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Abstract 

 

Geochemical Effects of Elevated Methane in Near-Surface Sediments 
above an EOR/CCUS Site 

 

Mary Catherine Hingst, M.S.Geo.Sci. 

The University of Texas at Austin, 2013 

 

Supervisors:  Michael Young and Katherine Romanak 

 
Carbon capture, utilization and storage (CCUS) aims to reduce CO2 emissions by 
capturing CO2 from sources and injecting it into geologic reservoirs for enhanced 
hydrocarbon recovery and storage. One concern is that unintentional CO2 and reservoir 
gas release to the surface may occur through seepage pathways such as fractures and/or 
improperly plugged wells.  
 
We hypothesize that CO2 and CH4 migration into the vadose zone and subsequent O2 
dilution and Eh and pH changes could create an increased potential for metal 
mobilization, which could potentially contaminate ground and surface waters. This 
potential has not been addressed elsewhere. Goals of this study are to understand how the 
potential for metal mobilization through soil pore water may increase due to CO2 and 
CH4 and to assess potential impact to aquifers and/or the biosphere. The study was 
conducted at a CCUS site in Cranfield, MS, where localized seepage of CH4 (45%) from 
depth reaches the surface and oxidizes to CO2 (34%) in the vadose zone near a plugged 
well. Four sediment cores (4.5-9m long) were collected in a transect extending from a 
background site through the area of anomalously high soil gas CO2 and CH4 
concentrations. Sediment samples were analyzed for Eh and pH using slurries (1:1 vol. 
with DI water) in the field and for occluded gas concentrations, metal (Ba, Co, Cr, Cu, 
Fe, Mn, Ni, Pb and Zn) concentrations, moisture content, organic carbon content, and 
grain size in the laboratory. Data from the background reference area (no gas anomaly: 
occluded gas ~21% O2, <1% CO2, 0% CH4) showed oxidized conditions (Eh from 464-
508mV) and neutral pH (7.0-7.8) whereas samples collected near the gas anomaly (13-
21% O2, 0.1-5% CO2, <0.1% CH4) were more reducing (Eh 133-566mV) and more acidic 
(pH = 5.3-8.0). Significant correlations were found between Eh and O2 (r = 0.95), pH and 



 vii 

CO2 (r = -0.88), and between these parameters and acid-leachable metals in samples from 
within the soil gas anomaly. Correlations quickly weaken away from the anomaly. 
Statistically, total metal concentrations, except for Ba, are similar in all cores. Acid-
mobile metal concentrations, above 5m, increase toward the gas anomaly. The percent of 
water-mobile metals is very low (<2%) for all metals in all cores, indicating freely-
mobile metals are not affected by elevated CO2/CH4. Conclusions are: 1) oxidation of 
CH4 to CO2 depletes O2 causing reducing conditions; 2) high CO2 and low O2 affect Eh 
and pH of sediments which in turn alters mineralogy and bond strength between 
sediments and adsorbed ions; 3) intrusion of strongly acidic fluids (pH of acid used was 
0.39) into these sediments could potentially remove weakly bonded metals or dissolve 
minerals. Implications from this study are that Eh needs to be considered along with pH 
when analyzing contamination potential, and that exposure of sediments to reducing, 
followed by acidic conditions, increases the potential for metal mobilization in the vadose 
zone. More research is needed to determine the concentration of gases (CO2, CH4 and O2) 
that will create Eh and pH levels that could affect the mineralogy and sorption 
mechanism potentially leading to metal mobilization. Methods for assessing potential 
metal mobilization may be useful for site characterization and risk assessment. 
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Introduction 

Over the past 150 years, an exponential increase in global anthropogenic CO2 

emissions, to the atmosphere has been observed which is directly linked to climate 

change (IPPC 2007). To mitigate effects of anthropogenically-induced climate change, 

and limit global mean temperature increase to 2°C, the International Energy Agency (IEA 

2012) has calculated that by 2050, global CO2 emissions need to be half of what they 

were in 2009 (8.4 billion tons) (IEA 2012). Moving the energy sector to more renewable 

resources will be of key importance, but is not the sole solution to achieving climate 

goals. Implementing carbon capture and sequestration (CCS) technology is imperative to 

reach emissions targets (IEA 2012). The United States Department of Energy estimates 

the total CO2 storage capacity of the United States alone to be 2.4 billion metric tons.   

Implementing the technology and infrastructure needed to capture CO2 to 

transport CO2 from source to sink, and inject it into deep geological reservoirs is not 

currently economically favorable.  By storing CO2 in reservoirs that are undergoing 

enhanced oil recovery (EOR), expenses decrease because infrastructure (i.e. pipelines and 

injection wells used for CO2) is already in place for residual oil production. CO2 as a 

commodity makes CO2 storage more economically viable. The combination of CCS and 

EOR is referred to as carbon capture, utilization and storage (CCUS).  

Targeting producing hydrocarbon reservoirs for CCUS is practical from both an 

economical and geological standpoint. Produced hydrocarbon reservoirs are well-studied, 

with many reservoir parameters (e.g. porosity, permeability, volume) having already been 

determined that can be used to calculate storage capacity potential for CCUS sites (e.g., 
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Hovorka et al. 2009, Zhang et al. 2011).  Also, known properties and the integrity of the 

reservoir seal will aid in determining the ability for retention of injected CO2.  The goal 

for timescale of retention is on the order of hundreds to thousands of years (Herzog and 

Golomb 2004, IPCC 2005).  

While CCUS holds great promise for reducing CO2 emissions, widespread 

implementation is still limited because of lack of understanding by regulators and the 

public about potential consequences of CO2 and residual hydrocarbon gas (e.g. methane) 

leakage. There is much concern about contamination risks to potable aquifers and the 

biosphere (IPCC 2005). Natural seepage of reservoir fluids is known to occur over 

geologic time through faults and fractures and flow through micropores (IPCC 2005). In 

addition to natural seepage pathways, faulty seals of wells that penetrate the injected 

reservoir can create potential preferential pathways of migrations for injected CO2 and 

residual fluids (Celia et al. 2005).  

The effects of naturally seeping hydrocarbons on near-surface sediments from oil 

and gas reservoirs deep beneath the surface have been well studied (e.g. Donovan 1974, 

Segal et al. 1984, Horvitz 1985, Madhavi et al. 2011), but many gaps still exist in the 

literature regarding potential effects from CCUS leakage. These gaps include coexisting 

gases (i.e. CH4 and CO2) and how these gases affect unsaturated sediments (Harvey et al. 

2012). Many CCUS studies (e.g. Kharaka et al. 2010, Lu et al. 2010, Wilkin and Digiulio 

2010) have already examined how intruding CO2 affects the pH and 

dissolution/precipitation of minerals in shallow aquifers. A  few studies (e.g. Ardelan et 

al. 2009, Wei et al. 2011, Payán et al. 2012) that have examined how CO2 leakage affects 
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to mobility of metals in marine sediment conditions. These previous studies, however, 

fail to consider: 1) the intrusion and impacts of coexisting CH4 and CO2, as CH4 is likely 

to be present in an EOR/CCUS reservoir; 2) the subsequent dilution (soil gas is a mixture 

and measured in percent volume, thus an increase in one gas will cause a decrease in 

another) and/or consumption of O2 concentrations from increased CO2 and/or CH4 and 

the effect that has on redox potential (Eh); 3) how gas intrusions may impact vadose 

sediments (vadose is defined here as the unsaturated area above shallow aquifers to the 

ground surface). 

Partially saturated sediments are of high importance with respect to environmental 

health as they can act as both sources and sinks of metals. Many metals are of 

physiological necessity for flora and fauna, but can become toxic at high concentrations 

(Alloway 1990). Several books (e.g. Davies 1980, Alloway 1990) and papers (e.g. 

Schulz-Zunkel and Krueger 2009, Butler 2010) discuss some of the controls on metal 

mobility under various geochemical conditions.  Altevogt and Jaffe (2005) report on 

modeling of CO2 intrusion and its effects on the biogeochemistry of variably saturated 

soils They conclude that CO2 intrusion in to the vadose zone could produce conditions 

that might increase the susceptibility of metals to mobilize, but no further studies have 

addressed this.  Despite the fundamental understanding that intruding reservoir gases can 

alter the redox and acidity levels of a system and control the mobility of metals, and that 

mobilizing metals in the vadose zone could potentially pose a risk to the biosphere and 

drinking water, CCS studies have yet to connect this knowledge to examine the impacts 

of intruding CH4 and CO2 on the mobility of metals in the vadose zone      



 4 

This study aims to answer the following questions: 1) what are the geochemical 

effects of persistently elevated and coexisting CH4 and CO2 in the vadose zone; 2) how 

might the concentration of these gases affect the sorption of metals; 3) is there risk of 

contamination from mobilized metals being leached into water sources above an 

EOR/CCUS site?  To address these questions, multiple analyses were carried out both in 

the field and laboratory.  
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Background 

REDOX POTENTIAL (EH) AND PH 
Two important parameters of an aqueous geochemical system are Eh and pH.  Eh 

is a measure of the oxidation-reduction (redox) potential of a system. It can be thought of 

as a measurement of the likelihood a chemical species will donate or accept electrons 

(Sparks 2003).  To calculate Eh, the Nernst Equation (1) is combined with a chemical 

reaction, written here as a reduction pathway, yielding the commonly-used soil redox 

potential equation (2) which relates Eh to pH by incorporating [H+] (Eby 2004).   

E   =   E°  −   !"
!!
  lnK                                                        (1) 

Eh = Eh° - !.!"#
!
  log (!"#$%$#&  !"#$%&'  !"  !"#$#%&$  !"#$%#!)

!"#$%$#&  !"#$%&'  !"#$%&'$%  !"#$%#!
                                    (2) 

In equation 1, E is the cell potential, E° is the standard electrode potential, F is the 

Faraday constant, n is the number of moles in the system, R is the ideal gas constant, T is 

the temperature of the system, and K is the equilibrium constant. Equation 2 expresses 

the Nernst equation for an oxidation-reduction reaction at 25°C, with Eh as the redox 

potential, Eh° as the standard electrode (Eby 2004). Eh is typically measured in volts (V) 

or millivolts (mV) and referenced to the standard hydrogen electrode (SHE) which is set 

at 0; more positive readings signify an oxidative environment, while less positive or more 

negative readings indicate a reducing environment (Eby 2004). As the term oxidation-

reduction implies, oxygen concentration can have a strong effect on Eh because the 

divalency of oxygen atoms causes it to readily gain electrons from negatively charged 

molecules, thus oxidizing the molecule. Because the vadose zone can be heterogeneous in 
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composition and properties and is variably saturated, the potential exists for rapid 

changes in oxygen concentration over both large (10s of meters) and small (millimeter 

scale) areas; therefore, Eh can vary greatly over small areas and is considered more as a 

qualitative measurement to indicate a relative redox status (Sparks 2003). 

 The parameter pH is an indicator of acidity of a system, dependent on the amount 

of free protons.   

pH = -log[H+]                                                         (3) 

A pH of 7 represents a neutral system, whereas lower values indicate acidity and values 

above 7 indicate basic conditions (Eby 2004). An acidic system has the potential to 

dissolve minerals such as carbonates and metal oxides and release exchangeable ions. 

Basic waters can dissolve quartz.  The speciation and mobility of metals depends on Eh 

and pH levels (Eby 2004).  Pourbaix diagrams (Fig. 1) relate Eh and pH and show the 

dominating speciations and compounds formed by metals at different Eh and pH levels 

within the stability boundaries of water.  
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Figure 1. Example of a Pourbaix (Eh-pH) diagram for iron (Takeno 2005) 

METALS IN SOILS 
 Metallic elements are those that easily lose their outer shells of electrons, which 

makes them good conductors of heat and electricity, allowing them to exist as cations and 

readily form compounds with other elements (Eby 2004). Not only do metals exist as 

cations, many can exist in different oxidation states (e.g., Fe2+/Fe3+, Mn2+/Mn3+/Mn4+), 

making them more sensitive to changes in redox conditions (Grassian 2010). Typically, 

when metals are in their lowest oxidation state (i.e. when they are reduced), they are 

soluble and mobile in pore fluids. In their oxidized state, metals are often incorporated 

into oxides, hydroxides, carbonates and silicates, becoming immobilized (Bruemer et al. 

1988, Schulz-Zunkel 2009). Specifically, hydrous iron and manganese oxides (HFO and 
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HMO) are well-known to either adsorb metals or incorporate them into their structure 

during precipitation (Rao Gadde and Laitinen 1974, Bruemer et al. 1988, Butler 2011).  

Clays and organic matter typically have negatively charged surfaces on which positively-

charged metals can easily adsorb (Eby 2004).  Under oxic and non-acidic conditions, 

oxides, clays, organic matter, and other aforementioned compounds (oxides, hydroxides, 

carbonates and silicates) can act as an immobilizing buffer for toxic metals.  Under 

reduced and/or acidic conditions, however, these compounds can release metals and 

reduce sorption surface areas, thus increasing mobilization of the metals (Rao Gadde and 

Laitinen 1974, Schulz-Zunkel 2009). Enhanced mobilization of trace metals can lead to 

toxic levels of metals in plants and higher concentrations of metals in aquifers due to 

leaching through the soil profile (Alloway 1997). 

 The substrates to which metals and other ions bond to sediments are called 

surface functional groups.  These groups are bound into solid structures, but exposed on 

the surface to the solution allowing them to react with solutes (Goldberg 1995). It is the 

density of surface functional groups that control the amount of adsorption.  Common 

surface functional groups include organic functional groups (ligands from decomposing 

organic matter), inorganic hydroxyl groups (metal hydroxides), metallic oxides, and 

silanol groups (Goldberg 1995).  

