unknown, the 

apportionments of hydrocarbon transfers to the water column 

and atmosphere appeared to be very different for a deep-

water spill compared to a sea-surface oil spill. In the present 

study, water samples were collected at wadable depths near 

the shore, and toluene was detected in post-landfall water 

samples from six sites. Three of the six sites with toluene 

detections, MS-37, AL-7, and FL-3, were reported to have the 

M-1 oil fingerprint in corresponding post-landfall samples of 
sediment, tarballs, or both (Rosenbauer and others, 2010)—

thus providing direct evidence of M-1 oil landfall at those 

sites at the time of post-landfall sampling—but the other three 

sites with toluene detections, FL-4, FL-25, and FL-5, did not 

show evidence of M-1 oil. No evidence of M-1 oil was found 

in 69 pre-landfall sediment samples analyzed by Rosenbauer 

and others (2011), although a tarball from one site, FL-18, was 

similar to M-1 oil, as discussed later in the report. 

Comparison with Benchmarks for Human Health 
and Aquatic Life 

Benchmark comparisons were made for all field samples, 
including primary environmental samples and field replicates. 
Benchmark exceedances for organics in water by individual 

sample are listed in appendix table 3-1, and the results are 

summarized in table 19. For those organic compounds with 

benchmarks, 253 water samples were analyzed: 196 pre-

landfall samples from 70 sites and 57 post-landfall samples 

from 49 sites. Not every organic compound was analyzed in 

every sample, as indicated in appendix table 3-1. Of the 253 

water samples, 138 samples were analyzed for PAHs and 

BTEX compounds, 86 samples for BTEX compounds only, 

and 29 samples for PAHs only. 

Human-health benchmarks are available for 11 organic 

contaminants analyzed in water (table 5C). None of these 

benchmarks were exceeded by any water samples in this study. 

Aquatic-life benchmarks used in the present study 

include the USEPA’s toxic-unit benchmarks for mixtures 

of PAH and BTEX compounds (table 5A), as well as 

supplementary aquatic-life benchmarks for 72 individual 

organic contaminants (table 5B). One water sample exceeded 

the USEPA’s chronic toxic-unit benchmark for PAH and 

BTEX compound mixtures (table 19, appendix 3-1). As 

noted previously, this benchmark assumes additive toxicity 

for compounds with the same mechanism of action, and a 

∑TUi value greater than 1 indicates that chronic toxicity to 

aquatic life is likely. The single water sample exceeding this 

benchmark was the post-landfall sample from the Mississippi 

River at South Pass, Louisiana (site LA-35), for which the 

chronic ∑TUi value was 2.4. This is substantially higher 

than the corresponding chronic ∑TUi value of less than 10–4 

for the pre-landfall sample collected at this site. Neither the 

post-landfall nor the pre-landfall sediment from site LA-35 

contained the M-1 oil fingerprint (Rosenbauer and others, 
2010 and 2011).

Of the 72 individual organic contaminants analyzed in 

this study that have aquatic-life benchmarks (table 5B), not all 

were analyzed in every water sample (see appendix table 3-1). 

However, none of the aquatic-life benchmarks for any 

individual organic contaminants were exceeded by any water 

samples in this study. 

Of individual organic contaminants with benchmarks, 

recovery in matrix spikes was less than 70 percent for 

six contaminants—4-nitrophenol, benzo[a]pyrene, 

hexachlorobutadiene, hexachlorocyclopentadiene, 

hexachloroethane, and N-nitrosodiphenylamine—indicating 

that the measured concentration could be biased low. 
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Benchmark results in appendix table 3-1 and summary 

statistics in table 17 are footnoted to indicate this. The single 

observed benchmark exceedance of the chronic TU benchmark 

for PAH and BTEX compounds by one post-landfall sample 

from site LA-35 must be considered in light of the QC data 
for organic contaminants in water. Of the compounds included 

in this benchmark, one BTEX compound (benzene) and one 

PAH compound (naphthalene) were detected in field or trip 
blanks associated with post-landfall samples; therefore, data 

for these two analytes were censored at five times the blank 
concentration to minimize the probability that incidental 

contamination contributed to the reported concentrations 

and any consequent benchmark exceedances. In the case of 

the LA-35 sample that exceeded the chronic TU benchmark, 

however, neither benzene nor naphthalene was detected in 

the sample; therefore, their concentrations were set to zero 

when computing the TU values for this sample, following 

the USEPA’s calculation procedure and examples, which 

assume that censored values are equivalent to zero (Mount, 

2010). Therefore, incidental contamination by benzene or 

naphthalene did not contribute to the chronic TU benchmark 

exceedance in the post-landfall sample at site LA-35.

Because there was only one benchmark exceedance, 

Fisher’s exact test was not performed for organic contaminants 

in water. When chronic ∑TUi values for all 47 pairs of 

pre-landfall and post-landfall samples were compared, there 

was no significant difference between the two sampling 
periods (sign test, p>0.05). In addition, acute ∑TUi values for 

PAH and BTEX compound mixtures were not greater than 1 

in any water samples, and there was no significant difference 
in acute ∑TUi values between pre-landfall and post-landfall 

samples (sign test, p>0.05). Again, these comparisons need to 

be qualified because reporting levels varied among analytes 
and between the two sampling periods, and concentrations 

were not censored to a single detection threshold prior to 

calculation of benchmark ∑TUi values, which were calculated 

following the standard USEPA procedure. Because reporting 

levels for many analytes were higher in post-landfall samples 

than in pre-landfall samples, setting nondetections equal to 

zero could underestimate benchmark exceedance rates in 

post-landfall samples relative to pre-landfall samples. Also, of 

the 47 sites with paired data, 6 pre-landfall sites were missing 

data for BTEX compounds, so the benchmark ∑TUi values for 

these pre-landfall samples were computed for PAHs only. 

Organic Contaminants in Sediment 

Most organic contaminants in sediment were determined 

by a single laboratory (TestAmerica Laboratory in Vermont) 

in samples from both sampling periods. These contaminants 

include parent PAHs and alkylated PAH groups, which are 

of potential concern from the oil spill (U.S. Environmental 

Protection Agency, 2011b). Fourteen additional organic 

contaminants, mostly individual alkylated PAH compounds, 

were analyzed only in pre-landfall samples by the USGS 

NWQL. Also, 44 miscellaneous SVOCs were analyzed in 
post-landfall but not pre-landfall samples; these include 

chlorinated phenols, nitroaromatic compounds, chlorinated 

alkanes and alkenes, nitroso compounds, and phthalate esters.

Reporting levels for organics in sediment varied 

somewhat for a given compound, but not as widely as for 

organics in water, and reporting levels were comparable for 

pre-landfall and post-landfall samples (appendix 2). 

Contaminant Occurrence

The detection frequencies and percentile concentrations 

of organic contaminants in sediment are shown in table 20. 

Of the 14 organic contaminants analyzed only in pre-

landfall samples, excluding TOC, 8 contaminants were 

detected in 1 to 4 samples each. Six of these were individual 

alkylated PAH compounds that also were included in 

determination of alkylated PAH groups (for example, 

1,2-dimethylnaphthalene would be included in the C-2 

naphthalenes group) by TestAmerica Laboratory in Vermont. 

The remaining two were 9,10-anthraquinone and the mixture 

of petroleum hydrocarbons. 

There were 52 organic contaminants, plus organic 

carbon, analyzed in both pre-landfall and post-landfall 

samples: 19 parent PAHs, 5 individual alkylated PAHs, 

22 alkylated PAH groups, 5 SVOCs, and oil and grease. Of 

the 52 analytes, 49 were detected in pre-landfall samples 

and 50 in post-landfall samples, with 47 analytes detected in 

samples from both sampling periods. Only two analytes were 

not detected in any samples: the SVOCs, hexachlorobenzene 

and diethyl phthalate. PAH detection frequencies above the 

optimal censoring threshold for each analyte ranged from 3 to 

64 percent for parent PAHs and 0 to 33 percent for alkylated 

PAH groups; because of variable reporting limits, there were 

some indeterminate samples (table 20). Figure 4C shows 

an example of the concentration distribution observed in 

sediment samples for the alkylated PAH group, C3-alkylated 

fluorenes. The reporting levels for C3-alkylated fluorene 
tend to be lower for post-landfall than pre-landfall samples, 

which means that uncensored detection frequencies will not 

provide a fair comparison of occurrence in the two sampling 

periods. After censoring at an optimal threshold of 1.8 µg/kg, 

the detection frequency for C3-alkylated fluorenes was higher 
in post-landfall samples at 15 percent than in pre-landfall 

samples, where it was 1 percent. 
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Comparison of detection frequencies among 

contaminants with different reporting levels should be 

done at a common detection threshold (table 20). For 

example, the parent PAH, chrysene, was detected above its 

optimal censoring threshold of 0.23 µg/kg in 50 percent of 

post-landfall samples, compared to 33, 29, 21, and 13 percent 

of post-landfall samples for the C-1, C-2, C-3, and C-4 

alkylated chrysenes detected above their respective optimal 

censoring thresholds, which are 1.5, 1, 1, and 1.3 µg/kg. 

When a common detection threshold of 1.5 µg/kg was applied, 

the 29-percent detection frequency for chrysene was then 

comparable to detection frequencies for the C-1 and C-2 

alkylated chrysenes of 33 and 27 percent, respectively, and 

it was closer to those for C-3 and C-4 alkylated chrysenes, 

which were 19 percent and 10 percent, respectively. 

Thirteen PAHs—four parent and nine alkylated—were 

detected at or above concentrations of 1.5 µg/kg in more 

than 20 percent of post-landfall samples, whereas four parent 

PAHs were detected at or above the 1.5 µg/kg threshold 

in more than 20 percent of pre-landfall samples (table 20). 

Overall, PAH detection frequencies in sediment (table 20) 

tended to be higher than in water samples (table 17), which is 

expected because PAHs are hydrophobic and tend to sorb to 

organic material.

