
ABSTRACT 

IDENTIFICATION OF THE SOURCE OF H2S AND CHARACTERIZATION OF 
VERTICAL GROUNDWATER-CHEMISTRY TRENDS IN THE 

SAN JOAQUIN VALLEY’S UNCONFINED AQUIFER 

 The San Joaquin Valley’s (Valley) unconfined aquifer (Aquifer) is saturated with 

hydrogen sulfide (H2S) contaminated groundwater that has no verified source. H2S in the 

Aquifer was initially observed by Mendenhall et al. in 1916, but no thorough investigations 

into the source of H2S have been conducted. As a result, the surficial and vertical extent of 

H2S has not been estimated. To estimate surficial extent this study compiled H2S data from 

the water-quality databases of the National Water Quality Monitoring Council and the 

California State Water Resources Control Board. Based on the estimated H2S extent and 

the Aquifer’s hydrogeologic characteristics this study hypothesized that H2S was generated 

as a byproduct of microbial mediated sulfate-reduction. Bacterial sulfate-reduction (BSR) 

is associated with the ecological succession of the terminal electron accepting processes 

(TEAP). This study classified the predominant TEAP in groundwater by measuring the 

concentration of redox related constituents and comparing results to the known evolution of 

microbial reduction. Results demonstrated the progressive depletion of dissolved oxygen, 

manganese, and iron from 50 to 200-feet (ft) below ground surface (bgs). From 200 to 240-

ft bgs, these constituents, plus sulfate, were abruptly removed from the groundwater system 

due to the onset of BSR resulting in the initial detection of aqueous H2S. At 240-ft bgs, the 

depletion of sulfate, production of H2S, detection of sulfate-reducing bacteria (SRB), and 

the assigned sulfate-reducing TEAP were sufficient evidence to unambiguously conclude 

that the Aquifer’s source of H2S is H2S generated as a byproduct of BSR mediated by SRB. 

In the future, the defined vertical groundwater-chemistry trends of redox related 

constituents can predict whether H2S is actively being produced within a portion of the 

Aquifer.  
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1. INTRODUCTION 

The San Joaquin Valley (Valley) basin in California is virtually one large water-

bearing sediment filled trough between the Coast Ranges to the west and the Sierra 

Nevada to the east (Faunt et al., 2010). The basin is separated by a broad confining unit 

creating a shallow unconfined aquifer, extending from ground surface to 400-feet (ft) 

below ground surface (bgs), and a deeper confined aquifer (Croft, 1972). Today we know 

that a portion of the Valley’s unconfined aquifer (Aquifer) is saturated with hydrogen 

sulfide (H2S) contaminated groundwater (Davis and Poland, 1957), but the spatial extent 

and source of H2S is not well understood (Fram, 2017). The presence of H2S in the 

Aquifer has been noted in reports as early as 1916 (Mendenhall et al., 1916), and 

subsequently noted in other studies related to general Aquifer conditions or redox 

processes (Fram, 2017; Chapelle et al., 1995; McMahon and Chapelle, 2008). However, a 

single source or other possible sources of H2S have yet to be verified, leaving open 

questions about the biogeochemical conditions and the extent to which these conditions 

exist in the Aquifer. 

H2S is common in groundwater aquifers with varying hydrogeologic 

characteristics. It is thought that the presence of H2S in a wide array of aquifers is due to 

the vast number of potential H2S sources, which are commonly associated with bacterial 

or thermochemical sulfate-reduction (Machel et al., 1995; Machel, 2001; McMahon and 

Chapelle, 2008). However, previous studies have investigated the source of H2S, in 

aquifers with hydrogeological characteristics comparable to the Valley’s Aquifer and 

concluded that the primary source of H2S was H2S generated as a byproduct of bacterial 

sulfate-reduction (BSR) mediated by sulfate reducing bacteria (SRB) in groundwater. 