 Sorption is the general term given to the binding process of free solutes to a 

surface functional group (Fig. 2) (Bradl 2004). Surface precipitation and 

absorption/fixation are three-dimensional in nature, meaning the ion is incorporated into 

the physical structure of the surface functional group. Adsorption is two-dimensional in 
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nature, meaning ions are only connected to the surface by different types of bonds. When 

an ion forms a strong covalent bond directly adjacent to the surface functional group, it is 

known as specific adsorption and is said to form an inner-sphere complex (Goldberg 

1995). Ions that bond to the surface functional group but are separated by water 

molecules form weaker bonds that are referred to as outer-sphere complexes; this is 

known as non-specific adsorption (Koretesky 2000).  Specific adsorption is more 

selective and less reversible than non-specific adsorption.  Whereas specific adsorption is 

chemical in nature, non-specific adsorption is an electrostatic phenomenon (Bradl 2004). 

Inner-sphere complexes are pH dependent; at low pH levels the increased [H+] can 

compete with the metals to bond to surface functional groups (Bradl 2004).  

 

Figure 2. Diagram of the three sorption processes – adsorption, absorption and 
precipitation - of Zn on an Fe-oxide surface (Kortesky 2000) 

 Three semi-empirical chemical models are commonly used to describe metal 

adsorption onto soil surfaces (Goldberg 1995, Bradl 2004): constant capacitance model 
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(CCM) (Fig. 3), diffuse layer model (DLM) (Fig. 4), and triple layer model (TLM) (Fig. 

5). The CCM is the most simplistic as it only accounts for inner-sphere complexes, has 

two adsorption planes, and has only one variable parameter, C, the capacitance. The 

CCM does not account for complexes that may form between the surface functional 

groups and background electrolytes. The surface charge, σo, is proportional to the surface 

potential, ψ, multiplied by the capacitance and decreases linearly with distance away 

from the surface (Eq. 4). 

σo = ψ*C                                                              (4) 

 

Figure 3. Constant Capacitance Model (based off of Goldberg 1995 and Bradl 2004) 

The DLM, similar to the CCM, does not account for outer-sphere complexes or 

complexes that may form with the background electrolytes, but it does have three planes 

of adsorption (Dzombak and Morel 1990). Unlike the CCM, which cannot account for 
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changes in adsorption due to changes in ionic strength, the capacitance in the DLM is 

calculated from the Guoy-Chapman theory, giving way to a more complex equation: 

𝜎! = 𝜎! 8𝜀𝜀!𝑅𝑇𝐼10!sinh(!!!
!!"

)                                             (5) 

where 𝜎! is the surface charge at the diffuse layer, 𝜀 is the dielectric constant, 𝜀! is the 

permitvity of free space, I is medium ionic strength, F is the Faraday constant, T is 

temperature, and R is the ideal gas constant (Dzombak and Morel 1990, Goldberg 1995).  

Allowing for changes in ionic strength and more adjustable parameters gives the DLM 

advantages over the CCM. 

 

Figure 4. Diffuse layer model (based off of Goldberg 1995 and Bradl 2004) 

 The TLM is the only model of the three that accounts for both inner- and outer-

sphere complexes.  The TLM, like the DLM, also calculates the capacitance from the 

Guoy-Chapman theory (Eq. 5), accounting for changes in ionic strength (Bradl 2004).  

The TLM also accounts for complexes formed by background electrolytes.  While the 
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CCM and DLM can only be used for either low or high ionic strengths, the TLM can be 

applied to a wide range of ionic strengths (Bradl 2004).  By accounting for outer-sphere 

complexes, the TLM has four planes of adsorption, making it the most realistic and 

complex of the three models (Goldberg 1995). 

 

Figure 5. Triple Layer Model (based off of Goldberg 1995 and Bradl 2004). 

 As the models become more complex, more data are needed to obtain accurate 

results. More variables make the model more realistic, but not having empirical values 

for those variables makes the model too flexible, allowing different input adjustments to 

produce the same results (Bradl 2004).  A sufficient amount of data is needed to clearly 

determine which variable is changing the results.  For the DLM and TLM to produce an 

accurate model, a numerical solution needs to be determined and would require knowing 

the surface charges and potentials, concentrations and adsorption of all species in 
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equilibria, and initial and final concentrations of all soluble components of the 

experimental system (Bradl 2004).   

NATURAL HYDROCARBON SEEPAGE AND GEOCHEMICAL EFFECTS 
Analyzing geochemical alterations in the near-surface environment is a well-

known method used for petroleum exploration (Horvitz 1980, 1985).  Microseepage of 

the hydrocarbons is a natural occurrence over geologic time (Table 1) (Abrams 2005).  

Because not all reservoirs are composed of the same rocks nor structured the same way, 

no single mechanism can fully explain how or why microseepage occurs (Saunders et al. 

1999).  A review of previous work of potential microseepage mechanisms by Saunders et 

al. concluded, but not definitively, that light hydrocarbons (methane-butane) migrate 

vertically as ‘microbubbles’ through various spaces that can be water-filled, such as 

fractures, bedding planes or joints resulting in anomalous concentrations of hydrocarbons 

in soil gas and adsorbed onto sediments (1999).  Sikka and Shives (2002) also proposed 

that CO2 could act as a carrier for hydrocarbons, suggesting that seepage of hydrocarbons 

will increase with a greater availability of a carrier fluid, a potential area of interest for 

optimizing vadose zone monitoring at CCUS.   

Adsorption of hydrocarbons onto sediments or bacterial consumption can lead to 

production of CO2 and H2S, which can significantly alter Eh (redox potential) and pH 

(acidity) levels, creating reducing conditions in the surrounding sediments (Saunders et 

al. 1999, Schumacher 1996).  Redox-sensitive metals can exist in multiple species 

depending on their oxidation state and the surrounding Eh and pH levels.  Changes in Eh 

and/or pH can mobilize (e.g. convert metals to their soluble phase, and release them from 
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exchange complex) minerals and redox-sensitive metals in the surrounding environment, 

leading to alterations in the environmental geochemistry above and surrounding the 

reservoir that are distinguishable from the sediments and surface that do no overlie the 

hydrocarbon field (Madhavi 2011). 

Studies that have focused on correlations between trace metal concentrations and 

adsorbed hydrocarbons in the near-surface have found that trace metal concentrations are 

‘haloed’ around the adsorbed hydrocarbons in the near-surface (Duchscherer 1980, Sikka 

and Shives 2002, Madhavi et al. 2011).  As hydrocarbons migrate toward ground surface 

and adsorb onto sediments, their pathways become geochemically reduced zones (i.e. 

decreased Eh and pH) that can mobilize redox-sensitive metals (Madhavi et al. 2011).  

These metals can then be transported away from the immediate pathway by 

hydrodynamic flow in the soil or remain solubilized in the area until either they reach 

oxidizing conditions or oxic groundwater penetrates the area in which they can be 

precipitated; this often forms a ring or halo of high metal concentrations around areas of 

high hydrocarbon gas concentrations.  Madhavi et al. (2011) identified a trend only 

between Eh, metals, and hydrocarbon concentration and not pH, metals, and 

hydrocarbons, suggesting that reduced conditions alone (i.e. not acidic) may be sufficient 

enough to increase the potential for metal mobilization.  Studies have shown that acidic 

conditions can increase the mobility of redox-sensitive metals, but they have not focused 

on identifying a correlation between hydrocarbons, CO2, redox-sensitive metals, Eh, and 

pH.     
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Repeated studies at oil fields before, during, and after production have recorded 

significant decreases of near-surface hydrocarbon concentrations, some almost to the 

point of complete disappearance as the field was depleted during production (Horvitz 

1985, Rice et al. 2002).  In 2002, however, at a small oil field in west Texas, soil gas was 

analyzed for hydrocarbons not only before, during, and after production, but then again 

after the field underwent a waterflood (Rice et al. 2002).  Hydrocarbon signals decreased 

as the field was depleted but increased when the field was flooded.  From these studies, it 

can be inferred that the rate of microseepage and hydrocarbon concentration are 

dependent on to the pressure of the reservoir which can increase advection of the 

reservoir fluids, and that injecting CO2 could produce results similar to those seen after 

waterfloods.  However, since CO2 is more volatile than water, it is possible that it too will 

seep out with the hydrocarbons and migrate towards the surface. 

Table 1. Summary of gas-seepage near-surface effects 

Site Name, Field 
Type Location 

Site Description Description Of Evidence Reference 

Bell Creek, Oil 
Field, Southeast 
Montana 

Stratigraphic trap 
(updip pinchout) with 
no prominent 
structural closure.   

Anomalously high levels of Fe and Mn in 
soils and plants around the periphery of the 
field. 

Roeming and 
Donovan 1985 

Undisclosed, Oil 
field, Eastern 
Colorado 

Foreland basin 
comprised of 
undestructed rock 
with producing 
channel sandstones 

Microbial Survey - Incubated soil samples 
from above producing areas depleted 
concentrations of injected hydrocarbon gas 
while samples from non-producing areas 
retained almost all of HC gas 

Price 1996 

North Cambay 
Basin, Oil and gas 
field, India 

Intracratonic basin 
divided into 4 blocks 
by folds and faults. 
Shale source rock.  

Anomalous hydrocarbon concentrations 
above and surrounding the field haloed by 
high concentrations of trace metals. 

Madhavi et al. 
2011 

Patrick Draw, Oil 
and gas field, 
Southwest 
Wyoming 

Rocky Mountain 
foreland region. 
Shale and sandstone. 

Remote sensing (hyperspectral data showed 
changes along surface lineaments and 
bedding planes). 

Khan and 
Jacobson 2008 



 16 

Table 1 continued. 
Site Name, Field 
Type Location 

Site Description Description Of Evidence Reference 

Hastings, Oil 
field, Brazoria Co. 
TX 

Underlain by a salt 
dome with a large 
fault running the 
middle of the field. 

Anomalous concentrations of hydrocarbons 
in soil gas and adsorbed to soils in a halo 
pattern around production field. 

Horvitz 1985. 

Mammoth 
Mountain, 
Volcanogenic 
CO2, California 

Large dacitic volcano 
in the central Sierra 
Nevadas.  Intrusion 
of magma into 
shallow depths 
beneath the 
mountains. 

High amounts of CO2 in soils and fluxes to 
the atmosphere. Some areas lacking trees 
and other vegetation. 

Farrar et al. 
1999 

Springfield East 
Field, Oil field, 
Illinois 

Dolomitized, karsted 
Niagaran reef.  

High soil iodine (iodorganic compounds) 
directly above hydrocarbon reservoir. 

Leaver and 
Thomasson 
2002 

Park Springs 
Conglomerate 
Field and 
Ellenburger 
Structure, Oil and 
gas field, 
Montague Co., TX 

Conglomerate trough 
is a stratigraphic trap 
just south of the 
Ellenburger structure 
in the Fort Worth 
Basin. 2200m below 
the surface. 

Microbial Oil Survey Technique (MOST) 
found alkane-degrading microbes above 
hydrocarbon reservoirs.  Microbe 
populations decreased above reservoirs after 
production began. 

Hitzman et al. 
2002 

Kotcho-Kyklo, 
Dry gas, 
Columbia 

Slave Point and Keg 
River formations in a 
Devonian reef 
complexes with areas 
of dolomite.  

Soil gas survey of alkanes to which a 
numerical mixing-model was applied to 
tease out seeps from the reservoir. 

von der Dick 
et al. 2002 

Vendsyssel, Gas 
seeps, Denmark 

Intertidal/shallow 
subtidal sandstone 
reef.  

Carbonate-cemented sediments along the 
seepage pathways. 

Dando et al. 
1994 

Lisbon Valley 
field, Oil and gas 
field, Utah 

Doubly-plunging 
anticline.  

Bleached sandstones, high clay 
concentrations (kaolinite), carbonate 
cementation, and the presence of sulfides 
(pyrite). 

Segal et al. 
1984 and 
Petrovic et al. 
2008 

Cement Field, Oil 
and gas field, 
Oklahoma 

Multizonal anticline 
composed of 
evaporites, 
carbonates, and 
clastics. 

Outcropping sandstones vary in color and 
Fe-content with the most bleached and 
lowest Fe on the crest of the anticline. Areas 
of gypsum have been altered into carbonates. 
Unusual isotopic composition of carbonates 
overlying the oil field.  

Donovan 1974 

West Ranch, Oil 
field, Jackson Co., 
TX 

Producing sands in 
green and blue 
shales.   

Significant concentrations of gas in water 
wells. 

Bauernschmidt 
1944 
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PREVIOUS CCS/CCUS LEAKAGE STUDIES 
In a review report of studies on geochemical leakage of CO2 from CCUS sites by 

the Pacific Northwest National Laboratory (Harvey et al. 2012), it is stated that almost all 

studies focused on alterations in groundwater aquifer chemistry caused by changes in pH 

from intruding CO2. Studies focus on these changes in aquifers because of the well-

known fact that pH can lower when CO2 dissolves into water, as exhibited by the 

chemical reaction (Eby 2004): 

 CO2(g) + H2O � H2CO3 � HCO3
-(aq) + H+(aq) �CO3

2- + 2H+                       (4) 

A decrease in pH can dissolve carbonates (Eq.4), releasing trace metals and/or desorb 

trace metals into the aquifer and create a contamination risk. This phenomenon has been 

well documented (e.g. Kharaka et al. 2010, Lu et al. 2010, Wilkin and Digiulio 2010, 

Yang et al. 2013). By running models of CO2 intrusion into hypothetical PbS/CaCO3 and 

PbS/quartz aquifers for an 8 year simulation, Wang and Jaffe (2004) found a CO2-

induced decrease in pH caused increase dissolution of PbS and increased concentrations 

of aqueous Pb. In another model-based study by Vong et al. (2011), CO2 intrusion into an 

aquifer led to the dissolution of trace-metal bearing minerals and subsequent increase of 

aqueous Pb, Cd, Fe, Mn, and Zn. In laboratory experiments, Wei et al. (2011), incubated 

saturated sediments with CO2 (25 bars) for three days and found up to a 500% increase in 

exchangeable concentrations of many metals.   At a controlled field site at Montana State 

University, approximately 300 kg/day of CO2 was injected through a horizontally-laid, 

perforated pipe, 2-2.3 m deep in order to assess the impact of a CO2 leak on shallow 

groundwater (Kharaka et al. 2010). Changes in pH, alkalinity, electrical conductivity, and 
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elemental concentrations were recorded. Kharaka et al. (2010) concluded that increases in 

concentration of Ca, Mg, Fe, and Mn were due to the dissolution of carbonate minerals 

and desorption-ion exchange caused by CO2-induced decreases in pH.     