Comparison of Pre-Landfall to 
Post-Landfall Samples

Of 54 organic contaminants analyzed during both pre-

landfall and post-landfall sampling periods, and for at least 

80 whole-sediment samples, there were enough quantified 
detections above the optimal censoring threshold to make a 

statistical comparison of pre-landfall to post-landfall samples 

for 49 contaminants (table 21). Parent PAHs accounted for 

19 of these contaminants, and alkylated PAHs accounted for 

26 contaminants. Of these 49 contaminants, 22 showed a 

significant difference between pre-landfall and post-landfall 
samples in PPW tests (p<0.05; table 21). Concentrations 

were significantly higher in post-landfall samples for 
20 contaminants, which included 3 PAHs and 17 alkylated 

PAH groups, and in pre-landfall samples for two contaminants, 

naphthalene and oil and grease. The difference between 

concentrations in post-landfall and pre-landfall sediment 

samples (Cpost – Cpre) at individual sites along the GOM coast, 

from west to east, is shown in figures 5B to 5H for some 

example contaminants with significantly higher concentrations 
during one sampling period than the other. The examples 

in figures 5B–5F are PAHs that had significantly higher 
concentrations in post-landfall than pre-landfall samples; they 

represent various PAH ring structures and various degrees 

of alkylation. Figures 5G and 5H show naphthalene and 

oil and grease, respectively, for which concentrations were 

significantly higher in pre-landfall samples than post-landfall 
samples. For the three parent PAHs with significant PPW tests, 
chrysene, benzo[b]fluoranthene, and benzo[e]pyrene, there 
were high post-landfall sample concentrations at one site—

LA-26 (for example, see chrysene in fig. 5B). About 1.5 to 

2 times more sample pairs had a positive difference when 

subtracting pre-landfall samples from post-landfall samples 

than had a negative difference for these three PAHs, which is 

consistent with the significant test result. 
In contrast, the significant results for 15 of 17 alkylated 

PAHs reflected particularly high concentrations in post-
landfall samples at seven sites: LA-28, LA-26, LA-31, MS-42, 

AL-8, AL-9, and AL-10 (for example, see figs. 5C–5F). Five 

of these sites showed post-landfall evidence of M-1 oil in 

sediment, tarballs, or both, on the basis of PAH fingerprinting 
by Rosenbauer and others (2010): Grand Isle Beach at State 

Park, Louisiana (LA-31); Petit Bois Island Beach, Mississippi 

(MS-42); and BLM-1 (AL-8), BLM-2 (AL-9), and Fort 

Morgan BLM-3 (AL-10) in Alabama. Notably, 16 of the 17 

alkylated PAHs with significantly higher concentrations in 
post-landfall samples were identified as relatively abundant 
components of weathered M-1 oil (State of Florida Oil 

Spill Academic Task Force, 2010). Chrysene and alkylated 

PAHs, however, are characteristic of petrogenic PAHs (those 

originating from petroleum and petroleum products) in general 

(Iqbal and others, 2008). 

For two sites, LA-28 and LA-26, with large 

positive differences in alkylated PAHs when pre-landfall 

concentrations were subtracted from post-landfall 

concentrations, there was no evidence of the M-1 oil 

fingerprint in the post-landfall sediment samples (Rosenbauer 
and others, 2010). The most abundant PAH compounds in 

these samples were consistent with pyrogenic sources, which 

result from combustion of organic matter and fossil fuels. In 

the LA-28 sample, the most abundant PAH compound was 

anthracene, which is produced during rapid, high temperature 

pyrosynthesis but does not persist during the slow diagenesis 

leading to the generation of fossil fuels (Iqbal and others, 

2008). In the LA-26 sample, the most abundant PAHs were 

fluoranthene and pyrene, and alkylated PAH concentrations 
were generally lower than the corresponding parent PAHs, 

which are characteristic of pyrogenic sources of PAHs. 

Table 20. Summary statistics for organic contaminants in sediment from the Deepwater Horizon oil spill, Gulf of Mexico, 2010.

This table is presented as a Microsoft© Excel spreadsheet. It can be accessed and downloaded at URL http://pubs.usgs.gov/

sir/2012/5228.

http://pubs.usgs.gov/sir/2012/5228
http://pubs.usgs.gov/sir/2012/5228
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Naphthalene and oil and grease concentrations were 

significantly higher in pre-landfall sediment samples than 
post-landfall samples (table 21). Twenty-seven sample 

pairs have negative difference values when pre-landfall 

concentrations were subtracted from post-landfall 

concentrations, compared to only 5 pairs with positive 

difference values. Moreover, one site, LA-32, has a very large 

naphthalene difference value (fig. 5G). Similarly, oil and 

grease concentrations at 26 sites along the GOM coast had 

negative difference values when pre-landfall concentrations 

were subtracted from post-landfall concentrations, compared 

to 5 sites with positive difference values; concentrations 

in pre-landfill samples were substantially higher for sites 
LA-29, LA-22, LA-34, and AL-6 (fig. 5H). Oil and grease are 

operationally defined as hexane-extractable material, which 
includes relatively nonvolatile hydrocarbons, vegetable oils, 

animal fats, waxes, soaps, and greases (U.S. Environmental 

Protection Agency, 1998).

Because hydrophobic contaminants such as PAHs 

tend to be associated with organic carbon, it is possible that 

differences in the amount of organic carbon in pre-landfall 

and post-landfall samples could have caused or contributed 

to the significant differences in PAH concentrations. 
Therefore, the PPW tests were repeated after normalizing 

organic contaminant concentrations to the sediment-TOC 

content (table 21). Of the 20 PAHs with significantly higher 
concentrations in post-landfall samples, 19 continued to show 

a significant difference after organic-carbon normalization; 
the 20th had a p-value of 0.051, which is only slightly greater 

than the significance criterion of p<0.05. Sediment-TOC data 
were insufficient to normalize oil and grease concentrations; 
however, naphthalene concentrations were significantly 
higher in pre-landfall than in post-landfall samples even 

after organic-carbon normalization. Moreover, there was 

no significant difference in sediment-TOC content between 
the two sampling periods (table 21). These PPW test results 

indicate that the significant differences are not likely due to 
differing amounts of sediment-TOC in samples from pre-

landfall and post-landfall periods. 

The results of the present study, combined with direct 

evidence from the oil fingerprinting study by Rosenbauer and 
others (2010), indicate that M-1 oil could have contributed 

to the higher alkylated PAH concentrations measured at five 
sites, LA-31, MS-42, AL-8, AL-9, and AL-10, sampled in 

October 2010, relative to pre-landfall concentrations; however, 

other PAH sources, including other sources of oil, cannot 

be excluded. There are many possible sources of oil-related 

contaminants in the GOM, including natural oil seepage, 

which is estimated at about one million barrels of petroleum 

hydrocarbons each year; various oil spills from production 

operations, which contribute approximately 74,000 barrels 

each year; transportation accidents; and unburned engine fuel 

(Operational Science Advisory Team, 2010). A previous study 

of PAH sources along the Louisiana coast (Iqbal and others, 

2008) reported that approximately 50 percent of PAHs were 

from petrogenic sources; 36 percent were from pyrogenic 

sources; and 14 percent were from diagenetic sources, that 

is, the chemical or biological transformation of natural 

organic matter. 

Comparison with Benchmarks for Aquatic Life

The USEPA ESBTU benchmarks address the additive 

toxicity of PAH and BTEX compound mixtures in sediment 

(table 5D). As noted previously, ΣESBTUi values were 

calculated only for PAHs because BTEX compounds were 

not determined in sediment. One sediment sample exceeded 

the chronic ESBTU benchmark for PAH mixtures: the 

pre-landfall sample from Trinity Bay near Beach City, Texas 

(site TX-52). This site was outside the area of expected oil 

landfall and was not sampled during the post-landfall period. 

Notably, sediment-TOC concentrations in the present study 

were very low, having a median of 0.1 percent, which could 

affect bioavailability and potential toxicity. As previously 

noted, equilibrium-partitioning theory predicts PAH toxicity 

in sediments that have a TOC content of 0.2 percent or above 

(U.S. Environmental Protection Agency, 2002). 

Empirical screening values (table 5E) for 20 individual 

PAHs, 3 PAH mixtures, and 24 other SVOCs in sediment 

were used to classify sites into one of three categories: the 

minimal-effect, possible-effect, and probable-effect ranges. 

Of 165 sediment samples analyzed for organic contaminants 

that have benchmarks, 116 samples (70 percent) had no lower 

or upper screening values exceeded by any of the organic 

contaminants determined in the sample, so these were in 

the minimal-effect range where no adverse effects would 

be expected; 45 samples (27 percent) exceeded one or more 

upper screening values and so were in the probable-effect 

range, where there is a high probability of adverse effects 

on aquatic life; and only 4 samples (2 percent) were in 

the possible-effect range (table 19; appendix table 3-2). 
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Twenty one out of 57 post-landfall samples (37 percent) 

exceeded one or more upper screening values compared to 

24 out of 108 pre-landfall samples (22 percent). The reverse 

pattern holds for samples where no screening values were 

exceeded, so that no adverse effects are expected, which 

applied to 81 of 108 of pre-landfall samples (75 percent) 

and 35 of 57 post-landfall samples (61 percent). The only 

upper screening-value benchmarks exceeded were for PAH 

mixtures. Lower screening values were exceeded by PAH 

mixtures, a few individual PAHs, and occasionally by bis(2-

ethylhexyl)phthalate. Although three PAH compounds 

(benzo[g,h,i]perylene, indeno[1,2,3-cd]pyrene, and perylene) 

were detected in laboratory reagent blanks associated with 

two post-landfall samples, it is unlikely that any incidental 

contamination contributed to benchmark exceedances for 

these two samples. Neither of these two samples exceeded the 

ESBTU for total PAHs, and only one empirical benchmark—a 

lower screening value for perylene—was exceeded by one of 

these samples. On the other hand, four organic contaminants 

with benchmarks had less than 50 percent recovery from 

matrix spikes, so their concentrations and contribution to 

benchmark exceedance could be biased low. These were 

acenaphthylene and naphthalene, which are PAH compounds 

included in the ESBTU; 1,2,4-trichlorobenzene, which had no 

benchmark exceedances; and N-nitrosodiphenylamine, which 

was not evaluated because the benchmark was below the 

reporting level. 

For the five sites identified as having possible 
contributions to alkylated PAH concentrations from M-1 oil—

LA-31, MS-42, AL-8, AL-9, and AL-10—PAH concentrations 

did not exceed ESBTU benchmarks. Chronic ∑ESBTUi values 

in post-landfall samples from these sites ranged from 0.17 to 

0.29 and so were below the hazard index of 1; this indicates 

that PAH levels in these post-landfall samples were not high 

enough to cause toxicity to benthic organisms according to 

these criteria. On the other hand, these samples did exceed 

empirical upper screening-value benchmarks for total PAHs, 

indicating a high probability of toxicity to benthic organisms 

at these sites as indicated by other field studies (MacDonald 
and others, 2000; Ingersoll and others, 2001).

Because of differences in how various benchmarks are 

derived, it is not surprising that empirical benchmarks were 

exceeded more often than the ESBTU benchmarks. The 

empirical, upper screening values are probabilistic—they 

are associated with frequent occurrence of toxicity in field 
sediments, which often contain mixtures of contaminants. 