These aquifers included the Mahomet aquifer system in Illinois, composed of Pleistocene 

sediments deposited in an ancient river valley by continental glaciation, a glacial outwash 
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aquifer in Minnesota, and the Black Creek aquifer in South Carolina, composed of 

unconsolidated clastic sediments and carbonate shell material (Chapelle et al., 1995; Kirk 

et al., 2004; McMahon et al., 2011). Specific hydrogeological characteristics of each 

aquifer varied but each contained a well-defined groundwater path where groundwater 

age increased with distance along the flow path or with increased aquifer depth (Chapelle 

et al., 1995; Kirk et al., 2004; McMahon et al., 2011). Groundwater-chemistry trends 

along these paths varied between aquifers, depending on sediment composition, recharge 

source, and the evolution of redox processes (Chapelle et al., 1995; Kirk et al., 2004; 

McMahon et al., 2011). The evolution of redox processes followed the terminal electron 

accepting processes (TEAP) with H2S in each aquifer being generated as a byproduct of 

BSR, facilitated by microorganisms, which gains energy for growth through the reduction 

of sulfate (Chapelle et al., 1995; Jurgens et al., 2009; Kirk et al., 2004; McMahon et al., 

2011). This study hypothesized that H2S in the Valley’s Aquifer was a byproduct of 

similar sulfate-reducing processes and the primary purpose of this study was to confirm 

this hypothesis through methodology that included, among others, defining vertical 

groundwater-chemistry trends and redox process evolution. 



   

2. BACKGROUND  

Gaseous and aqueous H2S generation may occur under diverse environmental 

conditions resulting in several potential H2S sources. A majority of these sources within 

groundwater aquifers are related to bacterial, and to a lesser extent thermochemical, 

sulfate-reducing processes. The H2S source affecting groundwater aquifers is generally 

dependent on the biogeochemical and hydrogeological characteristics of the aquifer 

portion saturated with H2S. This study compiled available data and information to define 

the Aquifer’s biogeochemical and hydrogeological characteristics. This was completed 

by approximating the spatial extent of H2S and subsequently defining the primary 

lithologic units, groundwater conditions, and the primary sources of sulfate within the 

approximated H2S extent. Through the review of previous studies concerning the source 

of H2S, in aquifers characteristically comparable to the Aquifer, the potential sources of 

H2S were narrowed to a single hypothesized source, bacterial sulfate-reduction, 

facilitated by microorganisms, to gain energy for growth (Chapelle et al., 1995; Kirk et 

al., 2004; McMahon et al., 2011). The primary purpose of this study was to confirm the 

hypothesized H2S source which initially required approximating the spatial extent of H2S 

within the Aquifer, characterizing the Aquifer’s hydrogeological characteristics, 

knowledge of the general bacterial sulfate-reduction process, and defining a viable study 

area prior to the development of required methodology. 

2.1 Approximate H2S Spatial Extent 

To approximate the spatial extent of H2S groundwater-chemistry data was 

compiled from the National Water Quality Monitoring Council’s (NWQMC) 

groundwater quality database (Survey et al., 2019). Data was compiled from the 

NWQMC’s database due to the availability of total depth and perforation interval 

information for queried wells which other databases, such as the State Water Resources 
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Control Board’s (SWRCB) Groundwater Ambient Monitoring and Assessment Program 

(GAMA) and Drinking Water Branch’s databases, commonly lack. Compiled data 

included H2S sniff and concentration analysis results from wells within a 50-mile radius 

of the City of Mendota. Available H2S concentration data was minimal and these data 

points were converted to either extracting or not extracting, based on the detection or 

non-detection of H2S. Compiled H2S data and site information is included in Appendix 

A.  

The location of groundwater wells extracting H2S contaminated groundwater and 

wells not extracting H2S contaminated groundwater, in addition to other boundaries, are 

included in Figure 1. As Figure 1 demonstrates, approximating the extent of H2S within 

the Aquifer is difficult due to the inconsistent patterning of wells extracting H2S 

contaminated groundwater. However, the general extent of H2S is within and along the 

Valley trough, which is the general low point of the Valley. The vertical extent of H2S 

was estimated based on well information (i.e. perforation interval) of wells near cross-

section line A-A’ illustrated in Figure 1. Nine wells with H2S data were present along this 

cross-section line. Figure 2 includes the location, total depth, and depth to top 

perforation, of each well, in reference to the primary lithologic units within the Valley 

trough. These wells illustrate that gaseous H2S is present within a majority of the Aquifer 

where the clay units are present, which is generally within the Valley trough. H2S was 

non-detect in shallow groundwater to the southwest outside of the A-Clay’s extent and to 

the northeast in deeper groundwater. This indicates that the presence and generation of 