Deleterious changes in pH, however, can be limited by buffering from the 

dissolution of carbonates (Eq. 4) and/or feldspars (Eq. 5), and the 

dissolution/precipitation of clays (Eq. 6) (Wang and Jaffe 2004, Altevogt and Jaffe 2005, 

Harvey et al. 2012). Feldspar dissolution can be represented as: 

2NaAlSi3O8 + 11H2O + 2CO2(g) � Al2Si2O5(OH)4 + 2Na+ + 2HCO3
- + 4H4SiO4     (5) 

Al2Si2O5 + 5H2O + 6CO2(g) � 2Al3+
  + 6HCO3

- + 2H4SiO4                    (6) 

Batch experiments performed on aquifer hosts rocks by Lu et al. (2009) demonstrated the 

potential of carbonate buffering, when they observed an initial rapid decrease in pH and 

increase of Ca, Mg, Si, K, Sr, Mg, Ba, Co, B and Zn once CO2 was introduced to the 

system, followed by an increase in pH and decrease of the elemental concentrations. 

Despite the fact that metal speciation is controlled by both the pH and Eh of a system, 

these studies only attribute changes in the geochemistry and concentration of metals 

(many of which are redox-sensitive) to CO2-induced pH changes, and fail to account for 

changes in Eh.  

 Laboratory experiments were also used by Ardelan and Steinnes (2010) to 

examine changes in mobility and solubility of redox-sensitive metals (Fe, Mn, and Co) at 

the marine sediment-water interface from CO2 intrusion. Columns were filled with 

sediments and water from the Trondheim Fjord in Norway, and then exposed to CO2 

being pumped in at 0.045 L/s for several days. Ardelan and Steinnes (2010) recorded 
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decreases in pH and increases in dissolution and mobilization of these metals as CO2 

concentration increased. They attributed the increase of metal dissolution and 

mobilization to the acidification of the system.  They also noted, however, that removal 

of dissolved oxygen in the porewater would likely augment the suboxic/anoxic 

conditions, contributing to the reductive dissolution of the metals, but no oxygen or Eh 

measurements were made (Ardelan and Steinnes 20110). 

The report published by PNNL (Harvey et al. 2012) emphasized the lack, and 

therefore, need of CO2 leakage studies that take into account changes in Eh in near-

surface environments. Because the mobility of many metals depends their oxidation state 

– often with their reduced phase being more soluble – lowering Eh could have a 

substantial impact, possibly more significant than pH, on the mobility of metals. Pourbaix 

diagrams (Fig. 1) demonstrate the importance of both Eh and pH on the speciation of 

metals suggesting that studies need to simultaneously address changes in both Eh and pH 

to fully characterize the geochemical effects of intruding CO2 and coexisting hydrocarbon 

gases. An intrusion of CO2 will lead to changes in redox conditions either from the 

dilution of O2 from the intruding CO2, CO2-induced reactions, or changes in biological 

activity (Altevogt and Jaffe 2005, Ardelan and Steinnes 2010). In their study of the 

impacts of CO2 from a naturally-occurring CO2 vent on shallow soils, Beaubien et al. 

(2008) recorded an incremental decrease in pH approaching the center of the vent from a 

background area and changes in vegetation (i.e. clover dominate in the background area, 

transitioning to acid-tolerant grasses closer to the center of the vent, and no vegetation in 
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the center of the vent). Their results also show a correlated decrease in O2 concentration 

as CO2 concentration increases due to dilution.  

In an attempt to fill in some of the gaps of knowledge on how intruding gases 

could alter the redox conditions and pH of an aquifer, Harvey et al. (2012) conducted 100 

year simulations of varied CO2 intrusion rates and varied gas composition. As there is not 

a model to link the changes of Eh and pH with geochemical changes in metals, they 

super-imposed their changes in Eh and pH on Pourbaix diagrams to estimate the changes 

in species for CO2/HCO3
-, Fe, As, and Pb. Their results of intrusion of pure CO2 indicate 

no changes in speciation in Fe, As, and Pb in a closed, anaerobic system, while in an 

open, oxic system, dissolution or precipitation of new mineral phases could occur (Fig. 

6). To examine the importance of intruding gas composition, Harvey et al. ran another 

100 year simulation with different gas compositions. The results (Fig. 7) show how an 

increase from just 0.1% to 1.0% CH4 produced different changes in Eh and pH. At the 

field site in the present study, soil gas concentrations of CH4 were measured to be above 

30%.  These simulations are examples of the importance of examining Eh, pH, and other 

gas concentrations, besides only CO2 to have a full understanding of how intruding gases 

from a CCUS leak can impact an environment.   
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Figure 6. Results from the PNNL study (Harvey et al. 2012). Predicted changes in pH and 
Eh at difference CO2 intrusion rates, and implications for aqueous speciation 
of (a) CO2, (b) Fe, (c) Pb, and (d) As. Simulation was for 100 years at CO2 
intrusion rates of 0.01 (blue), 0.1 (black), 1(yellow), and 10 (red) g d -1 into 
a model aquifer assuming a closed (squares) or open (circles) system with 
respect to oxygen. The star is indicative of the starting point. Points on the 
lines represent status after 1 year and 100 years. 
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Figure 7. Results from PNNL simulation (Harvey et al. 2012). Predicted changes in pH 
and Eh with CH4 content of intruding gas, and implications for aqueous 
speciation of (a) Fe and (b) As. Simulation was for 100 years at gas 
intrusion 10 g d-1 using pure CO2 (red) and one mixed gas stream with 0.1% 
CH4 (blue; 99.4% CO2, 0.1% CO, 0.1% NOx, 0.3% SOx and 0.1% CH4) and 
one with 1% CH4 (black; 98.5% CO2, 0.1% CO, 0.1% NOx, 0.3% SOx and 
0.1% CH4) into a model aquifer assuming open system with respect to 
oxygen. The star is indicative of the starting point. Points on the lines 
represent status after 1 year and 100 years. In cases where points are 
undifferentiable, the 1-year results coincide with that for 100 years. 

GEOLOGY, HISTORY AND CURRENT ACTIVITY OF CRANFIELD 
The Cranfield oil field is located in southwestern Mississippi, 13 miles east of the 

town of Natchez (Fig. 8).  The oilfield was first discovered in 1943 and after producing 

over 50 million barrels of oil and 700 billion cubic feet of gas, it was deemed depleted in 

1966 (Hughes 1944). The subsurface structure of the Cranfield oilfield consists of a 

regionally shallowly dipping anticline overlying a salt dome with oil ring (Ditkof et al. 

2012). This area of Mississippi is primarily covered by the Pascagoula and Hattiesburg 

formations, consisting of unconsolidated, fine-detrital clay (Moore 1969).  Reinhart and 
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Meylan (1992) found smectite had the greatest abundance, but kaolinite was the most 

ubiquitous in all the samples. The sediments are also said to contain illite (Reinhart and 

Meylan 1992). Unweathered sediments are gray to green in color, with Fe oxide-stained 

mottles present in many samples (Rhinehart and Meylan 1992). Surface sediments have 

been found to have high amounts of iron- and manganese-rich loess sediments (Bartelli 

1973, Rhoton et al. 2002).   

                             

Figure 8. Location of the Cranfield oil field in Mississippi and map of producing/injector 
wells. (Map courtesy of Tip Meckel) 

The Cranfield oil field has been under a CO2 flood operated by Denbury Onshore 

Resources for enhanced oil recovery efforts since 2009 (Nicot et al. 2009, Ditkof et al. 

2012).  To date, over 6 million tons of CO2 have been injected since the project began. 

For the first phase of the projects, CO2 was piped from Jackson Dome in Mississippi 

(located northwest of Cranfield) and injected 3000 m below ground surface into the 

Tuscaloosa Formation sandstones.  Currently, CO2 is being injected and monitored as 
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part of the Southeast Regional Carbon Sequestration Partnership (SECARB) (Nicot et al. 

2009). Even though the immediate aims of EOR is an increase in oil production. Some of 

the injected CO2 is retained by the reservoir, causing EOR sites to be used as analogues 

for CCUS sites.   

 Intermittent measuring of near-surface soil gas (O2, N2, CO2 and CH4) began in 

September of 2009 as part of an effort to develop monitoring protocols at CCUS sites 

(Romanak et al 2012).  Semi-permanentl soil gas wells were installed in transects across 

a detailed area of study called the “P-site.” This site was chosen to study the effects of 

oilfield infrastructure on monitoring techniques, and the site included a plugged and 

abandoned well, a surface pit used for historical disposal of produced water, a well pad 

and surrounding mature evergreens and conifers (Fig. 9). 
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Figure 9. Schematic map of the P-site. Filled circles represent soil gas wells. Open circles 
are soil gas wells where cores have been collected. The 'x' is the location of 
a plugged and abandoned well. 

Soil-gas monitoring showed elevated concentrations of CH4 and CO2 compared to 

average soil gas concentrations (Romanak et al. 2012). The average of these 

concentrations of soil gases for wells 1-00, 1-03, 1-05 and the background area (BG) 

(Fig. 9) are shown below in Table 2 along with average soil gas concentrations. 

Compared to average soil gas composition, well 1-03 was shown by Romanak et al. 

(2012) to have significantly high levels of CH4 (28-34%) and CO2 (30-36%), along with 

lower N2 and O2 concentrations lower than would be expected in soil gas.  The soil gas 

wells surrounding 1-03, 1-00 and 1-05 also exhibit elevated concentrations of CH4 and 

CO2, relative to average soil gas but less than the concentrations in 1-03, indicating the 

soil gas anomaly gradually transitions to unaffected, background conditions.  The BG 

(background) core has gas concentrations similar to those of average soil gas 
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composition. Romanak et al. (2012) determined that soil gas ratios and isotopic analysis 

of gases at the P-site, indicate a thermogenic source for the CH4, which migrated up an 

unknown preferential pathway from a deep oil and gas reservoir.  CO2 is produced 

through oxidation of the CH4.  At the time of the measurements recorded in Table 2, CO2 

was not being injected near the P-site, but was being used for CO2-EOR in a remote 

portion of the field. The coexistence of CO2 and CH4 in an area where CO2 was not being 

injected shows how CO2 and CH4 will likely be intimately related in areas of seepage at 

CCUS sites. 

Table 2. Average soil gas concentrations (volume %) measured at the P-site between 
September 2009 and November 2011. Composition of average soil air 
shown for comparison. 

 Depth (ft) CH4 CO2 N2 O2 

Well 1-03 
4 34.711 36.230 28.714 0.747 
8 28.831 30.980 38.140 4.487 
12 31.141 36.701 34.020 0.462 

Well 1-05 
4 0.041 9.683 83.473 0.863 
10 0.051 9.247 77.610 0.626 
15 0.039 3.220 87.012 1.048 

Well 1-00 
2 0.017 1.769 79.011 18.059 
4 0.560 11.910 77.466 7.574 
8 0.044 2.475 78.268 16.232 

BG 

3 0.000 0.802 79.645 17.008 
5 0.000 0.787 81.889 15.155 
10 0.000 0.927 82.573 14.315 
15 0.001 0.742 80.131 16.841 

Soil gas* - n/a/ 0.25 79.0 20.5 
*(Buckman and Brady 1922) 
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Figure 10. Soil gas profiles from Romanak et al. (2012). 
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Methods 

FIELD WORK 
Four 4-9m long sediment cores were collected along a transect extending through 

the P-site into a background area in April of 2012 (Fig. 9-10). Cores were sectioned with 

samples collected every 0.5-1.0 meter. Redox potential and pH were measured in the 

field, while sectioned samples were sealed and prepared for subsequent analyses to be 

performed either in house or sent to an appropriate testing facility. The magnitude of 

intruding CH4 and CO2 plume (Fig.10) is large enough that it likely dampens relative 

changes of natural, seasonal variability of gases induced by changes in temperature, 

vegetation, and rainfall. Calculated from data recorded by the National Water and 

Climate Center under the US Department of Agriculture, from a station near Yazoo City, 

MS, about 100 miles NNE from Cranfield, the previous year (before this study occurred) 

had an average soil temperature of 18.1±4.0°C at a depth of 40 cm below ground surface. 

At deeper depths (such as those examined in this study), this variation is expected to be 

even less. 

EH AND PH 
To measure the oxidation-reduction potential and pH of the unsaturated 

sediments, slurries of 1:1 (volume) sediment and 18.2 MΩ water were prepared onsite 

following the standardized methods of McLean (1982) and Hamilton et al. (2004).  Eh 

was measured in the field using platinum-tipped and saturated calomel reference 

electrodes.  Both electrodes were placed in the slurry for an average of 2-4 minutes so a 

stable reading could be recorded (i.e. voltage reading did not change more than 0.1 mV in 
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ten seconds). The electrodes were removed, wiped off with Kim-wipes and rinsed with 

18.2 MΩ water. Temperature was also recorded and used to standardize raw 

measurements to the standard hydrogen electrode.  A pH meter (Orion Star) was used to 

measure pH in the field, following the same stabilization and cleaning approach as for the 

Eh electrodes.  Both the redox electrodes and pH meter were calibrated to appropriate 

standard solutions prior to all measurements and after 15 measurements.  