Exceedance of an empirical benchmark is an indicator 

that toxicity is likely; it does not guarantee toxicity, and 

concentrations above the benchmark do not necessarily cause 

toxicity. In contrast, the ESBTU benchmark is causally based 

and designates concentrations expected to result in PAH-

induced toxicity to benthic organisms. 

Direct comparison between benchmark-exceedance 

frequencies for pre-landfall and post-landfall sampling 

periods must be qualified because, as noted previously, data 
from the two sampling periods do not represent exactly the 

same sites: 22 pre-landfall sites in Florida and Texas and 

1 post-landfall site in Louisiana were only sampled during 

one sampling period (table 1). Also, 20 of the 71 total sites 

were sampled more than once during one or both sampling 

periods. Differences in benchmark exceedances, however, 

were evaluated for the paired-sample dataset, which 

excludes exceedance data for field replicate samples and 
for sites sampled during only one period. Fisher’s exact 

test indicated there was no significant difference in the 
benchmark-exceedance frequency between pre-landfall and 

post-landfall samples in this dataset (p >0.05). This was true 

for exceedance of both upper and lower screening-value 

benchmarks. When chronic ∑ESBTUi values for paired pre-

landfall and post-landfall samples were compared, there was 

no significant difference between the two sampling periods 
(sign test, p >0.05). 

Trace and Major Elements and Nutrients 
in Water 

For trace and major elements and nutrients in water, 

the USGS NWQL analyzed pre-landfall samples, and 
TestAmerica Laboratory in Florida analyzed post-landfall 

samples. For some trace elements and nutrients, the method 

used to analyze pre-landfall samples by the USGS NWQL was 
more sensitive than the method used for post-landfall samples 

by TestAmerica Laboratory in Florida. 

Constituent Occurrence

The detection frequencies and percentile concentrations 

for trace and major elements and nutrients in beach water 

samples are shown in table 22. Detection frequencies are 

provided for a series of detection thresholds because a 

common detection threshold must be applied when comparing 

detection frequencies between pre-landfall and post-landfall 

samples or for two different constituents. Reporting levels 

for trace elements in water were highly variable because 

77 percent of water samples were diluted prior to trace 

element analysis, at least in part because of high specific 
conductance values. 

Table 22. Summary statistics for trace and major elements and nutrients in water from the Deepwater Horizon oil spill, Gulf of Mexico, 

2010.

This table is presented as a Microsoft© Excel spreadsheet. It can be accessed and downloaded at URL http://pubs.usgs.gov/

sir/2012/5228.

http://pubs.usgs.gov/sir/2012/5228
http://pubs.usgs.gov/sir/2012/5228
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Several patterns of trace-element occurrence were 

observed. Uncensored detection frequencies for many 

constituents tended to be higher in pre-landfall samples than 

in post-landfall samples. For some constituents, however, 

this simply reflects the lower reporting levels used to analyze 
these constituents in pre-landfall samples. When data were 

censored to a common reporting level, detection frequencies 

and concentrations were similar (table 22). For example, 

zinc concentrations detected in pre-landfall water samples 

(filled circles in fig. 4D) were generally below the laboratory 

reporting levels for post-landfall samples (unfilled squares in 
fig. 4D). However, after censoring at the optimal censoring 

threshold of 80 µg/L, the detection frequencies for zinc in 

water samples from the two sampling periods were the same 

at about 2 percent (table 22). Additional examples of this 

pattern were found with lead, which was detected above a 

threshold of 20 µg/L in 2 to 3 percent of samples from both 

sampling periods, and iron, which was detected above a 

threshold of 500 µg/L in 41 to 42 percent of samples from 

both periods. Molybdenum in water (fig. 4E) showed a 

different pattern, in which uncensored detection frequencies 

were higher in pre-landfall samples than post-landfall samples, 

but the concentration distribution was higher in post-landfall 

samples. After censoring to the optimal threshold of 20 µg/L, 

the molybdenum detection frequency was actually higher 

in post-landfall samples, at 8 percent, than in pre-landfall 

samples, where it was 0 percent. Aluminum and manganese 

also showed greater detection frequencies above their 

respective optimal censoring thresholds in post-landfall 

than pre-landfall samples. The nutrients, phosphorus and 

ammonia, were more frequently detected in pre-landfall than 

post-landfall samples, even after censoring to a common 

detection threshold. Phosphorus concentrations (fig. 4F) in 

post-landfall water samples had to be blank-censored first 
to minimize the possibility that the detected concentrations 

were the result of incidental contamination. Because the 

blank-censoring procedure is intentionally conservative, 

this could have overestimated the extent of incidental 

contamination and thus lowered the post-landfall sample 

detection frequency. Similarly, ammonia plus organic nitrogen 

(fig. 4G) was blank-censored in post-landfall water samples 

because of detection in each of four field blanks for the post-
landfall sampling period. The conservative blank-censoring 

procedure resulted in censored data with high reporting levels 

for all post-landfall samples. When detection frequencies were 

computed at the optimal censoring threshold of 2.4 mg/L as 

nitrogen (N), the ammonia detection frequencies were zero 

in both sampling periods. Barium, calcium, magnesium, 

potassium, and sodium were detected in 100 percent of both 

pre-landfall and post-landfall water samples, although some 

concentrations in post-landfall samples were higher than 

in pre-landfall samples (for example, potassium in fig. 4H; 

appendix 2–3). 

Comparison of Pre-Landfall to 
Post-Landfall Samples

Statistical comparisons of trace and major element and 

nutrient concentrations in water were made for 17 of the 

26 constituents determined in water during both study periods 

(table 23). The other nine constituents had no detections 

remaining after censoring, so no comparisons were made. 

The PPW test indicated significant differences between 
concentrations in pre-landfall and post-landfall water samples 

for nine constituents: six trace or major elements had higher 

concentrations in post-landfall samples, and three nutrients 

had higher concentrations in pre-landfall samples (table 23). 

Concentrations were higher in post-landfall samples for 

barium, calcium, magnesium, molybdenum, potassium and 

sodium. These are all elements in seawater (Turekian, 1968), 

and barium sulfate is a standard additive in drilling mud 

(Argonne National Laboratory and others, 2012). By using 

molybdenum as an example, figure 6A shows the difference 

in molybdenum concentrations in water between post-landfall 

and pre-landfall samples at individual sites along the GOM 

coast from west to east. Many sites had censored data for one 

or both samples; these are represented by bars that touch or 

cross the x-axis, that is, where y equals zero. Eighteen sites 

showed a positive difference when pre-landfall samples were 

subtracted from post-landfall samples, indicating higher post-

landfall sample concentrations than pre-landfall, and six sites 

showed a negative difference, indicating the opposite. 

Three nutrients, ammonia as N, ammonia as NH4, and 

phosphorus, showed statistically significant differences 
(table 23), having higher detection frequencies (table 22) 

and higher concentrations in pre-landfall samples than post-

landfall samples (for example, fig. 6B). Data were insufficient 
to assess ammonia plus organic nitrogen. Statistical 

comparisons were not significant for organic nitrogen and 
dissolved nitrogen (table 23).
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Table 23. Statistical comparisons of contaminant concentrations in pre-landfall samples to those in post-landfall samples from the 

Deepwater Horizon oil spill, Gulf of Mexico, 2010: trace and major elements and nutrients in water.

[Significant p-values are shaded yellow (p<0.01) or orange (p<0.05). Abbreviations: A, No quantified detections remain above censoring threshold; B, no 
quantified detections remain after blank censoring; mg/L, milligram per liter; n, number of sample pairs; na, not applicable; nc, not censored because constituent 
was detected in all samples; nd, no quantified detections remained after blank censoring; NH

4
, ammonium cation; ns, not significant at 0.05 level in 2-sided test; 

PPW, paired Prentice-Wilcoxon; µg/L, microgram per liter; –, PPW test was not run; <, less than; ≤, less than or equal to]

Constituent
Symbol or  

abbreviation
Units

Optimal 

censoring 

threshold1

Paired Prentice-Wilcoxon test
Reason no 

PPW test 

was run
2n p-value

Sampling period with 

significantly higher 

concentration

Aluminum Al µg/L 400 41.5 0.6963 ns na

Ammonia as N N (ammonia) mg/L as N 0.04 44.5 <0.0001 Pre-landfall na

Ammonia as NH
4

N (ammonium) mg/L as NH
4

0.0515 43 <0.0001 Pre-landfall na

Ammonia plus organic N N (Kjeldahl) mg/L 2.4 – – – A

Arsenic As µg/L 40 – – – A

Barium Ba µg/L nc 40 0.0001 Post-landfall na

Beryllium Be µg/L 10 – – – A

Cadmium Cd µg/L 10 – – – A

Calcium Ca mg/L nc 42 0.0122 Post-landfall na

Chromium Cr µg/L 20 40 0.3173 ns na

Cobalt Co µg/L 30 – – – A

Copper Cu µg/L 38 – – – A

Iron Fe µg/L 500 40 0.0692 ns na

Lead Pb µg/L 20 40 0.5834 ns na

Magnesium Mg mg/L nc 42 0.0024 Post-landfall na

Manganese Mn µg/L 10 40 0.073 ns na

Molybdenum Mo µg/L 20 40 0.0317 Post-landfall na

Nickel Ni µg/L 75 – – – A

Nitrogen, organic N (organic) mg/L 2.4 41.5 0.3173 ns na

Nitrogen, dissolved N (total) mg/L nc 41 0.8752 ns na

Phosphorus P mg/L as P 0.18 42 0.0046 Pre-landfall na

Potassium K mg/L nc 42 <0.0001 Post-landfall na

Selenium Se µg/L 40 – – – A

Silver Ag µg/L nd – – – B

Sodium Na mg/L nc 42 0.0007 Post-landfall na

Zinc Zn µg/L 80 40 0.9859 ns na

1Lowest detection threshold that maximizes the number of quantifiable detections, minimizes the number of indeterminate samples, and has ≤7-percent 
indeterminate samples.

2Non-integer indicates data missing for member of one sample pair.
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Comparison with Benchmarks for Human Health 
and Aquatic Life

U.S. Environmental Protection Agency (2010) 

recommended that concentrations of nickel and vanadium 

in water be compared to human-health benchmarks for 

recreational exposure. Neither was exceeded in any water 

samples collected in the present study, and recreational 

exposure-based human-health benchmarks were not available 

for other trace elements.

Aquatic-life benchmarks were available for 18 trace 

elements in water (table 6A). Benchmarks were identified 
from a number of sources, including USEPA and NOAA, 

and included both acute and chronic marine benchmarks. 