H2S is associated with the Aquifer’s hydrogeological characteristics within the Valley 

trough.  
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Figure 1 – Location of wells previously analyzed for H2S  

Note: Figure 1 illustrates groundwater well locations in the central San Joaquin Valley that have previously 

undergone H2S analysis. Data was compiled from the NWQMC’s database (Survey et al., 2019). Analysis 

was conducted between 2005 and 2018 with a total of 178 wells measured with 19 wells extracting H2S 

contaminated groundwater. Total depth of these 19 wells ranged from 73 to 395-ft. The estimated transition 

boundary and cross-section line demonstrated within Figure 1 are illustrated in Figure 2.    

A 

A’ 
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Figure 2 – Depth and extent of the aquifer’s primary lithologic units and approximated 

H2S extent 

Note: Generalized cross-section in the southwest-northeast direction along the A-A’ line illustrated in 

Figure 1. The cross-section demonstrates the depth and extent of the semi-confining units which were 

approximated from United States Geological Survey (USGS) surficial mapping (Croft, 1972). The dashed 

boundary between the Coast Range alluvium and Sierra Nevada sands is representative of where Aquifer 

sediments begin to transition, estimated from Fram, 2017. Also depicted are the depths of Well 1 through 

Well 6 sampled during this study and three additional wells plotted in Figure 1. Arrows pointing at each 

well are the approximate depth to top perforation. The red boundary is the estimated gaseous H2S and the 

blue boundary is the estimated aqueous H2S extent. 
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2.2 General Lithologic Characteristics 

The San Joaquin Valley basin contains two primary lithologic units, the Coast 

Range alluvium and the Sierra Nevada sands which are separated by several confining to 

semi-confining clay units (Croft and Gordon, 1968). Together these units create the 

Pleistocene to Pliocene aged, unconsolidated, and non-marine alluvial deposits of the 

Tulare Formation (Fram, 2017). The Sierra Nevada sands are composed of well-sorted 

micaceous and calcareous sediments, containing iron and manganese-bearing silicate and 

oxide minerals, that are chemically reduced, older, and more permeable than the Coast 

Range alluvium (Fram, 2017).  The Coast Range alluvium is younger, chemically 

oxidized, and less permeable than the Sierra Nevada sands (Fram, 2017). The Coast 

Range alluvium extends from the Coast Range-Valley contact to approximately 20-

kilometers east where it then transitions into the Sierra Nevada sands (Fram, 2017).   

The confining to semi-confining units pertinent to this study include the Corcoran 

Clay, the overlying C-Clay, and the shallower A-Clay. These units were primarily 

deposited in lacustrine and marsh environments within the Valley trough, except for the 

Corcoran Clay which extends outside of the trough, and are generally characterized as 

containing organic-rich, reduced, and fine-grained sediments (Croft, 1972; Fram, 2017). 

The Corcoran Clay defines the base of the Aquifer and is approximately 400-ft bgs, 

within the Valley’s trough (Davis and Poland, 1957). The A-Clay acts as an aquitard and 

previous studies have generally split the Aquifer into an unconfined sub-aquifer above 

the A-Clay and a semi-confined sub-aquifer below the A-Clay (Croft and Gordon, 1968). 

Beneath the A-Clay is the C-Clay, which does not have comparable impacts on the 

Aquifer, and previous studies generally have not characterized the C-Clay as further 

separating the Aquifer into three sub-aquifers (Croft and Gordon, 1968; Schmidt, 2011).  
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2.3 Groundwater Characteristics 

The Coast Range alluvium and the Sierra Nevada sands have varied 

hydrogeologic and groundwater-chemistry characteristics. Coast Range alluvium was 

derived from the erosion of shales and marine deposits within the Coast Ranges and is 

composed of fine grained sediments with low hydraulic conductivity. Groundwater 

originating as surficial runoff from the Coast Ranges generally contains elevated sulfate, 

chloride, and total dissolved solid concentrations compared to runoff originating from the 

Sierra Nevada (Thiros et al., 2010). The Sierra Nevada sands were derived from the 

erosion of crystalline rocks that were deposited as alluvial fans, composed of coarser 

grained sediments with hydraulic conductivity values two to three times greater than the 

Coast Range alluvium (Fram, 2017; Thiros et al., 2010). Groundwater originating as 

surficial runoff from the Sierra Nevada sands contains total dissolved solid 

concentrations of generally less than 500 milligrams per liter (mg/l) (Fram, 2017; Thiros 

et al., 2010).  