OCCLUDED GAS 
  In this study, occluded gas refers to the soil gas that is trapped within pores of 

the sediments in contrast to the freely-moving soil-gas sampled by Romanak et al. (2012) 

and reported in Table 2; these results were obtained by pumping gas from semi-

permanent soil gas collection tubes into an SRI gas chromatograph 8610 (SRI 

Instruments, Torrence, CA). While removing sediments from their natural setting and 

from the core lining can result in some degassing, we are interested in only the gas that 

remains trapped within the pores after the extractions. We suggest this gas measurement 

is a measure of the extent of the gas anomaly rather than the magnitude.   

To collect such samples, sediment sections from each sample were placed into 

IsoPaksTM (manufactured by Isotech Laboratories Inc. of Champaign Illinois), from 

which air was squeezed out to reduce atmospheric contamination during sampling.  The 

IsoPaksTM were then heat sealed, and the sediment samples inside were broken apart as 

best as possible to release the pore gas.  These samples were sent to Isotech Laboratories 

(Champaign, IL) for occluded gas concentration analysis. While IsoPaksTM reduce gas 

contamination from atmosphere compared to jars and tubes used in previous studies 



 30 

(Bernard 1978, Abrams 1992, Bjoroy and Ferriday 2002)), not all atmospheric air can be 

removed; therefore, some dilution of the sample is unavoidable, and so occluded gas 

measurements are representative of the extent of the gas anomaly, but not the magnitude. 

IsoPaksTM are a new product and therefore, studies have yet to be published studies that 

have utilized them. 

GRAVIMETRIC MOISTURE CONTENT 
To measure gravimetric moisture content, sample aliquots were placed into pre-

weighed tin containers and sealed with tape.  Upon returning to the laboratory, the 

containers were untaped and weighed.  Following the ASTM D4959 method for moisture 

content, samples were placed in an oven at 105°C for 24 hours.  The samples were then 

reweighed and moisture content was calculated: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡  𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒  𝐶𝑜𝑛𝑡𝑒𝑛𝑡 =   
(𝑚𝑎𝑠𝑠  𝑜𝑓  𝑤𝑒𝑡  𝑠𝑎𝑚𝑝𝑙𝑒 −𝑚𝑎𝑠𝑠  𝑜𝑓  𝑑𝑟𝑖𝑒𝑑  𝑠𝑎𝑚𝑝𝑙𝑒)

𝑚𝑎𝑠𝑠  𝑜𝑓  𝑑𝑟𝑖𝑒𝑑  𝑠𝑎𝑚𝑝𝑙𝑒
∗ 100% 

WATER AND ACID LEACHINGS 
Water- and acid-extractable organic carbon and metals were leached following the 

methods of Romanak (1997). The water-leaching provides concentrations of metals not 

bonded to the sediments, and the acid-leaching provides concentrations of metals that are 

bonded to sediments.  Organic carbon from acid-leached samples ais treated as total 

concentrations. After being dried in an oven for 24 hours at 105°C, samples were ground 

using a mortar and pestle. The mortar and pestle were washed with soap and rinsed three 

times with 18.2 MΩ water and dried between each sample. For water-leachings, 5 grams 

of sediment were combined with 30 mL 18.2 MΩ water in acid-washed centrifuge tubes, 
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while for acid-leachings 2 grams of sediment were added to an acid-washed centrifuge 

tube with 20 mL of 2.5% TMG nitric acid. Two blanks and four duplicate samples were 

incorporated into each the acid and water extractions. Samples were agitated on a shaker 

table for six hours and then centrifuged at 2,000 rpm for 45 minutes.  Leachates were 

decanted and filtered through 0.45 µm filters.  

Organic Carbon 

Acid and water leachates were analyzed for organic carbon using a Carbon 

Analyzer (Dohrmann DC-180), at the department of Geological Sciences at The 

University of Texas at Austin, equipped with an autosampler that ran triplicates for each 

sample. Acid-leachable sediments were dried at 100°C for 24 hours and reweighed for 

purgeable inorganic carbon by mass lost; however, the electronic balance was not 

sensitive enough to detect changes.  

Metals 

Nitric acid was added to the water leachates, and 18.2 MΩ water was added to the 

acid leachates to bring solutions to a 2% HNO3 concentration.  Samples were than 

analyzed for trace metal concentration using an Inductively-Coupled Plasma Mass 

Spectrometer (ICP-MS; Agilent 7500ce) at the department of Geological Sciences at The 

University of Texas at Austin.  Two samples from each core were run in duplicates to 

ensure precision. Samples with concentrations of metals that exceeded detection limits 

were further diluted and re-run. Results are reported in µg/g of sediment. 
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ACID-DIGESTIONS 

Total metal concentrations were determined following standard methods (method 

D3974, ASTM, 2009), with proportional (60% reductions) adjustments made to account 

for the smaller size of the 60-mL acid-washed centrifuge tubes used in place of 250-mL 

beakers.  The remaining and unused sediments that were dried and ground for the 

leachings were used for the digestions.  In centrifuge tubes, 1.6 (±0.05) g of sediment 

samples were weighed, and then 40mL of 18.2 MΩ water, 0.4mL of trace metal grade 

TMG HNO3 and 4mL of TMG HCl were added.  The tubes were capped, shaken, and 

then placed in a hot block set to 95°C with their lids partially covering the openings to 

allow for evaporation.  Once the solution was reduced to approximately 10mL, the 

samples were removed from the hot block and cooled to room temperature.  The solution 

was decanted and filtered through 0.45 µm filters into acid-washed 60-mL centrifuge 

bottles. To prepare the samples for ICP-MS analyses, 50mL of 2% HNO3 was added to 

the bottles.  Using the ICP-MS results from the acid-leachings, samples were further 

diluted to acquire accurate measurements of trace metals. Results are reported in µg/g of 

sediment. 

GRAIN SIZE  

To prepare samples for grain size analysis by a laser particle size analyzer, a 

series of treatments were applied to the sediment samples, following the procedures Gee 

and Or (2002). Sediment samples were ground with a mortar and pestle, which was 

rinsed three times with 18.2 MΩ water between samples. The sediments were very fine in 
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texture and varied in color between tan and light gray, with some samples more rust 

colored. 

Removal of carbonates and soluble salts was completed by centrifuging 

approximately 10 g of sediment combined with 10 mL of 1M NaOAc and 40 mL of 18.2 

MΩ water at 2000 rpm until the supernatant was clear (approximately 10 minutes).  The 

sample was decanted then washed and centrifuged twice with 50 mL of 18.2 MΩ water 

with the supernatant being discarded.   

Organic matter was removed by shaking the sample with 25 mL of DI water 

overnight on a wrist-action shaker. To avoid overflow from frothing, samples were then 

transferred to 250 mL beakers before adding 5 mL of H2O2. Samples were stirred, 

covered, and watched closely for excessive frothing.  If excessive frothing did occur, 

samples were cooled in a water-bath until frothing ceased.  Additional H2O2 was added 

until no visible reaction occurred.  Samples were then transferred back to centrifuge 

tubes, capped and heated to 90°C in a hot block.  Caps were removed to all excess water 

to evaporate.  This process of adding H2O2 and heating was repeated until samples 

appeared bleached in color and visible reaction to additional H2O2 was slowed or not 

apparent.  After the final addition of H2O2, the samples were heated an additional hour to 

destroy remaining H2O2.  

The final preparation before analysis was the removal of iron oxides.  To the 

previously treated samples, 40 mL of citrate-bicarbonate buffer was added to the 

centrifuge tubes, which were then shaken by hand before slowly adding 3 g of sodium 

dithionite.  Samples were placed in a hot block and heated to 80°C with intermittent 
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stirring for 20 minutes.  Next, 10 mL of saturated NaCl were added to the samples which 

were then centrifuged and decanted. This step was repeated until samples were 

completely gray in color.  Once the sample was gleyed, 40 mL of citrate-bicarbonate 

buffer and 20 mL of saturated NaCl were added, and the sample was centrifuged and 

decanted again.  The final steps before laser analysis including washing, centrifuging and 

decanting the sample twice with 50 mL of 10% NaCl, followed by two more washings 

with 50 mL of DI water. 

Homogenized aliquots of the prepared samples were analyzed using the Master 

Sizer 3000 (Malvern, Worcestershire, UK). After the sample was added, it was sonicated 

for 45 seconds and six measurements were recorded to allow time for clumps of fines to 

break up into individual particles and have consistent measurements. The device was 

cleaned after each sample.  The three most consistent measurements were averaged.  

STATISTICAL ANALYSES 

Statistical analyses were carried out using the SPSS Statistical program (V21.0.0) 

to determine if metal concentrations are normally distributed and determine correlations 

between data. The Anderson-Darling test was run to determine whether metal 

concentrations are normally distributed.  Test results where P < 0.05 led to rejection of 

null hypothesis and an assumption of nonparametric behavior of the data. To assess 

statistical differences of metal concentrations between the center of the anomaly (core 1-

03) and the background, the Mann-Whitney U test of analysis of variances (ANOVA) by 

ranks was used. Inter-core comparisons between 1-00 and the background, 1-00 and 1-03, 
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1-05 and the background, and 1-05 and 1-03 using the Mann-Whitney U test as well to 

see how conditions transition from the anomaly to the background. This statistical 

comparison only discriminates between the averages of concentrations; therefore, 

significance of concentration trends will be included in the Discussion chapter as well.   
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Results 

OCCLUDED GAS 
Compared to the previously reported free-moving soil gas, the occluded gas 

measurements show less CO2 (<6% of vol.) and CH4 (<0.1% of vol.) in the soil gas 

anomaly area.  Figures 11-17 were created in IHS Petra program (Version 3.8.3), using 

spline interpolation. The cross-sections show patterns of occluded gas concentrations in a 

two-dimensional cross section between the observed center of the soil gas anomaly (core 

1-03),  spreading in (at least) two-dimensions, toward 1-05 and 1-00 while the 

background core maintains close to average soil gas composition (specific data are found 

in Appendix).  Peak CH4 (Fig. 11) concentrations occur at ~4.5 m depth at site 1-03, 

whereas the highest and lowest concentrations of CO2 and O2 are found, respectively, at 

the shallowest depth (1.5 m) of this site. The CH4 appears to be diffusing laterally from 

the 1-03 location toward 1-00 and 1-05; however, no significant occluded methane was 

found in core 1-05.The concentration pattern of O2 (Fig. 13) is opposite that of CO2 (Fig. 

12) with the lowest amount of O2 aligning with the highest CO2 concentrations. Figure 13 

shows a strong vertical pattern of O2 concentrations with average soil gas concentrations 

(~21-22%) around 4.5 m depth, decreasing upward to 1.5 m in core 1-03. Little variation 

of O2 concentrations are found in 1-00, 1-05, and the BG cores, with all concentrations 

between 20-23% (Appendix). CO2 concentrations (Fig. 12) vary throughout the cores, but 

a strong, vertically concentric pattern can still be seen surrounding the 1.5 m sample of 1-

03. 
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EH 
The visual display of Eh measurements shows a pattern similar to that of O2 

concentrations as would be expected since Eh is strongly dependent on O2 (Fig. 14).  

Close to ground surface at borehole 1-03 are the lowest Eh values (130-160mV), which 

increase with depth as well as laterally. Samples from 3.7 m and deeper in core 1-03 have 

Eh values above 450mV.  The lowest Eh values in cores 1-00 and 1-05 are from the 

shallowest samples; however, those values are still above 400mV (Appendix).  Eh 

measurements from the background core are relatively consistent throughout at 

480±30mV.  

PH 
The lowest pH values do not overlap those of the highest CO2 or lowest Eh and 

O2, but rather they are found near ground surface from cores 1-00 and 1-05, bordering the 

other highest/lowest measurements (Fig. 15). The shallowest sample from core 1-05 (1.5 

m) has the highest pH of 8.0, while the sample below it (2.3 m) has the lowest pH of 5.3.  

In core samples from 1-00, the lowest pH of 5.9 occurred in the 1.2 m sample, all other 

samples having pH values between 7.0-8.0.  pH levels in samples taken from core 1-03 

only vary from 7.12 at the shallowest portion of the core to 7.48 at the base of the core. 

The variation of pH in the background core was only slightly higher than that measured 

in core 1-03 (pH measurements varied between 7.0-7.7). 

GRAVIMETRIC MOISTURE CONTENT 
Sediment with the lowest moisture content were observed at the shallowest 

section compared to the deepest of samples taken from boreholes 1-00, 1-03 and 1-05, 
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relative to deeper sections of these cores (Fig. 16).  Moisture content in samples taken 

from core 1-03 increase from ground surface to about 3 m, where it remains relatively 

constant between 20-24%, until 7 m deep where it begins to decrease again. The core 

samples from the background location have the highest moisture content in the shallowest 

2 m section, after which moisture content also decreases. More interpolation was used for 

the background core as moisture content was not determined for all samples (Appendix). 

ORGANIC CARBON  
The core samples exhibit an expected pattern of organic carbon with the highest 

concentrations measured closest to the surface (Fig. 17).  No anomalously high areas of 

organic carbon were found in the cores. Core 1-00 had the highest organic matter in a 

sample with 63 ppm found at 0.6 m below ground surface.  Averaging the amounts in the 

top 4.6 m of all the cores to equally compare all the cores, the background has the lowest 

amount of organic carbon with 17.24 ppm, followed by samples taken from 1-05 (24.6 

ppm), then from the anomaly core 1-03 (26.09 ppm). The highest average organic carbon 

was measured in samples taken from 1-00 (27.29 ppm).   
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Figure 11. Cross-sectional view of CH4 concentrations. Star is approximate location of 
abandoned well. 