As noted previously, trace-element concentrations were 

converted from total to dissolved concentrations by the use 

of marine conversion factors from the U.S. Environmental 

Protection Agency (2011d). Acute aquatic-life benchmarks 

for one or more trace elements were exceeded in 23 of 

158 water samples (table 24A, appendix table 3-3), of which 

22 samples were from the post-landfall period and 1 was 

from the pre-landfall period; these samples with observed 

acute benchmark exceedances represent 39 percent of 

post-landfall samples and 1 percent of pre-landfall samples. 

The elements responsible for acute benchmark exceedances 

were copper in all 23 samples, and zinc in 2 samples. The one 

pre-landfall sample with exceedances was from Louisiana, 

whereas post-landfall samples with exceedances were found 

in all five states sampled. In addition, chronic aquatic-life 
benchmarks were exceeded by concentrations of one or 

more trace elements in 74 of 158 samples, including 22 of 

102 pre-landfall samples and 52 of 56 post-landfall samples; 

the samples with observed chronic benchmark exceedances 

represent 22 percent of total pre-landfall samples and 93 

percent of total post-landfall samples. Overall, boron exceeded 

the chronic benchmarks in 50 water samples, manganese in 

30, copper in 24, cobalt in 19, nickel in 7, lead in 6, barium 

in 3, zinc in 2, and vanadium in 1 water sample. The post-

landfall sample from site LA-25, Rockefeller Refuge Beach, 

Louisiana, exceeded chronic benchmarks for eight trace 

elements, including nickel and vanadium; excluding this 

sample, the other post-landfall chronic benchmarks exceeded 

were for boron in 47 water samples, copper in 21, manganese 

in 11, and barium in 1 water sample. 

For trace elements in water, statistical comparison of 

the proportion of samples exceeding aquatic-life benchmarks 

between the pre-landfall and post-landfall sampling periods 

was precluded because of the highly variable reporting levels 

and the large number of censored values that had reporting 

levels greater than the applicable benchmarks. For example, 

of 40 post-landfall samples in the paired-sample dataset, 

1 sample exceeded the 8.1 µg/L aquatic-life benchmark 

for lead, 3 samples were less than this benchmark value, 

16 samples were reported as censored values of less than 

10 µg/L, and 20 samples were reported as censored values of 

less than 20 µg/L. The lead concentration could exceed the 

benchmark in none, some, or all of the 36 samples reported 

as having less than 10 or less than 20 µg/L of lead. The single 

benchmark exceedance observed for lead in post-landfall 

samples in the paired-sample dataset, therefore, represents 

the minimum number of exceedances of this benchmark 

for the 40 post-landfall samples, and the actual number of 

post-landfall samples with lead concentrations higher than 

8.1 µg/L in this dataset could be substantially greater—

theoretically, as few as 1 sample and as many as 37 of the 

40 post-landfall water samples could exceed the benchmark 

for lead. In this sense, the uncensored benchmark-exceedance 

frequencies presented in this report are essentially minimum 

exceedance frequencies; if the analytical methods used for 

post-landfall samples were more sensitive, it is possible that a 

greater number of benchmark exceedances would have been 

identified. For antimony, boron, and vanadium, comparisons 
to benchmarks were limited because these elements were 

analyzed largely during only one sampling period. For arsenic, 

cadmium, cobalt, copper, lead, nickel, and silver, benchmark 

exceedance could not be ascertained for between 35 and 

100 percent of samples during one or both sampling periods 

because concentrations were censored values at reporting 

levels that were higher than the applicable benchmarks. For 

the following analytes and sampling periods, therefore, the 

exceedance frequencies presented in this report could be 

substantially underestimated: antimony, boron, and vanadium 

in the pre-landfall period; arsenic, cadmium, cobalt, lead, 

nickel, and silver in the post-landfall period; and copper in 

both sampling periods. This is illustrated in figure 7, which 

shows the number of aquatic-life benchmark exceedances, 

by element and sampling period, for the 40 sample pairs in 

the paired-sample data set. The blue and red bars in figure 7A 

represent the number of observed benchmark exceedances 

for a given element in pre-landfall and post-landfall 

periods, respectively. The height of each bar in figure 7A 

represents the minimum number of exceedances for that 

element and sampling period because some samples had 

missing data or were censored at reporting levels too high 

to ascertain whether or not the benchmark was exceeded. 

In figure 7B, samples that are missing data (antimony, 

boron, and vanadium), or are censored values with reporting 

levels higher than the applicable benchmark, are assumed 

to be possible benchmark exceedances and are shown as a 

lighter colored segment in the stacked bar (lighter blue for 

pre-landfall samples and lighter red for post-landfall samples); 

the total height of the stacked bar represents the maximum 

number of exceedances possible for that element and sampling 

period. It is clear that several trace elements have reporting 

levels above the applicable benchmarks in a large number of 

samples, or were not analyzed in a large number of samples.  
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Figure 7. Number of benchmark exceedances for trace elements in water in paired pre-landfall and post-landfall samples 

(N = 40) from the Deepwater Horizon oil spill, Gulf of Mexico, 2010: (A) observed number of exceedances, which ignores 

censored data and represents the minimum number of exceedances; (B) maximum number of benchmark exceedances 

possible, which assumes that all samples with censored reporting levels greater than the applicable benchmark are possible 

exceedances. B, boron; N, number of sample pairs in the dataset; POST, post-landfall samples; PRE, pre-landfall samples; TE, 

trace element; V, vanadium.
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Therefore, the number of benchmarks exceeded could 

be substantially higher than what was observed, so the 

benchmark exceedances observed in 47 percent of water 

samples represent the minimum number of exceedances for 

the samples collected in the present study. Furthermore, there 

is too much uncertainty to do statistical comparisons between 

sampling periods of benchmark exceedances for antimony, 

boron, vanadium, cobalt, copper, lead, nickel, arsenic, 

cadmium, and silver. For barium, manganese, and zinc, 

which were the only elements with sufficient data to make 
statistical comparisons, there were no significant differences 
in benchmark exceedances between paired pre-landfall and 

post-landfall samples (sign test, p >0.05).

Two of the elements with benchmark exceedances, 

boron and copper, were detected in one of four field blanks 
for the study, so their concentrations were blank-censored 

prior to comparison to benchmarks. The maximum boron 

concentration of 10 µg/L detected in blanks was less than 

1 percent of the benchmark value of 1,200 µg/L, indicating 

there is reasonable certainty that measured concentrations 

above the benchmark were not affected by incidental 

contamination. For copper, however, the maximum 

concentration of 2.2 µg/L detected in blanks was close 

to the chronic and acute aquatic-life benchmarks of 3.1 

and 4.8 µg/L, respectively. Therefore, measured copper 

concentrations were considered to be benchmark exceedances 

only when they exceeded 11 µg/L, or five times the maximum 
blank concentration. 

A total of seven samples exceeded chronic aquatic-

life benchmarks for nickel, vanadium, or both, which were 

specifically identified by U.S. Environmental Protection 
Agency (2011a) as relevant to the Deepwater Horizon oil 

spill in the GOM. Of these seven samples, six were from 

the pre-landfall period and exceeded the chronic benchmark 

for nickel, and one sample from the post-landfall period 

exceeded chronic benchmarks for both nickel and vanadium 

(appendix table 3-3). Nickel benchmark exceedance could 

be substantially underestimated during the post-landfall 

period because the reporting level of 15 to 75 µg/L was too 

high to ascertain whether the chronic aquatic-life benchmark 

of 8.2 µg/L was exceeded. Vanadium was analyzed in all 

post-landfall samples but in only two pre-landfall samples.

The frequency at which aquatic-life benchmarks for 

one or more trace elements were exceeded—47 percent—in 

GOM water samples indicates there is potential for toxicity to 

aquatic life. Because of high and variable analytical reporting 

levels for trace elements in water, it was not possible to do 

a rigorous statistical comparison of benchmark exceedances 

between the pre-landfall and post-landfall sampling periods. 

Trace and Major Elements and Nutrients 
in Sediment 

Trace and major elements and the nutrients phosphorus 

and total nitrogen were analyzed in both whole sediment and 

the less than 63-µm sediment fraction, by the USGS SCL for 

both pre-landfall and post-landfall samples. Concentrations in 

whole sediment were used to assess contaminant occurrence 

and for comparison to sediment-quality benchmarks. 

Concentrations in the less than 63-µm fraction of sediment 

were compared to national baseline concentrations in 

bed sediments of rivers and streams from Horowitz and 

Stephens (2008). 

Constituent Occurrence

The detection frequencies and percentile concentrations 

for trace and major elements and nutrients in sediment are 

shown in table 25 for whole sediment and table 26 for the 

less than 63-µm sediment fraction. Because sediment samples 

were subjected to strong-acid digestion, which destroys the 

sediment matrix, the analyses yielded total trace-element 

concentrations (Horowitz and Stephens, 2008).

Detection frequencies for these constituents in whole 

sediment ranged from zero for thallium and uranium to over 

90 percent for barium, manganese, phosphorus, sodium, 

strontium, and sulfur in one or both sampling periods at a 

common detection threshold of 0.1 mg/kg (table 25). For 

almost all constituents, detection frequencies in pre-landfall 

and post-landfall samples were separated by about 10 percent 

or less at their optimal censoring thresholds (table 25). As 

examples, the concentration distributions in pre-landfall and 

post-landfall whole-sediment samples are shown for calcium 

and lead in figures 4I and 4J. Although calcium detection 

frequencies above the optimum censoring threshold were 

similar for pre-landfall and post-landfall samples, at 67 to 

68 percent, respectively, calcium concentrations appeared 

to be higher in post-landfall samples (fig. 4I). The opposite 

was true for lead, which had similar detection frequencies in 

Table 25. Summary statistics for trace and major elements and nutrients in whole sediment from the Deepwater Horizon oil spill, Gulf 

of Mexico, 2010.

Table 26. Summary statistics for trace and major elements and nutrients in the less than 63-micrometer sediment fraction from the 

Deepwater Horizon oil spill, Gulf of Mexico, 2010.

These tables are presented as Microsoft© Excel spreadsheets. They can be accessed and downloaded at URL http://pubs.

usgs.gov/sir/2012/5228.

http://pubs.usgs.gov/sir/2012/5228
http://pubs.usgs.gov/sir/2012/5228
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both sampling periods but higher concentrations during the 

pre-landfall period (fig. 4J). Because whole-sediment samples 

were collected from the swash zone and analyzed without 

pre-treatment, dried sea salt could have contributed to the 

sodium, potassium, calcium, and magnesium concentrations 

measured in whole-sediment samples. 

