G-069, in K.A. Fields and G.B. Wickramanayake (Chairs), Remediation of Chlorinated and Recalcitrant Compounds—2010.
Seventh International Conference on Remediation of Chlorinated and Recalcitrant Compounds (Monterey, CA; May 2010).
ISBN 978-0-9819730-2-9, Battelle Memorial Institute, Columbus, OH, www.battelle.org/chlorcon.

Attenuation of Naturally Occurring Arsenic at
Petroleum Hydrocarbon-Impacted Sites

Richard A. Brown (dick.brown@erm.com) and Katrina E. Patterson
(katrina.patterson@erm.com) (ERM, Ewing, New Jersey, USA)
Mitchell D. Zimmerman (ERM, Austin, Texas, USA)

G. Todd Ririe (BP, La Palma, California, USA)

ABSTRACT: In January 2006, the United States Environmental Protection Agency
(USEPA) lowered the maximum contaminant level (MCL) for dissolved arsenic in
groundwater from 0.050 mg/L to 0.010 mg/L due to long-term chronic health effects of
low concentrations of arsenic in drinking water. This has heightened public and regula-
tory awareness of dissolved arsenic in groundwater.

Arsenic occurrence at petroleum-impacted sites can be summarized by five basic
principles that govern the fate and transport of arsenic in shallow aquifers impacted by
petroleum hydrocarbons. These are:

1.

If arsenic is not present in the site mineralogy, or if arsenic has not been emplaced
due to human activity, petroleum impacts will not cause arsenic impacts to
groundwater. Arsenic is not a major contaminant in petroleum hydrocarbons;

For sites that have naturally occurring arsenic-bearing minerals, sorbed arsenic
phases, or aged anthropogenic arsenic sources, there is a stable arsenic geochemis-
try present that determines the ambient (background) level of dissolved arsenic in
groundwater. If the background level of arsenic naturally exceeds the new MCL,
then the MCL is unachievable as an attenuation or remediation goal,

The introduction of petroleum hydrocarbons (or other degradable organics) may
cause a perturbation to the existing geochemistry, resulting in the mobilization of
existing naturally occurring arsenic at concentrations above the ambient level,

The perturbation of the ambient arsenic geochemistry (and related arsenic mobili-
zation) will persist until the soluble hydrocarbons are attenuated; and

Once the hydrocarbons are attenuated, the arsenic will revert to its pre-existing
stable geochemistry, which may be above or below the arsenic drinking water
MCL of 0.010 mg/L, it depends on the background geochemistry and background
arsenic concentrations.

Proper management of a petroleum-impacted site at which arsenic has become mobi-
lized requires an understanding of the site-specific ambient conditions and how petroleum
impacts affect arsenic chemistry and mobility in the subsurface. This understanding can be
refined by developing a site-specific conceptual model incorporating background and site
data to guide further investigation and remedial actions concerning arsenic.

INTRODUCTION

In January 2006, the United States Environmental Protection Agency (USEPA) low-
ered the maximum contaminant level (MCL) for dissolved arsenic in groundwater from
0.050 mg/L to 0.010 mg/L due to long-term chronic health effects of low concentrations



of arsenic in drinking water. This has heightened public and regulatory awareness of
dissolved arsenic in groundwater.

While petroleum hydrocarbons, themselves, are not a source of arsenic, naturally-
occurring arsenic may be mobilized into shallow groundwater by inputs of biodegradable
organic carbon, including petroleum hydrocarbons. “Naturally-occurring arsenic” refers to
arsenic that is present in the solid phase prior to impacts by degradable organic carbon, in-
cluding petroleum hydrocarbons. Arsenic may be present as specific minerals, as an amor-
phous phase, or adsorbed onto iron oxyhydroxides and other soil constituents, either as a
natural trace metal in native rocks and soils or from human activity such as agriculture or
waste disposal. Hydrocarbons can mobilize arsenic by creating reduced conditions.

When a petroleum release occurs, the more soluble hydrocarbon fractions can dis-
solve into groundwater, stimulating biological activity. Bacteria degrade the dissolved
hydrocarbons and consume the available terminal electron acceptors (TEAS), creating
reduced groundwater environments. The redox level attained is a function of the TEA
availability and the amount of hydrocarbon released. Once the redox conditions are at or
below the Eh for iron reduction, ferric oxides in the soils are reduced to the more soluble
ferrous form. Because most soil arsenic is associated with ferric oxides, arsenic will also
be released and mobilized into groundwater. Dissolution of ferric oxides not only releases
arsenic to the groundwater, but also decreases the future adsorption sites for arsenic.
Arsenic is also reduced from As™ to the more soluble As*, which is present as the
arsenite anion (AsOs ), and further increases mobility.