 

 

 

Figure 12. Cross-sectional view of CO2 concentrations. Star is approximate surface 
location of abandoned well 
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Figure 13. Cross-sectional view of O2 concentration. Star is approximate surface location 
of abandoned well. 

 

 

 

Figure 14. Cross-sectional view of Eh measurements. Star is approximate surface 
location of abandoned well. 
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Figure 15. Cross-sectional view of pH measurements. Star is approximate surface 
location of abandoned well. 

 

 

 

Figure 16. Cross-sectional view of gravimetric moisture content. Star is approximate 
surface location of abandoned well. 



 42 

 

Figure 17. Cross-sectional view of organic carbon content. Star is approximate surface 
location of abandoned well. 

METALS 

Total Concentrations 
 Total concentrations of metals of the cores are shown in Figures 18-25. Where the 

depths of cores 1-05 and BG overlap, Cr concentrations have similar fluctuation patterns, 

but with the fluctuations in core 1-05 at a greater magnitude (2-9 ppm in 1-05 and 6.5-9 

ppm in BG). Cr fluctuates between 6.5-8 ppm in core 1-00 and 4-13 ppm in core 1-03. 

Mn and Ba have similar concentration trends in cores 1-00, 1-03 and 1-05, with the 

largest peak in concentrations occurring in samples from 2.0-2.5 m below ground surface. 

The concentration trends of Ba and Mn are similar between cores. In cores 1-00, 1-03, 

and 1-05, Mn and Ba have a large peak in samples from depths between 2.0-2.5 m. 

Concentrations trends of Fe and Co are similar within cores. From samples taken from 5 

m and below, cores BG and 1-03 have similar fluctuation patterns, but diverge above 5 

m, where cores BG and 1-05 have similar trends. The concentration trends for Fe and Co 

differ within core 1-00 and from the other cores and vary the least; however, the 
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maximum Co concentration of all cores is found in the sample from 4.6 m depth in core 

1-00. Cu concentrations fluctuate similarly in cores 1-03, 1-05 and BG. In core 1-00, Cu 

increases with decreasing depth. Zn also increases with decreasing depth in core 1-00, as 

well as in core 1-03. Concentrations fluctuate differently in cores 1-05 and BG. Where 

sampling depths overlap in cores 1-00 and 1-03, concentrations of Pb fluctuate similarly. 

The maximum concentration (20 ppm) of Pb was measured in core BG at 6.4 m depth. 

Concentration of Ni increases upwards toward the ground surface in core 1-03. Ni 

concentrations fluctuate similarly in cores 1-00, 1-05, and BG, with a large peak between 

2.0-2.5 m. 

 

Figure 18. Total Cr concentrations. 
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Figure 19. Total Mn concentrations. 

 

 

 

Figure 20. Total Fe concentrations. 
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Figure 21. Total Cu concentrations. 

 

 

Figure 22. Total Zn concentrations. 
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Figure 23. Total Ba concentrations. 

 

 

Figure 24. Total Zn concentrations. 
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Figure 25. Total Co concentrations. 

 

 

Figure 26. Total Ni concentrations. 
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Water-leachable Concentrations 

Water-leachings resulted in concentrations at the ppb level (results are referred to 

as “water-leachable metals”) (Fig. 27-35). When comparing the depth profiles of the 

concentrations of Cu, Zn, Ba, Pb, Co, and Ni between cores, a trend in peak 

concentrations is noticeable. Concentrations peak at a shallow depth in core BG, then 

peak in core 1-00 at a relatively deeper depth, at finally below the depth of the peak in 

core 1-00, concentrations peak in 1-03. With respect to Mn, concentrations peak at a 

shallow depth (1.5 m) in core BG and then at the same depth (3.7 m) in cores 1-00 and 1-

03. The largest peak of Mn occurs at 7.3 m, however. Peak concentrations of the same 

magnitude are not observed in core 1-05. Fe and Cr concentration fluctuations are similar 

within cores, but different between cores. The greatest concentration of water-leachable 

Fe occurs at 4.6 m below ground surface in core 1-03. 

 

 

Figure 27. Water-leachable Cr concentrations. 
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Figure 28. Water-leachable Mn concentrations. 

 

 

Figure 29. Water-leachable Fe concentrations. 
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Figure 30. Water-leachable Cu concentrations. 

 

 

Figure 31. Water-leachable Zn concentrations. 
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Figure 32. Water-leachable Ba concentrations. 

 

 

Figure 33. Water-leachable Pb concentrations. 
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Figure 34. Water-leachable Co concentrations. 

 

 

Figure 35. Water-leachable Ni concentrations. 
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Acid-leachable Metals 
 Metals that were removed by acid-leaching (pH of ~0.39) will be referred to as 

“acid-leachable metals.”  The results of this work showed the background core with the 

lowest concentrations of acid-leachable metals with no significant concentration trends. 

All metal species analyzed in cores 1-00, 1-03 and 1-05 increase from ~4 m depth, up 

toward ground surface (Fig. 36-44). 

 

Figure 36. Acid-leachable Cr concentrations. 
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Figure 37. Acid-leachable Mn concentrations. 

 

 

Figure 38. Acid-leachable Fe concentrations. 
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Figure 39. Acid-leachable Cu concentrations. 

 

Figure 40. Acid-leachable Zn concentrations. 
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Figure 41. Acid-leachable Ba concentrations. 

 

 

Figure 42. Acid-leachable Pb concentrations. 
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Figure 43. Acid-leachable Co concentrations. 

 

 

Figure 44. Acid-leachable Ni concentrations. 
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GRAIN SIZE ANALYSIS AND MINERALOGY 
After extraction from the borehole, the sediment in the cores appeared massive in 

structure and compacted. Scanning electron microscope (SEM) analysis of samples from 

within the gas anomaly and from an unaffected area showed similar mineralogy of clay 

(illite) with detrital quartz grains (Figs. 45 and 46).Sediments were mostly gray and tan in 

color (Table 3) with some sections characterized many streaks of rust (Fig. 47), 

indicating the sediments have undergone spatially-variable changes in redox conditions. 

The laser particle size analyzer provided results showing that the sediment samples were 

10-50% clay in texture (i.e., diameters < 2 µm). Over 75% of all of the cores are 

composed of silt and clay (< 50 µm), with the coarsest particles being fine sand in core 1-

03 and at the bottom of the background core (Fig. 48-51). Samples from core 1-03 have 

similar grain size distribution, which are composed mostly of clay and silt with small 

amounts of fine sand.  The background core is composed of clay and silt, with only a 

slight fraction of very fine sand found in the bottom of the core. The shallowest sample 

from core 1-00 has a higher silt content than the shallowest samples from other cores; 

however, only clay and silt were found to be in the rest of core 1-00. Grains sizes in the 

samples from core 1-05 ranged from clay through silt.  
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Figure 45. SEM capture of sediment from within the soil gas anomaly. Sediments are 
composed of clay (illite) with some detrital quartz fragments. 

 

Figure 46. SEM capture of sediment from the background area not affected by the gas 
anomaly. Sediments are composed of clay (illite) with some detrital quartz 
fragments. 
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Table 3. Color descriptions of core samples. 

Core Depth 
(m) Color Description of Core 

1-03 
1 

1.5 Medium gray with tan (light rust) streaks and specks 
2.4 Tannish light gray 
3.7 Light gray and tan 
4.6 Light grayish tan 
5.5 Light gray with a few tan/light rusty areas 
6.4 Mostly light gray with some rusty streaks 
7.3 50/50 mix of light gray and red (rust) streaks 
8.2 50/50 mix of light gray and red (rust) streaks 

B
BG 

0.6 Light gray with a few tan/ light rusty streaks 
1.5 Light gray with a few tan/ light rusty streaks 
2.4 Light gray with a few tan/ light rusty streaks 
3.0 Light gray with rusty spots 
4.0 Light tannish gray 
4.6 Light gray with a few tan/ light rusty streaks 
5.3 Light gray with tan/ light rusty streaks 
6.4 Light gray 
7.3 Light gray 
8.2 Light gray with tan/ light rusty streaks 

1-00 

0.6 Light grayish tan 
1.2 Tan with a slight reddish tint in some areas 
2.4 Light grayish tan 
3.7 Light tannish gray 
4.6 Light gray with a few tan/ light rusty streaks 

1-05 

1.5 Light tannish gray with some areas of light gray 
2.3 Tannish light gray 
3.0 Light grayish tan 
3.8 Light tannish gray 
4.6 Light tannish gray 
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Figure 47. Example of the rusty streaks found at the base of core 1-03. 

 
 

 

Figure 48. Cumulative distribution of grain sizes from depths of 1.5m, 5.3m, and 8.2m in 
the background core. 
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Figure 49. Cumulative distribution of grain sizes from depths of 1.5m, 3.7m, and 8.2m in 
core 1-03. 

 

Figure 50. Cumulative distribution of grain sizes from depths of 1.5m and 3.7m in the 
core 1-00. 
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Figure 51. Cumulative distribution of grain sizes from depths of 1.5m and 3.8m in the 
core 1-05. 
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Discussion 

GASES, EH AND PH RELATIONSHIPS AND CORRELATIONS 
Pearson correlations were used to determine the nature of interactions among the 

various vadose zone parameters (i.e. gases and organic carbon) measured during the 

study and to determine the significant geochemical controls on Eh and pH and thus metal 

mobility. With our focus on controls mobilizing metals in CCS leakage studies, our 

findings do not fully agree with the hypothesis that CO2 and pH are the sole controls of 

metal mobility. Instead, we show that O2 concentration and its effect on Eh is a 

significant factor that governs the potential for metals to mobilize. 

Concentrations of occluded gas are not as anomalous (in comparison to average 

soil gas levels) as the free soil gas that was reported by Romanak et al. (2012), but the 

occluded gas measurements still show an anomaly centered at well 1-03 . This difference 

in concentrations can be explained differences in gas mobility in the soil.  Free soil gas is 

dynamic and can move through larger pores, between aggregates or through soil cracks, 

whereas a smaller proportion of gases within the vadose zone can become trapped in 

smaller pore spaces or aggregates, or otherwise sorbed to sediment grains. Four possible 

explanations can account There are three possible explanations for the low amounts of 

CH4 found in the occluded gas, compared to the high concentrations in the free soil gas 

(Romanak et al. 2012), along with the lack of correlations with other gases: 1) dilution 

from atmosphere not removed from the IsoPaks; 2) CH4 that is not oxidized passes freely 

and quickly to the atmosphere; 3) CH4 is adsorbed onto the sediments and can only be 

released by laboratory chemical extractions (i.e. Horvitz 1939) that were not performed. 
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Because of the low amounts of CH4, no significant correlations were found with CO2 or 

O2. 

Results showed that CO2 is significantly negatively (r < -0.7; p < 0.05) with O2 in 

samples taken from cores 1-03, 1-05 and the background (Table 4). Samples from core 1-

00 showed a slightly weaker correlation (r = -0.68) between O2 and CO2 that is significant 

at the 90% level (p = 0.086). This overall relationship agrees with the findings of 

Romanak et al. (2012), that O2 is consumed when CH4 is oxidized to CO2. In addition, O2 

concentrations are further decreased by simple dilution in the presence of CH4 and CO2 

concentrations that are highly elevated relative to atmosphere.  

Eh has the strongest correlation (r = 0.948; p <0.01) with O2 in core 1-03 as 

compared to CH4 and CO2 (Table 4).  The lack of correlation in the other cores is most 

likely due to a lack of variations in O2 concentrations in these locations, given that Eh is 

affected by O2 concentrations (Eby 2004).  The negative relationship between Eh and 

CO2 in samples taken from core 1-03 can be explained by CH4 oxidation, which removes 

O2 and drives down Eh while producing CO2.  

To understand the controls on low O2 and thus low Eh in these sediments, 

assessing the potential role of organic carbon in O2 depletion is important. Soil organic 

matter is the main source of carbon and energy for microbes that use O2 and produce CO2 

during respiration. Under environmental conditions of high water content, high soil 

organic carbon and low oxygen influx, microbial respiration may produce suboxic or 

anoxic conditions, creating reducing environments (Coleman et al. 1981, Kalbitz et al. 

2001). The negative correlation between Eh and organic carbon and positive correlation 
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between CO2 and organic carbon suggests that soil organic carbon content contributes to 

the formation of reducing conditions in P-site sediments. A gas transport model that 

incorporates respiration rates sensitive to temperature, water content and organic matter 

content would help quantify the importance of organic matter oxidation on Eh This 

process is especially likely to be important on a relatively small scale such as in localized 

microsites within the clay. However, sediment conditions at the P-site are not those that 

would be expected to create the magnitude of observed CO2 concentrations (as high as 

45%). Even in organic-rich, water-logged rice paddies and bogs, which exhibit the 

highest known rates of CO2 production through microbial respiration, CO2 concentrations 

rarely exceed 25% (Khan et al. 2011).  In addition, the background site does not show 

highly reducing conditions, yet its average organic carbon content is 11.7 ppm as 

compared to an average organic content of 19.6 ppm in core 1-03. Romanak et al. (2012) 

concluded that the CO2 at the anomaly results from the oxidation of exogenous CH4, 

based on carbon isotope signatures of CH4 and CO2.  Their conclusions, in addition to 

relatively low organic carbon contents and the highly elevated CO2 and CH4 

concentrations at well 1-03, strongly suggest that while microbial utilization of organic 

matter may contribute to the reducing conditions at the P-site, oxidation of methane 

migrating from depth is a significant factor in producing low Eh and reducing conditions.  

The influx of exogenic CH4, as found by Romanak et al. (2012), is of such great 

magnitude, that it overwhelms the natural balance of the system  

Generally, CO2 concentrations are expected be the controlling factor of pH. 