Of nutrients, phosphorus was detected above 0.1 mg/kg 

in all pre-landfall and post-landfall whole-sediment samples 

(table 25), and the highest concentrations were in two pre-

landfall samples (fig. 4K). Total nitrogen was detected above 

its optimum threshold of 0.1 percent in 10 to 11 percent of 

both pre-landfall and post-landfall whole-sediment samples. 

Comparison of Pre-Landfall to 
Post-Landfall Samples

Statistical comparison of trace- and major-element and 

nutrient concentrations in whole sediment was performed for 

33 constituents, including total carbon and organic carbon. 

Six constituents showed a significant difference between 
pre-landfall and post-landfall samples in PPW tests (p <0.05) 

after censoring each element to its specific optimal censoring 
threshold (table 27). Concentrations were higher in post-

landfall samples for calcium (fig. 4I), total carbon, sodium, 

and strontium, and in pre-landfall samples for lead (fig. 4J) 

and mercury. Using lead in whole sediment as an example, 

figure 6C shows the difference in concentrations when pre-

landfall concentrations were subtracted from post-landfall 

ones (Cpost – Cpre) at each sampling site along the GOM coast 

from west to east. Statistically higher lead concentrations 

in pre-landfall whole-sediment samples appeared to be 

influenced in part by a negative difference value, showing 
higher pre-landfall concentrations, at three sites in Louisiana, 

one extreme site in Mississippi, and two sites in Florida 

(fig. 6C). When pre-landfall concentrations were subtracted 

from post-landfall ones, 50 percent of sites had difference 

values that were negative; 23 percent had positive difference 

values; and 27 percent had difference values that equaled or, if 

the difference value was a range, included zero, so they could 

not be classified as definitively positive or negative. 
Because trace elements tend to be concentrated in the 

less than 63-µm fraction of sediment, it is possible that 

substantially different amounts of fine material in pre-landfall 
and post-landfall samples could have contributed to the 

few significant differences in trace- and major-element 
concentrations that were observed. Therefore, the PPW 

tests were also performed on trace- and major-element and 

nutrient concentrations measured in the less than 63-µm 

fraction of sediment (table 27). Of the six elements that 

showed significant differences between sampling periods in 
whole sediment, none were significant in the less than 63-µm 
sediment fraction. Several factors could contribute to the lack 

of significant relationships in the less than 63-µm sediment 
data. First, the sample size was much smaller for this fraction, 

which had 15 to 16 sample pairs for nutrients and 21 to 35 for 

other elements, compared to 35 sample pairs for nutrients and 

44 to 48 for other elements in whole sediment; this reduced 

the power of the test for the less than 63-µm sediment fraction. 

Also, any dried sea salt present on whole-sediment samples 

would not remain in the less than 63-µm sediment fraction 

because the sediment samples were rinsed with deionized 

water during the sieving process. This would affect salts of 

major ions, such as calcium, sodium, and strontium. Finally, 

it is possible that significant differences in the constituent 
concentrations between post-landfall and pre-landfall samples 

actually were influenced by differences in the amount of fine 
material in these samples. 

Again, by using lead as an example, the difference in 

post-landfall and pre-landfall concentrations (Cpost – Cpre) at 

individual sampling sites for the less than 63-µm sediment 

fraction (fig. 6D) can be compared to the difference for whole 

sediment (fig. 6C). First, the most extreme difference value 

for lead in whole sediment (MS-44; fig. 6C) was no longer 

extreme in the less than 63-µm sediment fraction (fig. 6D). 

Both datasets had 50 percent of sites with a negative difference 

value when pre-landfall concentrations were subtracted from 

post-landfall ones; however, the less than 63-µm sediment 

fraction had a positive difference value at 37 percent of sites 

compared to 23 percent of sites for whole sediment, and 

difference values were indistinguishable from zero for 13 and 

27 percent of sites for the less than 63-µm fraction and whole 

sediment, respectively. The smaller sample size for the less 

than 63-µm fraction is illustrated in figures 6C and 6D also. 

Fine sediment data were missing for several sites, especially in 

Florida and Alabama (fig. 6D), because the sediment samples 

collected at these sites had insufficient mass in the less than 
63-µm fraction to run the trace-element analysis.

Overall, there was no significant difference in the percent 
of fine material contained in pre-landfall and post-landfall 
samples (table 27). To test whether site-specific differences 
in the percent of fine material contributed to differences in 
contaminant concentrations, the differences in contaminant 

concentrations in whole sediment between sampling periods 

(Cpost – Cpre) were regressed against the differences in the 

percentage of sediment that was less than 63 µm (LT63) 

between sampling periods (LT63post – LT63pre), in both 

cases subtracting pre-landfall values from post-landfall 

values. For lead and mercury, which had significantly higher 
concentrations in whole sediment pre-landfall samples 

than in post-landfall samples, the difference in constituent 

concentrations was significantly (p <0.05) related to the 
difference in fine material between the samples. Although 
not conclusive, this supports the hypothesis that site-specific 
differences in the amount of fine material in sediment 
samples could have contributed to the significantly higher 
concentrations of lead and mercury in pre-landfall compared 

to post-landfall whole-sediment samples. 
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Comparison with Sediment-Quality Benchmarks 
and National Baseline Concentrations 

About 18 trace elements have one or more empirical 

sediment-quality benchmarks for protection of benthic 

organisms in whole sediment. Of 143 whole sediment 

samples, 67 samples (table 24B) from 28 sites exceeded one 

or more upper screening values for trace elements, placing 

these samples in the probable effect range; therefore, these 

samples have a high probability of adverse effects on benthic 

organisms. These samples included 33 of 83 pre-landfall 

samples and 34 of 60 post-landfall samples. Eight pre-landfall 

samples exceeded one or more lower screening values for 

trace elements, but no upper screening values, so were in 

the possible-effect range. The remaining 68 samples were 

in the minimal-effect range, indicating no adverse effects on 

benthic organisms would be expected. These results could be 

conservatively high estimates of potential toxicity because the 

present study measured total trace-element concentrations in 

sediment, rather than the bioavailable concentrations. 

The trace elements with one or more upper screening-

level benchmark exceedances in whole-sediment samples 

were barium in 66 samples, aluminum in 34, manganese in 

24, vanadium in 17, cobalt in 7, arsenic in 2, and chromium 

in 2 samples. Trace-element concentrations exceeded 

one or more upper screening values in 40 percent of pre-

landfall samples and 57 percent of post-landfall samples. 

Fisher’s exact test indicated no significant difference in 
benchmark-exceedance frequencies between pre-landfall and 

post-landfall sampling periods for whole-sediment samples 

in the paired dataset. This was true for both upper and lower 

screening-value benchmarks. 

There were no blank or matrix spike QC data available 
for trace elements in sediment. However, the QC replicate 
data indicate high variability in the concentrations of four 

elements: magnesium, mercury, sodium, and tin. Summary 

statistics in table 25 and benchmark comparisons in table 23 

are footnoted accordingly. 

Appendix table 3-4 also lists trace and major elements for 

which enrichment was found in the less than 63-µm sediment 

fraction, relative to national maximum baseline conditions. 

As noted previously, elements were considered to be enriched 

if their maximum baseline quotients exceeded 2 for samples 

with less than 1 percent material in the less than 63-µm 

sediment fraction, or 1 for all other samples. About 20 samples 

with less than 1 percent material in the less than 63-µm 

sediment fraction had insufficient material to do trace-element 
determinations. Of 124 samples analyzed for trace elements 

in the less than 63-µm sediment fraction, 81 had less than 

1 percent material in the less than 63-µm fraction and were 

compared to the quotient threshold of 2. All but one of these 

samples were enriched in at least one element. 

The use of national baselines to assess anthropogenic 

enrichment is based on the observation by Horowitz and 

Stephens (2008) that the upstream or underlying rock type had 

a minimal effect on trace- and major-element concentrations 

in streambed sediment nationally compared to the effects of 

land use or population density. There are regional differences 

in soil composition, however, that likely affect trace- and 

major-element concentrations in the less than 63-µm sediment 

fraction in the present study. Gustavsson and others (2001) 

reported total concentrations of trace and major elements in 

fine soil, defined as the less than 75-µm fraction of soil, across 
the U.S. These authors observed much lower concentrations 

in the less than 75-µm soil fraction for many elements in 

the Gulf Atlantic–Coastal Flats, which includes the Florida 

sites from the present study, than in many other parts of the 

country; this was attributed to an abundance of quartz sand 

in surficial soil, combined with the wet climate, which causes 
leaching of many elements from the upper soil horizons. 

These elements include arsenic, chromium, copper, lead, 

manganese, nickel, vanadium, and zinc. On the basis of the 

soil distributions observed by Gustavsson and others (2001), 

we would expect concentrations of these elements to be lower 

at Florida sites and some Alabama and Mississippi sites in 

the present study compared to sites in Texas and Louisiana. 

In fact, the concentrations of these elements reported by 

Gustavsson and others (2001) for most coastal soils in Florida, 

Alabama, and Mississippi were below the minimum baseline 

concentrations (that is, below the range of natural geochemical 

variation) in U.S. river sediment from Horowitz and Stephens 

(2008). In contrast, Gustavsson and others (2001) reported 

that soils in the Mississippi River Alluvial Plain contained 

the same elements at concentrations within their national 

baseline ranges from Horowitz and Stephens (2008); this area 

corresponds to the Louisiana and Texas sites in the present 

study. This indicates that comparison with maximum baseline 

concentrations will underestimate the degree of enrichment 

for our study sites in Florida and parts of Alabama and 

Mississippi, but is generally appropriate for sites in Louisiana 

and Texas. 

The baseline exceedance results can be considered, 

together with upper screening-value benchmark exceedances, 

to identify samples that combine enrichment above baseline 

with potential for toxicity (table 24B and appendix table 3-4). 

There were 122 sediment samples with trace-element data 

for both whole sediment and the less than 63-µm sediment 

fraction. Of these, 19 samples (16 percent) exceeded upper 

screening-value benchmarks for, and were enriched in, one or 

more of these elements: barium in 14 samples, vanadium in 

5, aluminum in 3, manganese in 3, arsenic in 2, chromium in 

2, and cobalt in 1 sample. These samples were evenly divided 

between sampling periods, with 9 pre-landfall samples and 

10 post-landfall samples, and were collected from 8 sites in 

Louisiana and 3 sites in Texas. 
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Contaminant Concentrations at Sites with 
Macondo-1 Well Oil Fingerprint Evidence 

As noted previously, sediment and tarballs sampled 

by the USGS at 49 post-landfall sites and 69 pre-landfall 

sites were analyzed for diagnostic geochemical biomarkers 

by Rosenbauer and others (2010, 2011). In the Rosenbauer 

study, extracts from tarballs and from subsamples of the same 

composite sediment samples analyzed in the present study 

were compared to the chemical “fingerprint” of BP M-1 oil. 
The identification of M-1 well oil in the extracts was based on 
a combination of the interpretation of compounds identified 
in the mass spectra of sample extracts and a multivariate 

statistical analysis of the biomarker ratios by using hierarchal 

cluster analyses and principal component analyses. 