When the petroleum hydrocarbons are attenuated, the natural attenuation of arsenic
will occur as the aquifer is restored to its original aerobic conditions. Arsenite is re-
oxidized to the less soluble arsenate. Reduced iron is reoxidized and re-precipitates on the
soil particles as an oxyhydroxide. These iron oxyhydroxides adsorb and bind arsenate.
Over time, the adsorbed arsenate can mineralize and become even more stable. The
natural attenuation of arsenic is coupled to the attenuation of hydrocarbon plumes.

NATURALLY OCCURRING ARSENIC

One of the fundamental principles of arsenic mobilization and attenuation at hydro-
carbon-impacted sites is that arsenic has to be present in the soil prior to the release of the
hydrocarbons.

As shown in Table 1, crude oils and therefore, petroleum products, are not a source of
arsenic. Arsenic can, however, be present at a site due to either natural site mineralogy or
geochemistry, or due to anthropogenic activity.

TABLE 1. Summary of arsenic concentration in 26 crude oils.

Arsenic Goncentrations in 26 Crude Oils
(Data are in mg/kg oil, unless otherwise noted.)
Mean 0.06
Minimum Not Detected
Maximum 0.57
Detection freq 7
Method Detection Level 0.08
EPA reporting limit 0.5
Mean US Soil Conc (USGS) 5.2 mg/Kg soil

Source: Magaw, etal., 2001.



Arsenic is naturally found in many soils. It may be present as specific minerals or it
may be present as an adsorbed phase on metal (primarily iron) oxyhydroxides and other
clay minerals. There are over 500 naturally occurring arsenic minerals. Naturally occur-
ring arsenic is frequently associated with volcanic deposits and sulfidic minerals (e.g.,
pyrite [FeS2]). Over time, arsenic minerals may weather, redistributing arsenic in the soil
matrix as a stable, adsorbed phase on ubiquitous metal (iron) oxyhydroxides. Geochemi-
cal processes such as oxidation and reduction, pH shifts, precipitation, and adsorption
result in arsenic redistribution in soils.

There are broad areas of the United States where arsenic in groundwater already ex-
ceeds the old MCL (50 pg/L) due to the naturally occurring mineralogy. The southwest-
ern and the upper midwest US have natural dissolved arsenic concentrations greater than
either the current or previous MCL due to naturally occurring arsenic minerals.

Arsenic also has many industrial uses. It is used in agricultural applications for
animals and crops, and in lawn care. Arsenic is also used for wood treating, as a flame
retardant in plastics, in semiconductors, and as a rat poison. Arsenic can be found as an
impurity in mining and mineral processing sites. It is also found as a constituent of
municipal landfills and leachate.

Industrial and agricultural uses of arsenic can result in both point source and non-
point source contamination. Of greatest interest are non-point sources of arsenic. Typi-
cally, these uses involve application of industrial chemicals (e.g., pesticides) over wide
areas resulting in diffuse, low-level arsenic contamination. Nonpoint source arsenic has
the greatest potential to overlap with areas of petroleum impact.

PRINCIPLES OF ARSENIC MOBILITY

The mobility of arsenic is controlled by redox conditions (Eh), by the pH and by the
presence of metal oxyhydroxides that can adsorb and bind arsenic. With petroleum im-
pacted sites, the aquifers most commonly encountered will, for the most part, be shallow
and in contact with the atmosphere. Therefore, the most common background redox
condition will be an aerobic environment in which arsenic will be present as the oxidized,
less mobile, As™. The ambient groundwater concentration of the arsenic will be con-
trolled by pH and the soil mineral content (i.e. iron oxyhydroxides). As™, present as the
arsenate anion (AsO4°), is more soluble at low pH (< 4) and high pH (>8). This is in
contrast to natural groundwater pH values typically ranging between 4 and 8. Arsenate is
also strongly adsorbed to iron oxyhydroxides, which are fairly ubiquitous.

An important part of understanding the mobility of naturally-occurring arsenic at pe-
troleum impacted sites is having a good characterization of the ambient arsenic geochem-
istry and of the hydrogeology of the site. Site characterization should determine the
ambient, background level of dissolved arsenic. The dissolved arsenic level at petroleum
impacted sites, even after attenuation, cannot be lower than background. If the back-
ground level of arsenic naturally exceeds the new MCL, then the MCL is unachievable as
an attenuation or remediation goal. The ambient dissolved arsenic concentrations are a
function of the site mineralogy, hydrogeology and redox conditions.