Equation 4 shows that dissolving CO2 into water will increase the concentration of H+ 
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ions, decreasing pH. This relationship explains the strong negative correlation between 

CO2 and pH in samples taken from core 1-03, but because the production of CO2 in this 

environment depends on a supply of O2 for CH4 oxidation, the overall driver of 

geochemical change in the system is O2 concentration. Even in a system without CH4, 

where CO2 is not produced in-situ through methane oxidation, but enters the vadose zone 

as a leakage signal, O2 concentration will be diluted, possibly decreasing Eh; therefore, 

Eh and O2 concentration should always be considered along with CO2 and pH when 

assessing a leak from a CCUS site.   

Changes in pH can be buffered in the presence of alkalinity or soluble minerals 

that produce alkalinity, where, for instance, Eq. 4 is driven in reverse by mineral 

dissolution. In cores other than core 1-03, lack of a strong negative correlation between 

CO2 and pH may be due to spatial heterogeneities in carbonate minerals that promote 

buffering. Alkalinity needs to be measured to determine if this buffering is occurring. 

Table 4. Pearson correlations between gases, Eh, pH and organic carbon. 

Pearson Correlation R Values 

 
Eh pH CO2 

 
O2 CO2 CH4 Org. C O2 CO2 CH4 O2 CH4 Org. C 

1-03 .948** -.735* .306 -.938** .785* -.884** -.295 -.893** .121 .836** 
1-00 -.435 .679 .711 -.886* .549 -.185 -.833 -.680 .527 -.664 
1-05 -.217 .094 .449 -.874 .044 -.031 .152 -.961** .153 -.405 
BG .242 -.205 .199 .247 -.547 .220 .219 -.708* .497 .545 

*Correlation is significant at the .05 level (2-tailed). 
**Correlation is significant at the .01 level (2-tailed). 
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METALS 

Statistical results 
Anderson-Darling tests revealed that metal concentrations are not normally 

distributed; therefore, nonparametric analyses were used. The analyses were done 

stepwise, with all metal concentrations from the background core first compared to 

concentrations observed from samples in core 1-03 (center of the soil gas anomaly) via 

the Mann-Whitney U test for variances on ranks.  This test determines whether 

differences exist in the distribution of metals between borehole locations.  The results for 

analyses of total metal concentrations indicated acceptance of the null hypothesis of 

similar distribution. Several acid-leachable metals (Cr, Zn, Ba, and Pb) were different 

among cores (p < 0.05), while results for other metals (Co, Cu, Fe, Mn, and Ni) indicated 

no significant variation in concentrations (p > 0.05).  Concentrations of water-leachable 

metals retained the null hypothesis (i.e. results indicate same distributions). All of the 

total metal concentrations being statistically similar suggest that differences in acid-

leachable concentrations are not solely due to differences among the total amount of 

metals in background and 1-03 cores, but rather affected by other parameter (e.g., Eh or 

pH). 

As shown in Figures 11-13, gas concentrations only differ above 5 m in the cores. 

A Mann-Whitney U test was performed to compare the sediments with anomalous gas 

concentrations of core 1-03 to the background core. The total concentrations of all 

metals, except for Ba, were found to be statistically similar among locations, with no 

significant variation.  Furthermore, all the water-leachable concentrations, except for Cu, 
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were found to be similar with no significant variation among locations.  The average 

acid-leachable concentrations, however, were found to differ for all metals (p < 0.05), 

except for Cu between cores. The similarity between the grain size and total and water-

leachable metal concentrations, but differences between acid-leachable metals (those 

potentially sorbed to the sediments) indicate a geochemical parameter (e.g. differences in 

gas concentrations, Eh or pH, organic matter) is affecting the sorption of metals. Also, the 

similarity of total metal concentrations between cores indicates that metals have most 

likely not undergone mobilization under site conditions.  

Inter-core comparisons, using the Mann-Whitney U test, were also carried out 

between cores 1-00 and 1-03, 1-00 and BG, 1-05 and 1-03, and 1-05 and BG. All metals 

from all leachings were similar (p > 0.05), except for total Cr and acid-leachable Pb (p 

<0.05), between cores 1-00 and 1-03. From the comparison between cores 1-00 and BG, 

all metal concentrations, except for total Ba (p <0.05), were shown to be (p > 0.05) as 

well.   The null hypothesis was thus retained (p > 0.05) for all metals (total, acid-

leachable and water-leachable), between cores 1-05 and 1-03.  The comparison of cored 

1-00 to BG revealed that total Pb and acid-leachable Zn, Ba, and Co were the only 

statistically different (p < 0.05) concentrations. The similarity between cores 1-00 and 1-

05 with both the BG and 1-03 cores (especially, in reference to the acid-leachable metals 

that were shown to be statistically different between cores 1-03 and BG), imply that cores 

1-00 and 1-05 are in a transition zone between anomalous and background conditions. 

These statistical results suggest that geochemical effects quickly weaken outside the 

center of the gas anomaly.  
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Table 5 also illustrates how the average percentage of acid-leachable metals is 

greater in the cores that show signs of impact from the gas anomaly, compared to the 

background. Table 6 shows that the average percentage of water-leachable metals is not 

only low, but is similar across all cores, indicating water-leachable metals are not 

affected by the observed differences in gas concentrations and Eh and pH, but acid-

leachable metals–metals that are sorbed onto sediments–are affected by these differences. 

The concentration depth profiles of the acid-leachable metals clearly show the 

concentrations of metals in cores 1-00, 1-03 and 1-05 are being affected by the presence 

of the gas anomaly.    

Table 5. Average percent of acid-leachable metals compared to total concentrations. 

 
Cr Mn Fe Cu Zn Ba Pb Co Ni 

BG	   0.9%	   11.0%	   0.7%	   13.2%	   7.0%	   27.2%	   14.8%	   2.4%	   2.3%	  
BG*	   0.9% 13.0% 0.6% 14.3% 6.7% 30.9% 8.5% 1.8% 1.6% 
1-03 3.8% 40.4% 3.7% 19.4% 24.7% 64.6% 32.8% 10.8% 4.8% 

1-03*	   6.3% 53.6% 6.2% 25.9% 27.6% 75.5% 49.7% 16.5% 6.5% 
1-00 4.3% 15.7% 2.5% 10.0% 18.9% 59.2% 18.5% 5.5% 3.8% 
1-05 15.6% 24.7% 7.7% 30.2% 40.5% 69.2% 25.3% 11.0% 12.2% 

*Denotes depths only from 4.6m and above used in calculations for an equal comparison of all cores. 
 

Table 6. Percent of water-leachable metals compared to total concentrations. 

 
Cr Mn Fe Cu Zn Ba Pb Co Ni 

BG	   0.0%	   2.2%	   0.0%	   0.3%	   0.2%	   0.8%	   0.1%	   0.4%	   0.1%	  
BG*	   0.0% 0.7% 0.0% 0.2% 0.2% 0.8% 0.1% 0.6% 0.1% 
1-03 0.3% 0.3% 0.2% 0.2% 0.3% 0.3% 0.2% 0.2% 0.2% 

1-03*	   0.3% 0.5% 0.2% 0.1% 0.2% 0.1% 0.1% 0.2% 0.2% 
1-00 0.0% 0.3% 0.0% 0.1% 0.2% 1.0% 0.2% 0.2% 0.2% 
1-05 0.1% 0.0% 0.1% 0.1% 0.1% 0.1% 0.0% 0.0% 0.1% 

*Denotes depths only from 4.6m and above used in calculations. 
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Correlations 
Statistical analyses indicate that both total metal and water-leachable metals were 

similar in all cores despite the differences in gas concentrations in some cores. Pearson 

correlations of the differently extracted metals and Eh, pH, and organic carbon further 

show that only acid-leachable metals are affected by changes in the geochemistry of the 

system. 

Tables 7 and 8 show the Pearson correlations between total metals and water-

leachable metals with geochemical parameters.  No consistent correlations were observed 

for either total or water-leachable metals concentrations. Only total Mn, Cu, and Zn 

concentrations from samples taken from core 1-03 show significant correlations; in this 

case, positive correlations with organic carbon, and negative correlations with Eh and pH.  

The relationship between total metals and the other metrics (i.e. gases, Eh, pH, organic 

carbon) appear to be random, with some metals being positively correlated to one metric 

while others have a negative correlation.    

Very few significant correlations were observed between the water-leachable 

metals and Eh, pH and organic carbon, none of which were found in samples from core 

1-03. The results indicate that the gas anomaly is not affecting the distribution or 

mobilization of water-leachable metals; an increased risk of contamination to 

groundwater from water-leachable metals is not expected. The pattern of concentration 

peaks in shallow to progressively deeper samples in cores BG, 1-00 and 1-03, 

respectively, from the depth profiles (Fig. 27-36) suggest the water-leachable metals are 

migrating down gradient, from the location of the background borehole toward the old 
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disposal waste water pit (Fig. 9). There is a slight downward gradient from the 

background to the disposal pit; however, a survey of the hydrodynamic flow should be 

conducted to confirm this. 

Acid-leachable metals measured in samples taken from core 1-03 are significantly 

correlated with organic carbon, Eh and pH (Table 9). The correlation between the metals 

and organic carbon could mean either that the organic carbon is causing the reduction in 

Eh as previously discussed, or that the metals were actually adsorbed onto to the organic 

material.  As Eh decreases and the environment becomes more reduced, metals become 

more susceptible to leaching in the presence of highly acidic fluids.  For the acid 

leachings, 2% having a pH ~ 0.39 was used. Although such low pH is unlikely to be 

reached in natural settings, acid leachings provide insights into the mechanisms that 

might affect metal mobility in natural settings. Although such low pH is unlikely to be 

reached in natural settings. All of the metals analyzed from core 1-03, except for Cu and 

Pb, are significantly negatively correlated with pH; however, these correlations are not 

quite as strong (i.e. lower r-values) as those with Eh (Table 9), suggesting that Eh is a 

more important factor in the mobilization of metals. Only acid-leachable Mn and Pb from 

cores 1-00 and 1-05 have significant correlations (core 1-00: Mn r = 0.978, p < 0.05; Pb r 

= 0.966, p < 0.01; core 1-05: Mn r = 0.990, p < 0.01; Pb r = 0.976, p < 0.01) with organic 

carbon, and Ba in the background core is the only acid-leachable metal, with the 

exception of core 1-03, to significantly correlate with Eh (r = -0.921, p < 0.01). Despite 

the lack of correlations between acid-leachable metals in cores 1-00 and 1-05, the 

similarity of concentration depth profiles between these cores and core 1-03 cannot be 
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disregarded.  The presence of similar concentration trends, but lack of correlation with 

the other metrics, indicates the sediments in cores 1-00 and 1-05 at some point 

experienced the same alterations of core 1-03. The results indicate that decreased O2 

created a reducing environment in the field that allowed more metals to be leached in 

laboratory analyses than from sediments from more oxic field conditions.  

Table 7. Pearson correlations between total metal concentrations and organic carbon, Eh, 
and pH. 

  Pearson Correlation R Values 

  Total Metals 

 Core Cr Mn Fe Cu Zn Ba Pb Co Ni 

Organic 
Carbon 

1-03 .293 .821* .074 .737* .885** .568 .252 .660 .553 
1-00 -.248 .451 .891* .914* .856 .336 .763 -.312 -.408 
1-05 -.731 -.204 -.683 -.641 -.648 -.492 -.692 -.651 -.646 
BG .240 -.017 -.127 .794** -.014 .749* -.106 .368 .243 

  Cr Mn Fe Cu Zn Ba Pb Co Ni 

Eh 

1-03 -.210 -.937** -.115 -.772* -.860** -.650 -.195 -.592 -.501 
1-00 .475 -.003 -.884* -.658 -.628 .139 -.969** .149 .755 
1-05 .938* .438 .910* .883* .862 .781 .825 .932* .875 
BG .530 .541 .770** .467 .380 .500 -.333 .009 .697* 

  Cr Mn Fe Cu Zn Ba Pb Co Ni 

pH 

1-03 -.418 -.765* -.122 -.935** -.872** -.862** .005 -.855** -.906** 
1-00 -.595 -.829 .240 -.304 -.277 -.931* .649 .324 -.854 
1-05 -.606 -.865 -.791 -.912* -.910* -.949* -.376 -.845 -.893* 
BG .120 .350 -.038 .570 .062 .754* -.123 .421 .267 

**Correlation is significant at the .01 level (2-tailed). 
*Correlation is significant at the .05 level (2-tailed). 
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Table 8. Pearson correlations between water-leachable metal concentrations and total 
metals, organic carbon, Eh, pH, and acid-leachable Fe and Mn. 

  Pearson Correlation R Values 

  Water-leachable Metals 

 Core Cr Mn Fe Cu Zn Ba Pb Co Ni 

Total 
Metals 

1-03 -.225 .334 .117 -.422 -.100 -.207 -.239 -.072 .454 
1-00 .319 -.538 -.554 -.516 -.257 -.499 -.089 -.355 -.077 
1-05 .713 .978** .822 .748 .884* .673 .744 .990** .931* 
BG .252 -.420 -.049 .084 -.096 .266 .021 .791* .115 

  Cr Mn Fe Cu Zn Ba Pb Co Ni 

Organic 
Carbon 

1-03 .317 .902 .361 .118 .205 .465 .421 .255 .333 
1-00 -.507 -.159 -.466 -.463 -.443 -.477 -.483 -.478 -.483 
1-05 -.552 -.362 -.478 -.417 -.273 -.510 -.590 -.685 -.490 
BG .005 -.338 -.163 -.130 .035 .135 .220 .237 .071 

  Cr Mn Fe Cu Zn Ba Pb Co Ni 

Eh 

1-03 .446 -.070 .418 .539 .437 .227 .262 .443 .418 
1-00 .281 -.057 .237 .208 .198 .223 .219 .217 .238 
1-05 .828 .613 .739 .766 .607 .769 .885* .932* .742 
BG .515 -.191 .142 .094 .243 .344 .367 .319 .230 

  Cr Mn Fe Cu Zn Ba Pb Co Ni 

pH 

1-03 -.117 -.464 -.183 .383 -.021 .236 .266 -.016 -.198 
1-00 .262 .340 .279 .335 .320 .330 .348 .344 .308 
1-05 -.953* -.938* -.960** -.704 -.867 -.592 -.681 -.861 -.962** 
BG -.231 -.439 -.081 -.123 .177 .314 .470 .490 .255 

**Correlation is significant at the .01 level (2-tailed). 
*Correlation is significant at the .05 level (2-tailed). 
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Table 9. Pearson correlations between acid-leachable metal concentrations and total 
metals, organic carbon, Eh, and pH. 