Groundwater is recharged from different sources above and below the A-Clay. 

Above the A-Clay, pumping of deeper groundwater has created vertically downward flow 

paths and groundwater is recharged primarily from irrigation return flows, the San 

Joaquin River, and other minor sources (Bertoldi et al., 1991; Davis and Poland, 1957; 

Schmidt, 2011). Beneath the A-Clay groundwater receives vertical recharge from similar 

sources in addition to horizontal recharge originating as seepage from west-side and east-

side streams due to the northeastward or southwestward slope of the water table (Bertoldi 

et al., 1991; Davis and Poland, 1957; Schmidt, 2011). The differing recharge sources 

results in the Aquifer being saturated with groundwater above the A-Clay that was 

recharged after 1952, and below the A-Clay being saturated with groundwater that was 

either recharged prior to 1952 or a mix of groundwater recharged prior to and after 1952 

(Fram, 2017). This results in the Aquifer’s general trend of groundwater age increasing 
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with increased depth bgs. Groundwater age was classified as being recharged before or 

after 1952 due to analysis being based on tritium values (Fram, 2017). Above ground 

nuclear testing, which began in approximately 1952, resulted in a large increase in tritium 

concentrations in precipitation allowing tritium values to be used to differentiate between 

precipitation recharged prior to and after 1952 (Fram, 2017). A majority of potential H2S 

sources involve the reduction of sulfate, either bacterial or thermochemical, indicating 

that the availability of sulfate in groundwater is a pertinent characteristic required for the 

continued generation of H2S. 

2.4 Primary Source of Sulfate 

The Aquifer’s primary source of sulfate is the dissolution of sulfate salts into 

surface water runoff originating from the Coast Ranges and its secondary sources include 

the dissolution of gypsum, applied as a soil amendment, into runoff prior to recharging 

the Aquifer and the dissolution of gypsiferous Aquifer sediments (Croft, 1972; Fram, 

2017; Presser et al., 1990). Exposed sedimentary rocks along the eastern edge of the 

Coast Ranges are composed of Cretaceous to Miocene aged sedimentary units composed 

of organic rich, pyrite-bearing, and siliceous marine shales (Fram, 2017). The subaerial 

exposure of these shales results in the oxidation of pyrite to sulfate which re-precipitates 

as calcium, magnesium, and sodium sulfate minerals into soils and sediments along the 

western portion of the Valley (Presser et al., 1990). These sulfate salts are dissolved by 

surficial runoff which subsequently enters the Aquifer as recharge near the Coast Range-

Valley contact (Fram, 2017). Groundwater originating from this portion of the Valley has 

historically migrated vertically downward then horizontally toward the Valley trough 

(Fram, 2017). The presence of a continuous source of sulfate coupled with the Aquifer’s 

hydrogeological characteristics narrowed the potential H2S sources and allowed a 

hypothesized source to be defined.  
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2.5 Hypothesized H2S Source  

This study hypothesized that the source of H2S was bacterial sulfate reduction 

mediated by sulfate reducing bacteria resulting in the generation of H2S. The processes 

associated with BSR include those associated with the terminal electron accepting 

processes (TEAP). Understanding the TEAP, the aquifer conditions where sulfate is the 

predominate electron acceptor, and the BSR reaction products and byproducts assist with 

determining whether BSR is actively generating H2S within the Aquifer (Jurgens et al., 

2009; McMahon et al., 2011).  