Figure 1 (Boulding and Ginn, 2004) superimposes the redox conditions of ground-
water on an Eh-pH diagram of arsenic. The diagram identifies the thermodynamically
stable arsenic species for a given range of Eh and pH. Under oxidizing conditions (high
Eh), arsenates are more stable. As shown in Figure 1, aquifers that are in contact with the
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FIGURE 1. Arsenic speciation in groundwater regimes.

atmosphere (unconfined conditions) will be mostly aerobic, and arsenic will be predomi-
nately in the pentavalent (As+5; arsenate) valence state. The solubility of arsenic under
aerobic conditions is determined by the pH and mineralogy, particularly the presence of
iron oxy hydroxides (FeO(OH)).

The primary forms of inorganic arsenic in both oxidizing and reducing groundwater
are oxyanions. Oxyanions of arsenic readily sorb to solid phase metal oxyhydroxides
such as goethite. (Wilkin, 2003) Adsorption of arsenic at mineral surfaces occurs as a
result of a set of chemical reactions generally referred to as sorption.

The most important reactive surface phases for arsenic attenuation in many soils and
subsurface systems are cationic metal surfaces, including iron, aluminum, and calcium
mineral phases. Arsenic sorption has been demonstrated for a wide range of minerals
common to soils and sediments with iron oxides and sulfides playing a dominant role in
oxidizing and reducing environments

IMPACT OF PETROLEUM HYDROCARBONS ON ARSENIC MOBILITY

When petroleum hydrocarbons are released to groundwater, there is a progression
from aerobic to anaerobic conditions with an associated reduction in the redox conditions
of the groundwater system. The progression is, in decreasing order of redox potential,
aerobic respiration, followed in sequence by nitrate reduction, manganese reduction, iron
reduction, sulfate reduction, and finally, methanogenesis. Typically, the most reducing
conditions are in the source area and the least reducing conditions (i.e., aerobic condi-
tions) are at the plume boundary. The relative reaction rates and levels of microbial



activity under each of these different metabolic environments are controlled by the avail-
ability of the TEAs, the types and concentrations of organic substrate(s) that can be util-
ized by the bacteria, and specific type and population of the microbial community. This
redox progression results in a loss of organic carbon and depletion of various electron
acceptors from the aquifer system as well as a progression in the types and metabolic
activity of the indigenous bacteria. Figure 2 shows that the relative areas of metabolic
activity vary in the direction of groundwater flow. The most reduced conditions are found
in the source area. The aquifer conditions become less reducing in the direction of
groundwater flow. Aerobic conditions generally bound the plume in both directions.
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FIGURE 2. Conceptual model of biodegradation of a
petroleum-hydrocarbon plume.

If microbial activity is high and there is sufficient dissolved hydrocarbon, the aquifer
environment will progress rapidly through these different anaerobic metabolic conditions.
Once the microbial conditions reach iron reduction or below, arsenic will be reduced and
mobilized.

ATTENUATION OF HYDROCARBONS AND ARSENIC

Migration of the dissolved hydrocarbons and the resulting microbial activity creates
overlapping hydrocarbon and arsenic plumes. As pictured in Figure 3, the hydrocarbon
impact reduced the redox. Arsenic is initially mobilized by the change in redox. The
hydrocarbons attenuate due to biological activity. The arsenic plume commonly extends
beyond the hydrocarbon plume, with arsenic remaining above background concentrations
until aquifer redox conditions return to aerobic. This downgradient portion of the plume
is a transition zone where dissolved arsenic concentrations decrease as the aquifer be-
comes more oxidizing, the arsenic is readsorbed and immobilized.

The combined plume goes through three stages over time —an initial phase of plume
expansion, a period of plume stability where the footprint is static, and a final stage in
which the plume retreats toward the petroleum source area. Plume expansion occurs until



the dissolution of hydrocarbons is balanced by their degradation and removal. When
there are no longer sufficient hydrocarbons present to maintain the plume, the plume
begins to retreat. As the plume retreats, redox conditions gradually revert to ambient
conditions. Once the hydrocarbons are attenuated, the aquifer becomes aerobic, and the
arsenic reverts back to the existing ambient (background) conditions

When the petroleum hydrocarbons are attenuated, natural attenuation of arsenic will
occur as the aquifer is restored to aerobic conditions. Arsenite is reoxidized to the less
soluble arsenate. Reduced iron is reoxidized and re-precipitates on the soil particles as an
oxyhydroxide. These iron oxyhydroxides adsorb and bind arsenate. Over time, the ad-
sorbed arsenate can mineralize and become even more stable.

Redox

Hydrocarbons

Arsenic

Ambient
Arsenic

drocarbon Transition Ambient
Plume Zone Arsenic

Groundwater flow >

FIGURE 3. Change in hydrocarbons, arsenic, and redox with distance.

CASE STUDIES

Four case studies illustrate the basic principles of arsenic mobilization and attenuation
discussed above.