At pre-landfall sites, residues of oil—any oil—were 

found in sediment from 45 of 69 sites (65 percent of sites). 

None of these sediment samples correlated with the M-1 

oil, although a tarball collected from site FL-18 at Coco 

Plum Beach near Marathon, Florida, was similar to M-1 

oil (Rosenbauer and others, 2011). This pre-landfall tarball 

sample from site FL-18 was collected on May 24, which was 

6 days after NOAA reported on May 18 that a small tendril 

of M-1 well oil was in close proximity to the loop current 

(Lubchenco, 2010). 

In post-landfall samples, Rosenbauer and others 

(2010) found at least a trace amount of oil at 44 of 49 sites 

(90 percent), with evidence of M-1 oil in sediment, tarballs, 

or both, from 19 of the 49 sampled sites (39 percent). Of 

20 tarballs collected from 19 sites, all but 2 contained M-1 

oil. Five of the post-landfall sites likely contained a mixture 

of M-1 oil plus one or more other oils. These results indicate 

a high incidence of oil contamination at the post-landfall sites, 

with direct evidence of M-1 oil in sediment, tarballs, or both, 

at 19 sites. These 19 sites are identified in table 1 and figure 1. 

When PPW tests were run for all contaminants on the 

“fingerprint-sample” dataset, which was composed of pre-
landfall and post-landfall samples from only those 19 sites 

that had M-1 oil fingerprint evidence during the post-landfall 
period, the results were very similar to results for the paired-

sample dataset. A few analytes with significant differences 
when using the paired-sample dataset were no longer 

significant when the fingerprint-sample data subset was used. 
Specifically, toluene, calcium, and molybdenum in water, and 
calcium in sediment, were no longer significantly higher in 
post-landfall samples when the smaller fingerprint-sample 
dataset was used. Similarly, lead had significantly higher 
concentrations in sediment during the pre-landfall period 

when using the paired-sample dataset, but not when using 

the fingerprint-sample dataset. The loss of significance for 
some analytes could be a result of the much smaller sample 

size in the fingerprint-sample dataset, which typically had 
14 to 18 sample pairs, compared to the entire dataset, which 

typically had 40 to 48 sample pairs. Although the 19 sites 

with direct evidence of M-1 oil landfall could be expected 

to show significantly higher contaminant concentrations 

in post-landfall samples for more analytes than in the full 

paired-sample dataset, this was not the case; again, the small 

sample size of the fingerprint-sample dataset limits the 
power of the test. There were three analytes for which the 

post-landfall concentrations were significantly higher than 
pre-landfall concentrations in the fingerprint-sample dataset 
but not in the full paired-sample dataset: two alkylated PAHs 

(1-methylphenanthrene and C1-alkylated dibenzothiophenes) 

and sulfur in sediment. In terms of potential toxicity, the most 

important difference between the two datasets is that toluene 

was no longer significant in the subset of 19 sites in the 
fingerprint-sample dataset. The principal conclusion from the 
PPW analysis, however, remains unchanged—concentrations 

of 20 PAHs, especially alkylated PAHs, were higher overall in 

post-landfall samples than pre-landfall sediment samples. Of 

the 19 post-landfall sites with M-1 oil, 5 sites had the largest 

difference in post-landfall minus pre-landfall concentrations 

for several PAHs. These sites are Grand Isle Beach at State 

Park, Louisiana (LA-31); Petit Bois Island Beach, Mississippi 

(MS-42); and BLM-1 (AL-8), BLM-2 (AL-9), and Fort 

Morgan BLM-3 (AL-10) in Alabama. 

Data Issues, Data Censoring, and Quality Control 

Because of the nature of this project—especially the 

emergency timing and the involvement of multiple agencies 

and organizations—there were a number of data issues that 

had to be resolved in order to do a technically sound analysis 

of the resulting data. This occurred because the pre-landfall 

sampling had to be done soon after the oil spill, before oil 

made landfall, and there were not yet recommendations in 

place concerning what analytes should be targeted and what 

methods should be used. Later, between the pre-landfall and 

post-landfall sampling periods, changes were made to the 

target analyte list and the chemical analysis methods used 

(Operational Science Advisory Team, 2010, appendix F), 

and these changes improved the number of oil-related 

contaminants with data for the post-landfall period. Data 

issues faced during the data analysis required for this report 

included large amounts of censored data, highly variable 

reporting levels for a given contaminant and sampling 

medium, duplicate analyses of the same sample that were 

either verifications by the same laboratory or re-analysis by 
a different laboratory, systematic differences in reporting 

levels between pre-landfall and post-landfall sampling 

periods, and differences between the two sampling periods 

in the contaminants that were analyzed. The complexity of 

data types and sources also created difficulties for database 
management that had to be resolved before data analysis 

could proceed; for example, there was incomplete information 

on parameters, methods, and data precision from contract 

laboratories. The importance of database management cannot 

be overemphasized, and the expertise and efforts of the USGS 

database managers were essential to compiling a dataset of 

optimized and documented data quality. All of the data issues 
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affecting this report were resolved, and are detailed in the 

sections on data analysis and data censoring. 

One primary tool for dealing with many of these issues 

was strategic data censoring, which was necessary so that the 

data coming from different sources and representing different 

sampling periods, sites, or laboratories were comparable 

and could be evaluated on equal grounds. Unfortunately, 

post-laboratory data censoring resulted in loss of information 

for some samples. 

Consistency of methods. The fact that, for some 

contaminants, different laboratories were used to analyze 

different samples contributed to a number of data issues. 

Different laboratories can use different methods and 

often have different reporting levels for the same analyte. 

The latter was especially problematic when there were 

systematic differences in reporting levels between the two 

sampling periods, as occurred in this study for both organic 

contaminants and trace elements in water. To compare results 

from pre-landfall and post-landfall sampling periods, data 

had to be censored at a common threshold, which resulted in 

loss of information from the sampling period with the more 

sensitive method. Different laboratories also had different 

analyte lists, and all contaminants that were determined in 

only one of the sampling periods had to be dropped from the 

comparison between sampling periods. 

Sample dilution. For trace elements in water, 77 percent 

of samples were diluted prior to analysis because the water 

samples exceeded the specific conductance or total dissolved 
solids thresholds for analysis by ICP-OES or ICP-MS. The 

dilution factor used for each sample depended on the degree 

to which the specific conductance or total dissolved solids 
threshold was exceeded. Because the reporting level increased 

proportionally with the sample-specific dilution factor, the 
sample dilution process resulted in high and variable reporting 

levels for trace elements in water in this study. This precluded 

statistical comparison between pre-landfall and post-landfall 

samples, and in many cases censored values were higher 

than the applicable aquatic-life benchmarks, which made it 

impossible to ascertain whether benchmarks were exceeded. 

The use of sample dilution could have been minimized, 

although not eliminated altogether, by better communication 

with the analyzing laboratories so that operating protocols 

were optimized for analysis of seawater. 

Quality control. Blank censoring was used to ensure 

that reported contaminant concentrations in environmental 

water samples were not affected by incidental contamination 

during sample collection, processing, or analysis. Because 

a limited number of blanks were collected during this study, 

a conservative approach had to be taken when censoring 

environmental-sample results on the basis of contamination 

in blanks. Detection of an analyte in any field or trip blank 
resulted in censoring of concentrations of that analyte in all 

environmental samples collected during the same sampling 

period. For some analytes, such as ammonia plus organic 

nitrogen and benzene in water, this resulted in the censoring 

of all quantified detections from the post-landfall sampling 
period. If more blank samples had been collected, perhaps 

the potential for incidental contamination in an individual 

environmental sample could have been represented by the 

concentration in a single corresponding blank, and fewer 

samples would have been subject to blank censoring. 

Target analytes. To obtain the most complete information 

on contaminant benchmark exceedances, water and sediment 

samples should be analyzed for trace elements and organic 

compounds, including PAHs, alkylated PAHs, and BTEX 

compounds. USEPA benchmarks for total PAH mixtures 

in water and sediment were designed to assess cumulative 

potential toxicity of 41 oil-related contaminants: 18 parent 

PAHs, 16 alkylated PAH groups, and 7 BTEX compounds 

(U.S. Environmental Protection Agency, 2011a and 2011b). To 

obtain the most complete estimate of potential PAH toxicity, 

all 41 target analytes that go into this benchmark should 

be determined. In the present study, alkylated PAHs were 

not analyzed in water samples or, initially, in pre-landfall 

sediment samples. Although alkylated PAHs can be estimated 

from parent PAH concentrations by using multipliers 

(Mount, 2010), this method can underestimate the total PAH 

benchmark toxic-unit value (∑ESBTU or ∑TU) when parent 
PAHs are not detected. The Operational Science Advisory 

Team (2010; appendix table C-3) tested the efficacy of the 
multiplier-based estimation method by calculating toxic-unit 

benchmarks in two different ways for samples with a full suite 

of analytes measured: they compared the results obtained by 

using data for 16 parent PAHs plus multipliers to the results 

obtained by using data for all 41 analytes. Although the toxic-

unit benchmarks obtained these two ways were correlated 

positively to each other, the relationship was not statistically 

significant (p >0.05). In the present study, this means that 
∑TU benchmarks for total PAH mixtures in water could be 
underestimated. For organic compounds in sediment, this 

omission was corrected by reanalyzing pre-landfall sediment 

samples for all 34 parent and alkylated PAHs. A second target 

analyte omission in the present study is that BTEX compounds 

included in the ∑ESBTU benchmark were not analyzed in 
sediment; therefore, ∑ESBTU values for sediment could be 
underestimated to some extent. At least for weathered oil, this 

low bias is likely to be minimal because the BTEX compounds 

are volatile and were not detected in a sample of weathered 

M-1 crude oil (State of Florida Oil Spill Academic Task Force, 

2010) or in surface oil samples approaching the near shore 

environment after the spill (Atlas and Haven 2011). 