2.5.1 TEAP Related Bacterial Reduction 

Bacterial reduction in groundwater is associated with the availability of electron 

acceptors and donors (Jurgens et al., 2009). Redox conditions in groundwater are 

generally facilitated by microorganisms that gain energy for growth by transferring 

electrons from donors, commonly organic carbon, to acceptors, a group of inorganic 

species (Jurgens et al., 2009). These acceptors are characterized as terminal electron 

acceptors with the most common acceptors in groundwater being dissolved oxygen (O2), 

nitrate (NO3-), manganese (Mn4+), iron (Fe3+), sulfate (SO4
2-), and carbon dioxide (CO2(g)) 

(Jurgens et al., 2009). 

Each electron acceptor provides differing amounts of energy to the 

microorganisms facilitating reduction (Jurgens et al., 2009). The electron acceptor 

species that yield the most energy are reduced first and the species that yield less are 

utilized in order of decreasing energy gain (Jurgens et al., 2009). Thus, in groundwater, 

the common ecological succession of electron acceptors is dissolved oxygen, nitrate, iron, 

sulfate, and carbon dioxide (Jurgens et al., 2009). This sequence is known as the TEAP 

where redox processes are defined based on the concentrations of the primary electron 

acceptors and the energy each species yields (Table 1) (Appelo and Postma, 2005; 

Jurgens et al., 2009). 
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Table 1 – Energy Gain from the Reduction of Electron Accepting Species 

Redox Process Released Energy (kJ/mol H2) 

Dissolved Oxygen -237 

Nitrate -224 

Iron -50 

Sulfate -38 

Carbon Dioxide -36 

Note: Based on the reaction between H2 and electron acceptors under standard conditions at pH 7. 

The TEAP is controlled by the ability of differing microorganisms to thrive in 

groundwater depending on the availability of electron donors and electron acceptors 

(Bethke et al., 2008). Microbial communities are generally segmented into zones 

dependent on the predominate constituent being reduced (Bethke et al., 2008). This 

commonly results in aquifers having distinct redox zones that progressively becomes 

more reduced along groundwater flow paths (McMahon et al., 2011). These segmented 

zones vary between aquifers due to differing hydrogeochemical characteristics 

(McMahon and Chapelle, 2008). The availability of electron acceptors and donors affects 

the redox processes present in an aquifer (McMahon et al., 2011). The lack of available 

electron donors will prevent microorganisms from reducing available electron acceptors 

resulting in the preservation of electron acceptors across groundwater flow paths 

(McMahon et al., 2011). Additionally, the extent and presence of redox zones are 

dependent on the availability of electron acceptors (i.e. the absence of a specific electron 

acceptor results in the absence of that redox zone along an aquifer’s groundwater flow 

path) (McMahon et al., 2011). The depositional environment and source of an aquifer’s 

alluvial sediments affects the availability of electron donors and acceptors (Bethke et al., 

2008; McMahon and Chapelle, 2008).  

Electron donors and acceptors can originate from natural or anthropogenic 

sources. Electron donors vary but the most common constituent is organic carbon 

(McMahon et al., 2011). Organic carbon is generally deposited into sedimentary basins 
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simultaneously with other aquifer sediments or leached from plants and soils prior to 

percolating into the groundwater system as recharge (Shen et al., 2015). As previously 

discussed, an example of organic rich sediments present within the Aquifer are the A-

Clay, C-Clay, and the Corcoran Clay. Aquifer’s may have several wide-ranging electron 

acceptor sources including atmospheric, anthropogenic (i.e. nitrate based fertilizers or 

gypsum applied for soil amendments), sediment composition (i.e. manganese and iron-

bearing oxyhydroxides, silicates, sulfides, or oxides), and as previously discussed, the 

oxidation of exposed pyrites (Fram, 2017; McMahon et al., 2011).  

An aquifer’s hydrologic characteristics influence groundwater residence times 

further affecting the evolution of redox processes and the extent of segmented microbial 

redox zones (Bethke et al., 2008; McMahon and Chapelle, 2008). Under predevelopment 

Aquifer conditions, prior to the installation of groundwater wells and the subsequent 

overdraft conditions resulting in groundwater level declines, groundwater discharged 

from the Aquifer system into rivers or from evapotranspiration within the Valley trough 

(Gronberg et al., 1998). The Aquifer’s current rate of groundwater discharge has 

decreased significantly due to the lowered groundwater table, resulting in the stagnation 

of groundwater which increases residence times, and creates more reduced groundwater 

conditions (Gronberg et al., 1998). Based on the Aquifer’s hydrogeological 

characteristics, redox processes were predicted to evolve vertically, becoming more 

reduced with depth bgs (Croft, 1972; Fram, 2017).  