1. An Operating Refinery—Arsenic mobilization associated with the presence of
hydrocarbon LNAPL is present in an alluvial terrace sand aquifer. Correlations
between iron and arsenic in both soil and groundwater indicate arsenic mobiliza-
tion occurs with the loss of iron oxyhydroxide sorption sites due to changes in
redox conditions. Concentrations of arsenic in groundwater downgradient of
hydrocarbon impacts indicate that arsenic is not mobile under the ambient aerobic



conditions at this site. Once the hydrocarbons are attenuated, as the hydrocarbon
plume migrates down gradient, aerobic conditions are re-established and the
arsenic is re-oxidized and re-adsorbed onto the soil matrix when DO is observed
to be ~ 1.5 to 2 mg/L.

2. A Former Refinery—The water bearing unit in a bluff underlying a former tank
farm is impacted with hydrocarbon LNAPL and arsenic. The presence of iron
oxyhydroxides is visually evident as orange and red staining of quartz grains in
cored sediment from outside the hydrocarbon plume, while within the plume re-
ducing conditions are evident by grey to black sandstone. Arsenic mobilization
appears to be a result of changing redox conditions, leading to elevated arsenic
in seepage water from the bluff. The arsenic concentrations correlate to
dissolved iron.

3. A Former Exploration Reserve Pit —A former drill site reserve pit and gravel
pad in northern Alaska received drilling waste, followed by closure and corrective
action activities. Samples of surface water surrounding the pit before corrective
action revealed evidence of potential hydrocarbon impacts and elevated dissolved
arsenic concentrations. Later samples showed decreases in dissolved arsenic con-
centrations as the geochemical parameters pH and dissolved iron returned to
background aerobic conditions.

4. A Former Fuel Terminal—A former fuel terminal contains elevated hydro-
carbon in soil and groundwater at various locations throughout the site. Ambient
geochemical conditions are naturally reducing due to native organic carbon. Dis-
solved arsenic has been measured throughout and upgradient of the site where
groundwater conditions are reducing. Removal of hydrocarbon impacts does not
decrease arsenic concentrations due to the ambient naturally occurring reduced
conditions that exist at the site.

CONCLUSIONS
Five basic principles govern the fate and transport of arsenic in shallow aquifers im-
pacted by petroleum hydrocarbons. These are:

1. If arsenic is not present in the site mineralogy, or if arsenic has not been emplaced
due to human activity (agriculture, wood treating, mining, etc.), petroleum im-
pacts will not cause arsenic impacts to groundwater.

2. For sites that have naturally-occurring arsenic-bearing minerals, sorbed arsenic
phases, or aged anthropogenic arsenic sources, there is a stable arsenic geochem-
istry present that determines the ambient (background) level of dissolved arsenic
in groundwater. The ambient dissolved arsenic level is controlled by complex
geochemical interactions among Eh, pH and minerals able to adsorb, complex, or
precipitate arsenic.

3. The introduction of petroleum hydrocarbons (or other degradable organics) may
cause a perturbation to the existing geochemistry, resulting in the mobilization of
arsenic at concentrations above the ambient level. Petroleum and other degradable
organics lower the redox state to more reduced conditions. The primary mecha-
nism for lowering the Eh is anaerobic biological activity.



4. The perturbation of the ambient arsenic geochemistry (and related arsenic mobili-
zation) will persist until the soluble hydrocarbons are attenuated.

5. Once the hydrocarbons are attenuated, the arsenic will revert to its pre-existing
stable geochemistry, which may be above or below the drinking water MCL for
arsenic of 0.010 mg/L depending on the background geochemistry.

NOTE

This work is a combined effort of the American Petroleum Institute (API), The Petro-
leum Environmental Research Forum (PERF) and ERM. The API will be publishing a
document, “API Arsenic Manual: Attenuation of Naturally Occurring Arsenic at Petro-
leum Impacted Sites” in 2010.

RECOMMENDATIONS

Proper management of a petroleum impacted site at which arsenic has become mobi-
lized requires development of a site specific conceptual model (SSCM). The SSCM
should have four main elements:

1. The general site geology and hydrogeology of the groundwater bearing units
(GWBU) that have been or can be impacted by a petroleum release;

2. The ambient arsenic geochemistry within the impacted GWBU,

3. The petroleum distribution and microbial conditions (redox zones); and

4. A survey of potential receptors and exposure pathways for arsenic that has been
mobilized.

A well-constructed SSCM has a number of uses including:

e Determining the appropriate locations for long term monitoring;

e Determining the key parameters needed to monitor the effectiveness and status of
natural attenuation at the site;

e Supporting the inclusion of a natural attenuation based approach in the remedia-
tion strategy;

e Illustrating the processes of mobilization and attenuation of arsenic at a petroleum
impacted site for discussing with regulators and stakeholders; and

e Assessing whether efforts beyond natural attenuation are necessary.
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