These factors—use of different laboratories for pre-

landfall and post-landfall sampling periods, high and variable 

reporting levels, missing data for analytes that should be 

included in benchmark calculations, and collection of only a 

limited number of blanks—led to difficulties in data analysis 
and interpretation. These are lessons learned that can be the 

basis for improvements in the agency response to future oil 

spills or similar environmental emergencies. 
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Summary and Conclusions

In response to the British Petroleum (BP) Deepwater 

Horizon Macondo-1 (M-1) oil spill on April 20, 2010, the 

U.S. Geological Survey (USGS) sampled beach water and 

sediment at 70 sites along the Gulf of Mexico (GOM) coast 

from May 7 to July 7, 2010, in order to establish baseline 

contaminant levels in potentially vulnerable locations before 

the oil made landfall. After the oil made landfall, a subset 

of 48 sites was resampled from October 4 to 14, 2010, and 

one new site was sampled on August 23, 2010, to assess the 

existence of actionable levels of M-1 oil contamination after 

the extensive clean-up efforts of coastal areas by BP (Wilde 

and Skrobialowski, 2011). This report characterizes the water 

and sediment chemistry in pre-landfall and post-landfall 

samples, evaluates whether there were significant differences 
between the two sampling periods, and compares measured 

concentrations to applicable benchmarks for human health and 

aquatic life.

Organics in Water

For organic contaminants in water, detection frequencies 

and concentrations were generally low and were similar in 

pre-landfall and post-landfall samples. Of the 11 compounds 

with enough quantified detections to statistically compare 
pre-landfall and post-landfall samples, concentrations were 

significantly higher for only one organic contaminant—
toluene—primarily as a result of detections in four post-

landfall samples from Florida and one from Mississippi. 

No samples exceeded any human-health benchmarks for 

organic contaminants in water, which were available for 

11 compounds. Aquatic-life benchmarks, which were 

available for 73 compounds or mixtures of related compounds, 

were exceeded in only one water sample. The aquatic-life 

benchmarks for polycyclic aromatic hydrocarbons (PAHs) and 

benzene, toluene, ethylbenzene, xylene and related volatile 

(BTEX) compounds were exceeded in the post-landfall sample 

from the Mississippi River at South Pass, Louisiana (site 

LA-35); no exceedance was observed in the corresponding 

pre-landfall sample for this site.

Organics in Sediment

Most PAHs and alkylated PAHs, and a few additional 

semivolatile organic compounds (SVOCs), were detected 

in one or more samples during both pre-landfall and post-

landfall periods. Nine alkylated PAHs and five parent PAHs 
were detected at concentrations greater than or equal to 

1.5 microgram per kilogram (µg/kg) in sediment at over 20 

percent of sites during one or both sampling periods, despite 

very low organic carbon content (for example, a median of 

0.1 percent) in the sampled sediments. 

Concentrations were significantly higher (p<0.05) in 
post-landfall sediment samples than pre-landfall samples for 

20 of the 49 organic contaminants with enough quantified 
detections to make statistical comparisons, consisting 

of 3 PAHs and 17 alkylated PAH groups. Two analytes, 

naphthalene and oil and grease, had higher concentrations 

in pre-landfall than post-landfall samples. The same results 

were obtained when PAH concentrations were normalized 

by sediment total organic carbon (TOC), indicating that the 

significant differences observed were not caused simply by 
differences in the sediment-TOC content between the two 

sampling periods. 

Only one sediment sample exceeded the chronic 

equilibrium-partitioning sediment benchmark toxic-unit 

concentration (ESBTU) for PAH mixtures—a pre-landfall 

sample from Trinity Bay near Beach City, Texas (site TX-52). 

This indicates that aggregate PAH concentrations were 

potentially toxic to benthic organisms at this site at the time 

of sampling. Because no post-landfall sample was collected 

at this site, no comparison can be made between sampling 

periods. Empirical benchmarks—upper screening values—

for PAHs were exceeded in 27 percent of sediment samples 

overall, indicating a high probability of toxicity to benthic 

organisms at the time of sampling, although not necessarily 

due to PAHs. These empirical benchmarks are based on 

past field studies in which similar PAH concentrations in 
sediments were associated with toxicity (MacDonald and 

others, 2000); because field sediments typically contain 
mixtures of contaminants, however, toxicity in these studies 

was not necessarily due to PAHs. The percentage of sediment 

samples that exceeded upper screening-value benchmarks 

was 37 percent for post-landfall samples and 22 percent for 

pre-landfall samples; there was no significant difference, 
however, in the proportion of sediment samples that exceeded 

one or more benchmarks for organic contaminants in sediment 

between paired pre-landfall and post-landfall samples. About 

70 percent of all sediment samples were below all empirical 

sediment-quality benchmarks for organic contaminants, 

indicating that no adverse effects on benthic organisms would 

be expected. Sediment sampled in this study typically had low 

organic carbon content, which could affect bioavailability and 

potential toxicity. 

For 15 of the 17 alkylated PAHs with statistically higher 

concentrations in post-landfall samples, 7 sites stood out as 

having the largest concentration differences. For five of these 
seven sites, M-1 oil was identified in post-landfall sediments, 
tarballs, or both, on the basis of diagnostic geochemical 

biomarkers (Rosenbauer and others, 2010): Grand Isle Beach 

at State Park, Louisiana (LA-31); Petit Bois Island Beach, 

Mississippi (MS-42); and BLM-1, BLM-2, and Fort Morgan 

BLM-3 in Alabama (AL-8, AL-9, and AL-10). These results 

indicate that M-1 oil could have contributed to the higher 

PAH concentrations measured in post-landfall samples at 

these five sites. For the seven post-landfall sediment samples 
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collected at these five sites, the chronic ∑ESBTU values 
calculated for PAH mixtures ranged from 0.2 to 0.3, and 

six samples, including at least one from each site, exceeded 

multiple upper screening-level benchmarks for total PAHs. 

In contrast, the nine pre-landfall sediment samples that were 

collected from these five sites had chronic ∑ESBTU values of 
less than 0.005, and no empirical screening-value benchmarks 

were exceeded.

Trace and Major Elements and Nutrients 
in Water 

Detection frequencies ranged from 0 to 100 percent, 

depending on the element or nutrient. It was essential 

to censor data to a common detection threshold prior to 

comparing concentrations and detection frequencies for 

different constituents or sampling periods because reporting 

levels varied by constituent and by laboratory. Of the 

17 trace and major elements with enough quantified values 
to make statistical comparisons, concentrations in water 

were significantly higher (p <0.05) in post-landfall samples 
for barium, calcium, magnesium, molybdenum, potassium, 

and sodium. These are all elements in seawater, and barium 

sulfate is a standard additive in drilling mud. Ammonia and 

phosphorus concentrations were significantly higher (p <0.05) 
in pre-landfall samples. 

Aquatic-life benchmarks were available for 18 trace 

elements in water. Acute and chronic benchmarks were 

exceeded in 1 percent and 29 percent, respectively, of 

pre-landfall water samples. Post-landfall water samples 

exceeded acute and chronic benchmarks in 21 percent and 

93 percent of samples, respectively. The elements that 

exceeded acute benchmarks in one or more water samples 

from either sampling period were copper in 23 samples 

and zinc in 2 samples. The elements that exceeded chronic 

benchmarks were boron in 50 water samples, manganese in 

30, copper in 24, cobalt in 19, nickel in 7, lead in 6, barium 

in 3, zinc in 2, and vanadium in 1 water sample. One or more 

exceedances occurred in every state except Florida during 

the pre-landfall period, and in all five states during the post-
landfall period. Of the 56 post-landfall samples, 52 exceeded 

one or more chronic aquatic-life benchmarks for trace 

elements in water, with exceedances for boron in 48 post-

landfall samples, copper in 22, manganese in 12, barium in 

2, and lead, nickel, vanadium, and zinc in 1 post-landfall 

water sample each. Because of high and variable analytical 

reporting levels for several trace elements in water, it was 

not possible to rigorously compare benchmark exceedances 

between the pre-landfall and post-landfall sampling periods. 

Overall, the frequency at which aquatic-life benchmarks for 

trace elements were exceeded in GOM water samples was 

47 percent, which indicates there is potential for toxicity to 

aquatic life. Moreover, exceedance frequencies for several 

trace elements could be substantially underestimated because 

either the element was analyzed during only one sampling 

period or exceedance could not be ascertained for samples 

that were censored at reporting levels higher than the 

applicable benchmark. Aquatic-life benchmark exceedance 

could not be ascertained for at least 35 percent of samples 

within a sampling period for boron and vanadium in the 

pre-landfall period; for arsenic, cadmium, cobalt, lead, 

nickel, and silver in the post-landfall period; and for copper 

in both sampling periods. Nickel and vanadium, which were 

specifically identified by U.S. Environmental Protection 
Agency (2011a) as relevant to the oil spill, were responsible 

for exceedances in only 1 of the 52 post-landfall samples 

with exceedances, although the results for nickel could be 

underestimated because of high reporting levels during the 

post-landfall period. 

Trace and Major Elements and Nutrients 
in Sediment 

Detection frequencies for trace and major elements 

and nutrients in whole sediment ranged from 0 to 

100 percent, depending on the constituent, and they were 

similar for pre-landfall and post-landfall samples. Because 

sediment samples were subjected to strong acid digestion, 

concentrations represent total concentrations in sediment, 

which are defined as greater than or equal to 95 percent of the 
amount present.

 A few trace and major elements had significant 
differences in concentration in whole sediment between 

post-landfall and pre-landfall samples; however, these 

differences were not significant when tests were run on the 
less than 63-micrometer (µm) sediment fraction. This is likely 

due, at least in part, to the smaller sample size of the less than 

63-µm sediment-sample dataset, although other factors also 

could have contributed to the lack of significance in tests on 
the less than 63-µm fraction. Sediment samples were rinsed 

with water during the 63-µm sieving process, which could 

have removed dried sea salt present in the whole-sediment 

samples; if so, this would decrease concentrations of calcium, 

sodium, and strontium. For lead and mercury, which were 

significantly higher in pre-landfall than post-landfall samples 
for whole sediment, but not for the 63-µm sediment fraction, 

a larger proportion of fine material (that is, less than 63 µm) 
in pre-landfall sediment samples compared to post-landfall 

samples at some sites could have contributed to the significant 
difference observed for whole-sediment samples. 
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Empirical sediment-quality benchmarks were available 

for 18 trace elements in sediment. Overall, 47 percent of 

whole, unsieved sediment samples exceeded one or more 

upper screening values for trace elements (table 24B), 

putting these samples in the probable effect range. These 

samples included 33 of 83 pre-landfall samples and 

34 of 60 post-landfall samples . These results could be 

conservatively high estimates of benchmark exceedance 

because they are based on measurements of total trace-

element concentrations in sediment. For trace elements in 

whole sediment, there was no significant difference in the 
proportion of samples exceeding one or more aquatic-life 

benchmarks between the pre-landfall and post-landfall 

sampling periods. For the less than 63-µm sediment fraction, 

all but 1 of 124 samples were anthropogenically enriched 

in one or more trace or major elements, relative to national 

baseline values for U.S. streams (Horowitz and Stephens, 

2008). Sixteen percent of sediment samples exceeded upper 

screening-value benchmarks for, and were enriched in, one 

or more of these elements: barium in 14 samples, vanadium 

in 5, aluminum in 3, manganese in 3, arsenic in 2, chromium 

in 2, and cobalt in 1 sample. These samples were divided 

evenly between the pre-landfall and post-landfall periods, 

and they were collected from 8 sites in Louisiana and 3 sites 

in Texas. However, because many trace elements have lower 

concentrations in soils from Florida, Alabama, and Mississippi 

than in soils from Louisiana and Texas (Gustavsson and 

others, 2001), the baseline comparison analysis probably 

underestimates the degree of enrichment at Florida, Alabama, 

and Mississippi sites.