 

 
 Pearson Correlation R Values 
 

Acid-leachable 
Core Cr Mn Fe Cu Zn Ba Pb Co Ni 

Total 
Metals 

1-03 .379 .988* .102 .695 .913** .874** .494 .742* .699 
1-00 .295 .621 .510 .902* .703 .944* .867 -.433 .657 
1-05 -.741 -.086 -.386 -.251 .090 .295 -.547 -.454 -.322 
BG .482 .807** -.237 .496 .085 .575 .921** -.525 -.459 

  Cr Mn Fe Cu Zn Ba Pb Co Ni 

Organic 
Carbon 

1-03 .810* .864** .973** .973** .972** .834* .929** .890** .949** 
1-00 .479 .978* .754 .823 .577 .480 .966** .869 .385 
1-05 .560 .990** .705 .423 .024 -.214 .976** .807 .455 
BG .076 -.015 -.170 .535 .410 .758* -.410 .177 .280 

  Cr Mn Fe Cu Zn Ba Pb Co Ni 

Eh 

1-03 -.908** -.975** -.967** -.892** -.952** -.844** -.813* -.954** -.893** 
1-00 -.020 -.771 -.365 -.478 -.133 -.038 -.931* -.599 .073 
1-05 -.603 -.851 -.558 -.493 -.111 .042 -.754 -.612 -.552 
BG .011 .524 -.552 .147 .243 .041 -.524 -.099 -.035 

  Cr Mn Fe Cu Zn Ba Pb Co Ni 

pH 

1-03 -.779* -.719* -.727* -.661 -.802* -.913** -.585 -.815* -.847** 
1-00 -.854 -.177 -.629 -.504 -.789 -.805 .189 -.340 -.866 
1-05 .042 .566 .003 -.088 -.445 -.500 .567 .763 -.026 
BG -.078 .243 -.310 .253 .274 .412 -.424 -.346 -.252 

**Correlation is significant at the .01 level (2-tailed). 
*Correlation is significant at the .05 level (2-tailed). 

CONCEPTUAL MODEL 
 
  As discussed in the adsorption model section in the Background chapter, when 

metals bond to a surface functional group, they form either inner-sphere or outer-sphere 

complexes. Inner-sphere complexes are formed by strong covalent bonds, and while 

covalent bonds can be broken when conditions are acidic enough, these bonds are 

unlikely to be reversible. Outer-sphere complexes, on the other hand, only form weak 

electrostatic bonds that can more easily be broken (Goldberg 1995, Bradl 2004).  
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 Studies by Patrick and Khalid (1974), Sims and Patrick (1978), and Holford and 

Patrick (1979), imposed various, controlled Eh and pH levels on saturated sediments and 

found that reducing conditions decreased sorption of ions on sediments. Patrick and 

Khalid (1974) and Holford and Mattingly (1976) attributed this correlation to a decrease 

in bonding energy caused by the reduced conditions due to the reduction of the active 

(adsorbing) iron from Fe3+  to Fe2+. This would suggest that outer-sphere complexes are 

more susceptible to mobilization from changes in redox conditions as they are bonded 

more weakly than inner-sphere complexes (i.e. they are more likely to desorb). Sims and 

Patrick (1978) noted that desorbed ions do not remain in a water-soluble state, but rather 

become associated with exchangeable and organic sites of the substrate. Favre et al. 

(2002) also found an increase in cation exchange capacity (CEC) under reduced-

conditions from intermittently waterlogged soils. The increase in CEC was attributed to 

an increase in the FeII/FeIII from the reduction of octahedral Fe and the solubilization of 

Fe-oxyhydroxide coatings (Favre et al. 2002). There is an increase in adsorption sites was 

observed from reduced conditions, the reduced species of the surface group form weaker 

bonds with re-adsorbed ions, making them more susceptible to acid-leaching. 

These previous findings can be applied to form a conceptual model for what was 

observed in this study. As CH4 entered the subsurface environment, consuming O2 as CO2 

was produced and diluting the O2 concentration, the system became reduced, altering the 

geochemistry and the mineralogy of the substrate. Metals were released from dissolution 

of minerals and then re-adsorbed to the reduced species of the surface groups. The bonds 

from the re-adsorbed metals are weaker than the original bonds of sediments under oxic 
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conditions. When the samples were treated in the lab with nitric acid (pH = 0.385), [H+] 

was high enough to either exchange cations with the metals, and/or dissolve the metal-

bearing minerals stabilized by reducing conditions, thereby, releasing metals into the acid 

leachate. Because samples collected from the background core were not affected by 

intruding CH4/depleted O2, most of the original complexes were bonded strongly enough 

to oxidized substrate material that the addition of the acid used in the extraction was not 

sufficient to break the bonds.  
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Conclusions and Implications 

 CCUS is one practice that could reduce CO2 emissions to the atmosphere; 

however, it is still relatively new and a better understanding of potential risks of a leak 

from the reservoir is needed.  While methods can be implemented to monitor for a leak, 

information is lacking about actual risks are from a leak. A majority of previous studies 

have focused on how increased CO2 affects pH and metal concentration in an aquifer, but 

they did not account for the presence of coexisting CH4 and changes in Eh.   

This study examined the effects of co-existing CO2 and CH4, and determined that 

changes in Eh are important control on the potential mobility of metals. Though the 

occluded gas concentrations measure in this study were lower than the free soil gas 

measurements reported by Romanak et al. (2012), both data sets show anomalously high 

amounts of CO2 and CH4 and low O2 in sediments from of the P-site at the Cranfield 

oilfield. The Eh in these samples are hence lower due to the utilization of O2 during 

methane oxidation, and the dilution of O2 from the intruding gases. The reduction in Eh is 

potentially affecting the mineralogical host for metals and sorption between the metals 

and the surface functional groups found in the sediments. The statistical similarity of total 

concentrations of metals, except for Ba, indicates metals have not actually been 

mobilized from the local environment; therefore, the risk of contamination to 

groundwater at this field site is small.   

 Geochemical models generally do not incorporate changes in Eh and their effects 

on metal sorption behavior, but rather focus solely on changes in pH. This study sheds 
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light on the need for models to examine changes in Eh, particularly in the context of 

CCUS practices, and how changes in Eh may affect sediments and aquifers. 

 For practical purposes, this study and its incorporated review of natural leakage 

demonstrate the need for thorough environmental and geochemical surveys above 

potential CCUS sites, to better assess whether nearby areas have undergone or are 

undergoing effects of leakage of reservoir gases and the extent of those effects. 

Measuring the amount of acid-leachable metals could be used as a characterization and/or 

risk assessment tool to determine areas that have been impacted by intruding CO2 and/or 

CH4 in the past, but may not currently exhibit low Eh.  
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Future Work 

While the findings of this study fill in some gaps about how intruding gases from 

an EOR/CCUS site can impact the geochemistry of a system, the findings also give way 

to new questions that need to be answered. This study determined that Eh is an important 

control over potential metal mobility of sites impacted by a CH4/CO2 leak; however, 

more research is needed to better understand the mechanisms that create differences in 

acid-leachable metal concentrations in reduced conditions compared to oxic conditions. 

 To test the conceptual model, mineralogy and cation exchange capacity should be 

determined. Using X-ray diffraction (XRD) on the sediments from within the gas 

anomaly and the background can determine if the gas anomaly has altered the mineralogy 

of the sediments. Measuring the cation exchange capacity (CEC) of the sediments will 

also show if this property has also been affected by the gas anomaly. Performing x-ray 

absorption spectroscopy (XAS) on the sediments can yield insight into how metals are 

adsorbed (i.e. specifically/inner-sphere complexes or non-specifically/outer-sphere 

complexes). These sediments could then be subjected to various redox and pH conditions 

induced by different concentrations of coexisting CH4, CO2 and O2 in the laboratory. 

Performing sequential extractions (i.e. determining if metals are associated with 

exchangeable, organic carbon, carbonates, or oxides) on the treated sediments, followed 

by the initial three analyses (XRD, CEC and XAS) again, will provide more evidence on 

how changes in Eh and pH conditions alter the mineralogy and affect sorption 

mechanisms and sites. Noting the trends in concentrations of metals that would be 

extracted can yield more insight on which metals are more susceptible to changes in Eh 
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and/or pH. As the statistical tests performed in this study only compare the means of the 

concentrations of metals from each core, they are not be able to account for vertical 

trends, which may have resulted from metal mobilization. 

The 4-core transect was not sufficient to determine the spatial extent of the 

geochemical effects of the gas. To do so, a grid of cores should be collected to determine 

the boundaries of the gas anomaly.  Also, as gas concentration, Eh and pH can vary 

spatially, more cores should be collected from outside the anomaly to provide better 

constraints on reference conditions of the background (i.e. unperturbed) conditions. 

Analyzing more background areas will also help to better constrain unperturbed total 

metal concentration depth profiles. This will help determine if trends seen in the total 

metal concentrations are a result of vertical metal mobilization from the gases, or are just 

naturally occurring. All cores should be sampled at a higher resolution to determine if 

effects are widespread throughout the cores, or restricted to smaller micro-environments. 

Repeating sampling at different times of the year will determine if the magnitude of the 

plume is dampening the effects of seasonal variations from temperature, moisture, and 

vegetation, or if seasonality is affecting the geochemistry of the sediments. 
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Appendix  

Core Depth CH4 (%) CO2 (%) O2(%) 
(%) 

O2(%) 
1-00 

0.6	   0.0000	   0.52	   21.53	  

1.2	   0.0175	   1.03	   21.30	  

2.4	   0.0134	   1.40	   21.42	  

3.7	   0.0041	   0.68	   21.64	  

4.6	   0.0005	   1.18	   21.32	  

1-03 

1.5	   0.0042	   5.23	   13.45	  

2.4	   0.0074	   3.04	   16.34	  

3.7	   0.0030	   2.72	   19.82	  

4.6	   0.0732	   2.72	   20.96	  

5.5	   0.0238	   1.70	   21.42	  

6.4	   0.0062	   1.11	   21.47	  

7.3	   0.0012	   1.38	   21.23	  

8.2	   0.0000	   0.14	   21.85	  

1-05 

1.5	   0.0000	   0.64	   21.61	  

2.3	   0.0000	   1.45	   21.31	  

3.0	   0.0003	   3.72	   20.61	  

3.8	   0.0013	   2.90	   20.53	  

4.6	   0.0013	   0.98	   21.51	  

BG 

0.9	   0.0003	   1.27	   20.57	  

1.5	   0.0002	   1.08	   21.50	  

2.4	   0.0004	   0.66	   21.64	  

3.0	   0.0002	   0.49	   21.56	  

4.0	   0.0002	   0.59	   21.56	  

4.6	   0.0002	   0.33	   21.54	  

5.3	   0.0002	   0.36	   21.56	  

6.4	   0.0003	   0.65	   21.66	  

7.3	   0.0002	   0.95	   21.58	  

8.2	   0.0000	   0.15	   21.85	  
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Core	   Depth	   pH	   Eh	  (mV)	   Moisture	  
(%)	  

Organic	  
Carbon	  
(ppm)	  

1-‐00	  

0.6	   7.08	   408.2	   15.701	   63.00	  
1.2	   5.904	   541.2	   18.300	   26.09	  
2.4	   6.921	   520.5	   21.463	   14.84	  
3.7	   7.156	   509.7	   19.883	   14.26	  
4.6	   7.203	   503.3	   18.938	   18.24	  

1-‐03	  

1.5	   7.121	   132.9	   16.539	   45.50	  
2.4	   7.147	   150.8	   18.929	   30.56	  
3.7	   7.233	   473.6	   21.149	   16.80	  
4.6	   7.185	   512.9	   -‐	   11.51	  
5.5	   7.432	   463.9	   22.233	   11.62	  
6.4	   7.455	   465	   24.099	   17.46	  
7.3	   7.479	   471.4	   17.349	   11.95	  
8.2	   7.476	   479.9	   14.422	   11.56	  

1-‐05	  

1.5	   7.989	   465.16	   18.645	   55.88	  
2.3	   5.342	   579	   18.782	   14.88	  
3.0	   7.225	   500.2	   20.628	   22.67	  
3.8	   7.003	   566.36	   22.934	   15.48	  
4.6	   7.092	   549.16	   23.891	   14.11	  

BG	  

0.9	   7.759	   464.1	   23.590	   31.93	  
1.5	   7.727	   493.3	   21.097	   18.70	  
2.4	   7.454	   508.4	   19.355	   18.79	  
3.0	   7.506	   479.3	   14.558	   14.33	  
4.0	   7.287	   492.5	   -‐	   7.48	  
4.6	   7.719	   507.1	   16.651	   12.23	  
5.3	   7.545	   474.7	   19.950	   10.57	  
6.4	   7.165	   459.2	   -‐	   0.58	  
7.3	   7.005	   467.4	   -‐	   0.68	  
8.2	   7.212	   472	   16.696	   2.17	  
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Total metal concentrations (ppm). 