2.5.2 Bacterial Sulfate Reduction 

Sulfate is the second to last species reduced within the TEAP (Miao et al., 2012). 

The general sulfate-reduction reaction is (Christensen et al., 2000; Miao et al., 2012): 

 

SO4
2- + 9H+ +8e-  HS- + 4H2O 
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Sulfate-reduction, within the TEAP sequence, is initiated from a group of 

prokaryotic bacteria which oxidize organic carbon or hydrogen (H2) and reduce sulfate. 

The general BSR reactions are (Canfield, 2001; Miao et al., 2012): 

 

1. 2H+ + SO4
2- + 4H2  H2S + 4H2O 

2. SO4
2- + 2CH2O  H2S + 2HCO3

- 

 

Organic carbon, or other organic matter donating electrons, undergoes a 

fermentation process producing H2 prior to a respiration process which reduces electron 

acceptor constituents and consumes H2 (McMahon, 2010). Thus, H2 is an intermediate 

product in the redox processes and is present in concentrations which correlates to 

specific redox processes (McMahon, 2010). These BSR reactions illustrate how hydrogen 

ions are consumed, and bicarbonate is produced resulting in an overall decrease in H+ 

within a groundwater system and a subsequent increase in pH (Miao et al., 2012). These 

prokaryotic bacteria include a wide array of SRB species in addition to iron-reducing 

bacteria and other reducing bacteria groups (Flynn et al., 2013). However, Desulfovibrio 

SRB are generally the primary species associated with BSR occurring in groundwater 

aquifers (Muyzer and Stams, 2008).  

2.6 Study Area Characteristics 

To test the hypothesized H2S source required the collection of groundwater-

chemistry and bacterial data from a portion of the Aquifer saturated with H2S. The Study 

Area was defined based on the approximated extent of H2S, hydrogeological 

characteristics, and the ability to collect groundwater samples. The defined Study Area 

extends 1.5 miles northeast of Highway 180, located within the City of Mendota, to 3.4 

miles northeast encompassing the San Joaquin River and Fresno Slough. The Study Area 
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boundaries were previously illustrated in Figures 1 and 2 but a larger scale map with 

increased surficial details is provided in Figure 3. The Study Area is located within the 

Valley trough, where groundwater flow paths are primarily vertical at the surface with 

increased horizontal influence and groundwater age with increased depth bgs (Fram, 

2017; Bertoldi et al., 1991; Davis and Poland, 1957). Groundwater wells constructed to 

adequate depths, with sufficient spatial extent to define vertical groundwater-chemistry 

trends and the evolution of redox processes, were also present within the Study Area 

boundaries. 

The general hydrogeological characteristics of the Study Area are the same as the 

Valley characteristics previously discussed. A previous groundwater-chemistry study 

conducted by the USGS determined that the sediments surrounding the perforations of 

wells near the Study Area were composed of Sierra Nevada sands indicating that the 

sediments surrounding wells within the Study Area are also composed of Sierra Nevada 

sands (Fram, 2017). Although the surrounding sediments are classified as Sierra Nevada 

sands groundwater within the Study Area, as previously discussed, partially originates as 

surficial runoff from the Coast Ranges which is saturated with elevated sulfate 

concentrations (Fram, 2017). Land use is approximately 58% agriculture, 41% natural, 

and 1% urban and groundwater levels vary between the sub-aquifers but are generally 

shallow, less than 40-ft bgs (Fram, 2017; Office, 2018).  
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Figure 3 – Study area and well locations  

Note: The Study Area begins adjacent to the City of Mendota and extends east across the San Joaquin 

River and Fresno Slough. The confluence of the San Joaquin River and the Fresno Slough is the general 

low point of the central San Joaquin Valley. This is a larger scale map of the Study Area initially outlined 

in yellow in Figure 1. 