Comparison of Pre-Landfall to 
Post-Landfall Samples 

Considering all the information evaluated in this report, 

there were significant differences between post-landfall and 
pre-landfall samples for PAH concentrations in sediment. 

With a few exceptions, pre-landfall and post-landfall 

samples did not differ significantly in concentrations or 
benchmark exceedances for most organics in water or trace 

elements in sediment. The one exception is toluene, which 

had significantly higher concentrations in post-landfall than 
pre-landfall water samples, although this difference was not 

necessarily related to landfall M-1 oil. Toluene is volatile 

and was not detected in weathered M-1 crude oil (State of 

Florida Oil Spill Academic Task Force, 2010) or in surface-oil 

samples approaching the near shore environment after the spill 

(Atlas and Haven, 2011). For trace elements in water, aquatic-

life benchmarks were exceeded in 47 percent of samples 

overall, but the high and variable analytical reporting levels 

precluded statistical comparison of benchmark exceedances 

between sampling periods. Of the organic contaminants in 

sediment, 3 parent PAHs and 17 alkylated PAH groups had 

significantly higher concentrations in post-landfall samples 
than in pre-landfall samples. Concentrations above the 

upper screening-value benchmarks put 37 percent of post-

landfall samples and 22 percent of pre-landfall samples in the 

probable-effect range. However, the proportion of samples 

exceeding empirical upper screening-value benchmarks for 

PAHs in sediment were not significantly different in paired 
post-landfall and pre-landfall samples. 

For 15 of the 17 alkylated PAHs with statistically 

higher concentrations in post-landfall samples, the greatest 

concentration differences were observed at seven sites. 

These results corroborate the results of Rosenbauer and 

others (2010), who found diagnostic geochemical evidence 

of Deepwater Horizon M-1 oil in post-landfall sediment and 

tarballs from five of these seven sites. The five sites are Grand 
Isle Beach at State Park, Louisiana (LA-31); Petit Bois Island 

Beach, Mississippi (MS-42); and BLM-1, BLM-2, and Fort 

Morgan BLM-3 in Alabama (AL-8, AL-9, and AL-10). 
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Censored data A set of one or more 

censored values.

Censored value An analytical result 

determined to be below a specified threshold 
concentration and reported as a less-than 

value (for example, less than 3 when 3 is the 

threshold; see Censoring).

Censoring Application of a threshold to data 

such that concentrations above that threshold 

are quantified values and concentrations 
below that threshold are reported as less-than 

values (for example, less than 3, when 3 is 

the threshold). Censoring may be done at 

two stages of chemical data analysis: (1) by 

the laboratory because of high uncertainty 

in quantifying concentrations near the 

method detection limit, in which case the 

threshold is a reporting level, although for 

some methods, values that are below the 

reporting level but above the detection level 

could be quantified, but coded as estimates; 
(2) during data analysis because of blank 

contamination, in order to avoid interpreting 

incidental contamination in a sample as 

environmental contamination or to eliminate 

bias when comparing data, such as bias due to 

different method sensitivities, in which cases 

the threshold is a censoring level. This report 

describes three kinds of censoring levels: 

raised censoring levels, which are applied 

to contaminants detected in quality control 

blank samples; optimum censoring thresholds, 

which are applied for comparison of pre-

landfall and post-landfall sample groups; 

and common detection thresholds, which are 

applied for comparison among contaminants 

with different laboratory reporting levels.

Censoring level A concentration threshold 

that is applied to data such that concentrations 

above that threshold are quantified values 
and concentrations below that threshold are 

reported as less-than values (for example, less 

than 3).

Common detection threshold A censoring 

level applied to a group of analytes for 

the purpose of comparing among the 

analytes. This eliminated bias due to 

differences in method sensitivities for 

different contaminants.

Detection level A generic term for the 

lowest concentration that can be reliably 

quantified by a certain method at a 
certain laboratory.

Indeterminate sample A sample with an 

indeterminate value for a specified analyte.
Indeterminate value A censored value, that 

is, a result reported as less than a specified 
reporting level, where the reporting level is 

higher than the applied censoring threshold, 

so the value cannot be classified as either a 
detection or nondetection at that threshold. 

For example, an analyte concentration 

reported as less than 1 would be indeterminate 

at a censoring threshold of 0.2 because it is 

unknown whether the analyte is present at 

levels above 0.2.

Method detection limit (MDL) The 

minimum concentration of a substance that 

can be measured and reported with 99-percent 

confidence that the value is greater than zero 
(40 CFR Part 136).

Optimal censoring threshold The lowest 

censoring level that converts no more 

than 5 percent of results from censored to 

indeterminate values, maximizes the number 

of quantifiable detections and, if possible, 
also minimizes the number of indeterminate 

values. This was applied to concentrations 

of a given contaminant for the purpose of 

comparing pre-landfall and post-landfall 

sample groups.

Quantified value An analytical result 

measured above the reporting level and 

reported as a specific concentration. For 
some methods, such as those in which there 

is corroborative evidence of analyte presence 

in a mass spectrogram, an analytical result 

measured below the reporting level but above 

the detection level would be quantified, but 
coded as an estimate.

Parameter code Code for parameters 

in the USGS National Water Information 

System database (http://nwis.waterdata.usgs.

gov/usa/nwis/pmcodes); also called USGS 

parameter code. 
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Raised censoring level For contaminants 

detected in quality-control blanks, a censoring 

level higher than the reporting level that is 

applied to censor data in those environmental 

samples associated with the contaminated 

blanks, which minimizes the likelihood 

that detections of those contaminants in 

environmental samples are the result of 

incidental contamination. Typically, the 

raised censoring level is set at five times the 
maximum concentration determined in the 

applicable blanks or, for common laboratory 

contaminants, 10 times.

Reporting level The concentration, set by 

a laboratory, used for reporting analytical 

results that are determined to be less than the 

detection level. This could be higher than 

the detection level because analytical results 

at or near the detection level can have high 

uncertainty. The reporting level can vary 

because of factors such as matrix interference, 

low sample mass, or sample dilution.
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Appendix 1. Methods, Reporting Levels, and Laboratories 
Used for Chemical Analysis for the Deepwater Horizon Oil Spill, 
Gulf of Mexico, 2010
        Appendix tables and references are available for download in PDF format at http://pubs.usgs.gov/sir/2012/5228/.

Table 1-1. Methods, reporting levels, and laboratories used for chemical analysis for the Deepwater Horizon oil spill, Gulf of Mexico, 

2010: organic contaminants in water

Table 1-2. Methods, reporting levels, and laboratories used for chemical analysis for the Deepwater Horizon oil spill, Gulf of Mexico, 

2010: organic contaminants in whole sediment

Table 1-3. Methods, reporting levels, and laboratories used for chemical analysis for the Deepwater Horizon oil spill, Gulf of Mexico, 

2010: trace and major elements and nutrients in water

Table 1-4. Methods, reporting levels, and laboratories used for chemical analysis for the Deepwater Horizon oil spill, Gulf of Mexico, 

2010: trace and major elements and nutrients in whole sediment

Table 1-5. Methods, reporting levels, and laboratories used for chemical analysis for the Deepwater Horizon oil spill, Gulf of Mexico, 

2010: trace and major elements and nutrients in the less than 63-micrometer sediment fraction

Table 1-6. Methods used for chemical analysis in the Deepwater Horizon oil spill, Gulf of Mexico, 2010, study

Appendix 1. References Cited

Appendix 2. Data Distributions for Contaminants in Water and 
Sediment Sampled in Response to the Deepwater Horizon Oil 
Spill, 2010
        Appendix figures are available for download in PDF format at http://pubs.usgs.gov/sir/2012/5228/.

Appendix 2.1. Graphs showing data distributions for organic contaminants in water sampled in response to the Deepwater Horizon oil 

spill, 2010

Appendix 2.2 Graphs showing data distributions for organic contaminants in whole sediment sampled in response to the Deepwater 

Horizon oil spill, 2010

Appendix 2.3. Graphs showing data distributions for trace and major elements, nutrients, and specific conductance in water sampled 

in response to the Deepwater Horizon oil spill, 2010 

Appendix 2.4. Graphs showing data distributions for trace and major elements in whole sediment sampled in response to the 

Deepwater Horizon oil spill, 2010

Appendix 2.5. Graphs showing data distributions for trace and major elements in the less than 63-micrometer fraction of sediment 

sampled in response to the Deepwater Horizon oil spill, 2010 
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Appendix 3. Benchmark Exceedances for Contaminants in 
Water and Sediment Sampled in Response to the Deepwater 
Horizon Oil Spill, 2010

Appendix tables are presented as Microsoft© Excel spreadsheets. They can be accessed and downloaded at http://pubs.

usgs.gov/sir/2012/5228/.

Appendix 3.1. Benchmark exceedances for organic contaminants in water, by sample, from the Deepwater Horizon oil spill, Gulf of 

Mexico, 2010

Appendix 3.2  Benchmark exceedances for organic contaminants in sediment, by sample, from the Deepwater Horizon oil spill, Gulf of 

Mexico, 2010 

Appendix 3.3. Benchmark exceedances for trace elements in water, by sample, from the Deepwater Horizon oil spill, Gulf of Mexico, 

2010 

Appendix 3.4. Benchmark exceedances for trace elements in whole sediment and national baseline comparisons for trace and major 

elements and nutrients in the less than the 63-micrometer sediment fraction, by sample, from the Deepwater Horizon oil spill, Gulf of 

Mexico, 2010
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