Core	   Depth	  
(m)	  

Cr	   Mn	   Fe	   Cu	   Zn	   Ba	   Pb	   Co	   Ni	   As	  

1-‐03	  

1.5	   10.6	   194.6	   11260.5	   7.8	   33.0	   44.6	   11.1	   4.5	   11.1	   3.6	  
2.4	   8.8	   289.0	   10875.5	   8.6	   27.8	   73.0	   5.4	   4.4	   10.3	   4.7	  
3.7	   12.8	   70.0	   8846.8	   5.1	   14.1	   53.9	   5.4	   4.7	   7.4	   2.9	  
4.6	   8.0	   30.2	   11666.1	   6.9	   17.1	   37.9	   6.4	   3.0	   12.3	   3.8	  
5.5	   4.8	   12.1	   6115.3	   3.1	   13.1	   24.0	   5.6	   2.4	   5.8	   1.0	  
6.4	   5.7	   12.8	   6757.9	   4.0	   13.0	   21.3	   4.3	   2.7	   5.8	   0.8	  
7.3	   7.4	   14.3	   9579.5	   3.6	   3.5	   10.2	   5.9	   0.8	   1.5	   1.5	  
8.2	   11.4	   10.4	   16527.3	   3.9	   3.9	   18.7	   13.5	   0.5	   1.1	   3.2	  

1-‐00	  

0.6	   7.2	   176.8	   12143.3	   10.1	   24.3	   58.2	   10.9	   3.8	   8.8	   4.1	  
1.2	   7.6	   320.9	   9473.2	   8.0	   21.0	   82.8	   4.2	   4.3	   11.2	   3.2	  
2.4	   7.7	   18.4	   10225.5	   6.8	   19.7	   49.2	   6.7	   4.7	   9.4	   1.4	  
3.7	   7.4	   20.7	   8940.7	   5.5	   18.4	   39.5	   6.8	   3.9	   9.7	   1.5	  
4.6	   6.9	   77.1	   9871.4	   5.5	   16.3	   40.2	   6.8	   10.6	   9.7	   4.0	  

1-‐05	  

1.5	   2.7	   77.5	   3904.5	   2.0	   7.6	   18.3	   4.3	   2.5	   3.1	   1.9	  
2.3	   7.6	   270.5	   11529.1	   8.7	   30.2	   80.9	   5.5	   3.9	   11.6	   4.9	  
3.0	   2.9	   70.9	   3438.6	   2.0	   8.4	   16.3	   4.2	   2.4	   3.0	   3.1	  
3.8	   9.0	   46.4	   8242.9	   4.8	   15.8	   38.8	   6.2	   3.4	   6.4	   1.0	  
4.6	   6.6	   56.7	   9753.9	   5.5	   20.5	   30.5	   6.3	   3.2	   8.0	   1.8	  

BG	  

0.9	   6.5	   21.6	   5296.4	   8.0	   12.6	   25.8	   8.8	   4.2	   6.5	   0.6	  
1.5	   6.3	   22.1	   8812.4	   7.9	   14.8	   23.3	   8.7	   5.0	   8.1	   1.0	  
2.4	   9.3	   28.4	   14168.6	   9.6	   19.1	   23.8	   8.0	   3.0	   10.7	   1.9	  
3.0	   7.8	   33.6	   9799.1	   6.0	   18.4	   15.8	   5.6	   2.8	   7.9	   2.0	  
4.0	   8.4	   33.4	   13481.0	   5.4	   20.9	   14.8	   6.3	   3.5	   8.8	   1.8	  
4.6	   6.4	   156.6	   11066.7	   6.0	   18.5	   24.4	   6.4	   3.7	   9.0	   1.0	  
5.3	   7.2	   25.1	   11051.4	   5.3	   19.4	   15.1	   5.9	   3.3	   8.5	   1.3	  
6.4	   6.0	   15.5	   6121.7	   5.4	   18.1	   11.9	   20.0	   3.5	   7.2	   0.9	  
7.3	   5.3	   17.7	   8546.1	   5.1	   16.2	   12.0	   5.1	   3.7	   7.5	   0.8	  
8.2	   7.2	   49.5	   10139.6	   4.2	   6.4	   20.8	   4.3	   3.1	   4.0	   2.1	  
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Acid-leachable metal concentrations (ppm). 

Core	   Depth	  
(m)	   Cr	   Mn	   Fe	   Cu	   Zn	   Ba	   Pb	   Co	   Ni	   As	  

1-‐03	  

1.5	   0.78	   171.20	   1497.15	   4.62	   13.11	   51.59	   10.95	   1.07	   1.23	   0.26	  
2.4	   1.11	   224.78	   987.79	   2.07	   9.23	   54.14	   3.37	   1.24	   0.73	   0.24	  
3.7	   0.47	   20.12	   162.68	   0.71	   3.09	   31.28	   1.10	   0.37	   0.40	   0.22	  
4.6	   0.11	   6.03	   83.99	   0.45	   2.66	   26.48	   1.10	   0.20	   0.29	   0.13	  
5.5	   0.12	   8.88	   201.27	   0.25	   0.95	   2.48	   0.10	   0.03	   0.20	   0.27	  
6.4	   0.06	   0.86	   47.77	   0.46	   1.29	   11.93	   0.96	   0.11	   0.06	   0.07	  
7.3	   0.09	   3.20	   29.89	   0.69	   1.13	   7.53	   1.58	   0.06	   0.06	   0.05	  
8.2	   0.07	   0.69	   23.05	   0.50	   1.47	   13.95	   1.73	   0.04	   0.04	   0.11	  

1-‐00	  

0.6	   0.52	   76.47	   593.05	   1.70	   6.57	   49.86	   5.91	   0.53	   0.51	   0.09	  
1.2	   0.93	   34.05	   613.82	   1.48	   9.12	   72.31	   0.63	   0.33	   1.05	   0.14	  
2.4	   0.08	   2.85	   57.50	   0.32	   2.38	   33.86	   1.07	   0.23	   0.12	   0.06	  
3.7	   0.02	   0.12	   10.47	   0.02	   0.23	   1.27	   0.03	   0.00	   0.00	   0.00	  
4.6	   0.08	   6.52	   65.90	   0.53	   1.74	   20.52	   0.46	   0.08	   0.26	   0.19	  

1-‐05	  

1.5	   0.89	   50.69	   752.37	   1.12	   4.30	   17.97	   2.85	   0.52	   0.70	   0.35	  
2.3	   0.74	   12.83	   590.26	   1.15	   8.41	   53.76	   0.90	   0.19	   0.67	   0.16	  
3.0	   0.95	   18.29	   445.47	   1.35	   8.48	   61.32	   0.78	   0.24	   0.86	   0.16	  
3.8	   0.13	   8.39	   64.21	   0.36	   1.95	   18.36	   0.82	   0.38	   0.11	   0.09	  
4.6	   0.04	   5.39	   49.01	   0.30	   1.21	   10.41	   0.77	   0.28	   0.15	   0.06	  

BG	  

0.9	   0.05	   1.88	   83.16	   1.50	   1.44	   13.39	   1.04	   0.08	   0.09	   0.05	  
1.5	   0.05	   0.28	   16.84	   0.10	   0.50	   1.45	   0.06	   0.00	   0.00	   0.00	  
2.4	   0.05	   4.72	   32.14	   1.43	   1.24	   9.81	   0.56	   0.15	   0.13	   0.09	  
3.0	   0.13	   8.90	   52.82	   1.13	   1.12	   6.39	   0.84	   0.05	   0.27	   0.24	  
4.0	   0.09	   5.67	   64.76	   0.84	   1.14	   3.77	   0.84	   0.04	   0.19	   0.18	  
4.6	   0.05	   12.48	   50.39	   0.99	   1.41	   4.86	   0.22	   0.04	   0.13	   0.10	  
5.3	   0.05	   2.98	   97.67	   0.49	   0.85	   3.24	   0.60	   0.07	   0.15	   0.10	  
6.4	   0.04	   0.38	   53.50	   0.78	   0.83	   2.70	   9.32	   0.06	   0.06	   0.10	  
7.3	   0.04	   0.49	   107.44	   0.51	   0.89	   2.72	   0.98	   0.07	   0.09	   0.07	  
8.2	   0.09	   7.35	   45.20	   0.50	   0.98	   4.18	   0.89	   0.23	   0.38	   0.12	  
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Water-leachable metal concentrations (ppb). 

Core	   Depth	  
(m)	   Cr	   Mn	   Fe	   Cu	   Zn	   Ba	   Pb	   Co	   Ni	   As	  

1-‐03	  

1.5	   0.01	   28.86	   0.00	   1.60	   4.01	   22.73	   0.50	   0.09	   0.42	   1.95	  
2.4	   0.46	   448.91	   224.07	   2.10	   22.23	   23.04	   0.32	   0.60	   3.22	   3.43	  
3.7	   2.99	   871.02	   2206.97	   3.68	   16.02	   17.06	   1.11	   1.60	   4.77	   2.64	  
4.6	   107.27	   137.32	   86649.31	   18.92	   81.34	   88.25	   15.26	   17.30	   69.50	   105.77	  
5.5	   5.14	   69.93	   5724.56	   23.50	   67.12	   413.23	   78.86	   14.88	   20.16	   32.22	  
6.4	   16.49	   17.56	   11900.41	   4.78	   18.79	   22.22	   3.97	   2.64	   8.86	   5.68	  
7.3	   34.45	   9.96	   16067.84	   3.08	   19.52	   10.61	   1.66	   1.46	   7.12	   4.30	  
8.2	   7.36	   2.15	   4514.34	   23.80	   14.44	   28.47	   1.56	   0.40	   2.08	   6.37	  

1-‐00	  

0.6	   0.00	   85.30	   711.81	   1.77	   11.64	   76.75	   1.56	   0.26	   1.61	   4.18	  
1.2	   0.46	   37.43	   924.61	   1.51	   10.32	   84.95	   1.31	   0.10	   3.44	   1.81	  
2.4	   *	   *	   *	   *	   *	   *	   *	   *	   *	   *	  

3.7	   5.27	   215.85	   5872.18	   28.41	   106.70	   1386.56	   53.58	   32.06	   63.15	   31.03	  
4.6	   0.00	   8.77	   442.46	   0.90	   5.16	   57.73	   1.67	   0.05	   0.61	   3.18	  

1-‐05	  

1.5	   0.00	   0.62	   0.00	   2.34	   13.18	   4.46	   0.51	   0.10	   1.16	   3.91	  

2.3	   25.45	   199.21	   26410.78	   8.93	   38.75	   61.22	   2.99	   2.51	   24.40	   38.40	  

3.0	   0.00	   2.18	   67.87	   0.81	   5.27	   7.47	   0.26	   0.06	   1.48	   5.27	  

3.8	   9.74	   17.51	   5940.82	   8.45	   13.23	   81.69	   3.27	   1.49	   6.16	   1.27	  

4.6	   7.06	   12.26	   5698.79	   2.10	   14.48	   9.15	   1.42	   1.53	   6.89	   3.18	  

BG	  

0.9	   0.99	   4.28	   0.00	   1.60	   7.40	   13.63	   0.25	   0.11	   1.27	   1.15	  
1.5	   1.54	   682.94	   9212.87	   63.30	   86.36	   768.85	   47.84	   143.28	   42.07	   19.59	  
2.4	   7.29	   16.27	   1285.18	   16.07	   17.31	   136.54	   3.77	   0.26	   2.78	   2.08	  
3.0	   0.00	   3.50	   157.89	   0.93	   4.03	   4.70	   0.77	   0.10	   0.22	   0.51	  
4.0	   2.18	   25.46	   2008.56	   1.42	   8.27	   22.24	   2.76	   0.58	   2.71	   1.31	  
4.6	   *	   *	   *	   *	   *	   *	   *	   *	   *	   *	  
5.3	   *	   *	   *	   *	   *	   *	   *	   *	   *	   *	  
6.4	   0.55	   0.63	   921.83	   1.37	   6.56	   2.77	   1.83	   0.48	   2.33	   6.83	  
7.3	   5.50	   2462.83	   8430.03	   77.05	   49.73	   272.18	   3.11	   4.41	   17.48	   10.31	  
8.2	   0.31	   11.44	   727.37	   1.82	   13.21	   60.23	   1.54	   0.12	   2.21	   2.77	  

*Denotes samples that were contaminated and no data is available. 
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Mann-Whitney U Test results for total metals from 1-03 and background cores. 
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Mann-Whitney U Test results for acid-leachable metals from 1-03 and background cores. 
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Mann-Whitney U Test results for water-leachable metals from 1-03 and background 
cores.                             
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Mann-Whitney U test results for the total metals from the top 5 m of 1-03 and 
background cores. 
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Mann-Whitney U test results for the acid-leachable metals from the top 5 m of 1-03 and 
background cores. 
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Mann-Whitney U test results for the water-leachable metals from the top 5 m of 1-03 and 
background cores. 
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Mann-Whitney U Test results for total metals from 1-00 and background cores. 
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Mann-Whitney U Test results for acid-leachable metals from 1-00 and background cores. 

 

 

 

 

 

 

 

 

 



 95 

Mann-Whitney U Test results for water-leachable metals from 1-00 and background 
cores. 
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Mann-Whitney U Test results for total metals from 1-00 and 1-03 cores. 
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Mann-Whitney U Test results for acid-leachable metals from 1-00 and 1-03 cores. 
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Mann-Whitney U Test results for water-leachable metals from 1-00 and 1-03 cores. 
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Mann-Whitney U Test results for total metals from 1-05 and background cores. 
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Mann-Whitney U Test results for acid-leachable metals from 1-05 and background cores. 
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Mann-Whitney U Test results for water-leachable metals from 1-05 and background 
cores. 
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Mann-Whitney U Test results for total metals from 1-05 and 1-03 cores. 
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Mann-Whitney U Test results for acid-leachable metals from 1-05 and 1-03 cores. 
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Mann-Whitney U Test results for water-leachable metals from 1-05 and 1-03 cores. 
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