   

3. METHODOLOGY 

The purpose of this study was to determine whether the Aquifer’s source of H2S 

was H2S generated as a byproduct of BSR mediated by SRB by defining vertical 

groundwater-chemistry trends, the vertical evolution of redox processes, and analyzing 

for the presence of anaerobic SRB. This required the implementation of an extensive 

suite of methods including analytical testing of groundwater samples, assignment of 

redox processes using analytical groundwater-chemistry data, and the temporal and 

statistical analysis of historical and current groundwater-chemistry data. Individually 

some methods used during this study have data accuracy limitations. However, 

collectively this study’s methodology, in addition to available data from previous studies, 

provided sufficient data to support the primary purposes of this study. Methodology data 

limitations are briefly discussed in the subsequent sections.  

3.1 Well Location and Characteristics 

Six wells were used for sample collection based on their spatial distribution and 

extent, both vertical and horizontal, and the presence of H2S in extracted groundwater. 

The sampled wells are owned by the City of Mendota (City). Wells 1, 2, and 3 have 

always been owned by, and used for, the City’s municipal groundwater source (Schmidt, 

2018). Wells 4, 5, and 6 were owned and operated by Fordel, Inc. until 2004, when the 

City took control of the wells. These wells were used by Fordel, Inc. for management of 

the Mendota Pool area, are not municipal wells, and since transferring the wells to the 

City they have been used in a limited capacity (Luhdorff and Scalmanini and Associates, 

2015).  

The locations of Well 1 through Well 6 were illustrated in Figure 3 and well 

information is included in Table 2. Well location and depth were also displayed on Figure 

2 to illustrate the primary sub-aquifer each well extracts groundwater from. Well 5 and 
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Well 6 are perforated within the unconfined sub-aquifer above the A-Clay and Wells 1, 2, 

3, and 4 within the semi-confined sub-aquifer below the A-Clay. 

Table 2 – Location, Depth, and Perforation Interval of Sampled Wells 

Well # Latitude Longitude 
Well Depth 

(ft bgs) 

Perforations 

(ft bgs) 

1 36.782573 -120.33839 405  260-395 

2 36.784073 -120.341901 405 240-375 

3 36.784083 -120.345344 405 260-395 

4 36.778743 -120.364998 300 200-300 

5 36.778699 -120.364917 100 50-100 

6 36.778601 -120.363244 100 50-100 

Note: Well depth used for analysis and discussion was the top perforation depth (50 to 260-ft bgs). 

Analysis conducted during this study was based on each wells’ depth to top 

perforation. Due to perforation intervals extending between 50 to 130-ft below the top 

perforation depth, extracted groundwater may contain groundwater which originated 

from depths greater than the top perforation depth. This may limit the precision of 

interpretations made from groundwater samples collected from Well 1 through Well 6. 

3.2 Groundwater Sample Collection 

A single sample collection event was conducted on March 6, 2018 between 

approximately 0800 and 1200. All wells were purged prior to sample collection and the 

collection of groundwater samples at each well followed the same procedure. The 

purpose of purging is to remove any stagnant water from a well immediately prior to 

sampling, allowing groundwater samples to originate from the adjacent formation which 

is representative of actual aquifer conditions (Vail, 2013). According to the 

Environmental Protection Agency (EPA), the required purging for wells with in-place 

pumps varies depending on how often the pumps are running. If a well is continuously 

pumped, then only opening the sample collection valve for a few minutes is required 

(Vail, 2013). For intermediately or infrequently pumped wells purging should consist of 
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running the well until groundwater-chemistry parameters stabilize (Vail, 2013). This 

study concluded that all wells should be pumped until pH and temperature values 

stabilize prior to the collection of groundwater samples. Wells sampled during this study 

were purged for approximately five to ten minutes each.  

Although the purpose of purging is to ensure that collected groundwater samples 

are representative of a surrounding aquifer, the groundwater pumping required for 

purging may perturb an aquifer, resulting in the groundwater collected for analysis 

originating from varied depths. The mixing of groundwater from varied aquifer depths 

would decrease the precision of the analysis conducted during this study due to analysis 

being based on a wells depth to top perforation. However, it should be noted that the 

stagnant groundwater within a well’s borehole is susceptible to anthropogenic 

contamination from, among others, surface waters entering the borehole, oils leaking 

from the groundwater pump, or metals leaching from the well casing. Additionally, for 

this study, groundwater levels measured at Well 1 through Well 6 have historically been 

above the top perforation depth and it would be difficult to assess where the groundwater 

above the top perforation depth originated from (Luhdorff and Scalmanini and 

Associates, 2015). As a result, despite the potential data limitations caused by purging, 

this method was chosen based on the EPA standard for groundwater sample collection 

from wells with pumps, the ability to explain the potential data limitations with purging, 

and the inability to thoroughly explain the potential data limitations in groundwater 

collected without purging.  

Groundwater samples were collected from each well’s primary discharge point or 

sample port. Groundwater samples from Wells 1, 2, and 3 were collected at similar 

sample ports (Figure 4). Wells 4 and 6 discharged groundwater into the San Joaquin 

River (Figure 5) and Well 5 discharged groundwater into a collection tank (Figure 6), 

groundwater samples were collected at these discharge points. 
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Figure 4 – General sample port for wells 1, 2, and 3 

Note: Wells 1, 2, and 3 had the same construction design and groundwater samples were collected from 

similar sample ports. Groundwater extracted from these wells is directly transported to the City’s water 

treatment plant. Credit: Benjamin Gooding – 2018 

 

 

Figure 5 – Well 4 and well 6 discharge point 

Note: This picture illustrates the groundwater discharge location for Wells 4 and 6 where groundwater 

samples were collected, and field measurements conducted. Groundwater is being discharged into the San 

Joaquin River north of Wells 4 and 6. Credit: Benjamin Gooding – 2018 
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Figure 6 – Well 5 discharge point 

Note: This picture illustrates the groundwater discharge location for Well 5 where groundwater samples 

were collected, and field measurements conducted. Groundwater is being discharged into a concrete 

collection tank south of Well 5. Groundwater samples were collected directly from the discharge not from 

the collection tank. Credit: Benjamin Gooding - 2018 

3.3 Field Measurements  

Field measurements determined the concentration or value for the following 

parameters: H2S, pH, temperature, and dissolved oxygen. The collection of groundwater 

samples for H2S analysis followed the USGS sniff and concentration testing standards. 

The USGS H2S concentration-testing standard required the use of a Hach H2S Test Kit, 

Model HS-C (Hach, 2017). Appendix B includes the Hach method manual. Table 3 

provides general information about the meters used for field measurements. Prior to the 

use of each meter, the meter was decontaminated by washing the meter with Liquinox 

detergent and tap water, rinsing with tap water, and then rinsing with deionized water.  
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Table 3 – Field Meter Overview 

Parameter Meter Range Measurement Method 

pH 
Oakton 

Instruments - 

Waterproof 

pH/CON 10 

0 - 14 pH 

Rinse probe with deionized water, select 

desired parameter, insert probe into the 

groundwater sample ensuring the sensor 

tip is fully submerged, allow reading to 

stabilize, and take reading. 
Temperature 0 - 100˚C 

Dissolved 

Oxygen 
YSI Pro 2030 

0 - 50 

mg/l 

Turn on meter and wait 5 to 15 minutes, 

insert probe into the groundwater sample 

ensuring sensor is fully submerged, allow 

reading to stabilize, and take reading. 

Note: All meters were calibrated prior to use. Calibration procedures followed the procedures provided by 

Oakton Instruments and YSI. 

3.4 Lab Analysis  

Laboratory analysis of constituents included nitrate as nitrogen (NO3
-), total 

manganese (Mn), total iron (Fe), sulfate (SO4
-2), total sulfide (sum of dihydrogen sulfide 

[aqueous H2S], hydrogen sulfide [HS-], and sulfide [S2-]), and arsenic (As).  

Measuring H2S concentrations in the field and in the laboratory allowed the estimation of 

whether laboratory analysis concentrations decrease due to the potential degassing of 

aqueous H2S occurring between sample collection and sample analysis. Laboratory 

analysis was conducted by BSK Associates who forwarded the groundwater samples for 

total sulfide analysis to BC Laboratories and for total iron analysis to McCampbell 

Analytical. Samples were brought to BSK immediately following sample collection on 

March 6, 2018 and the analytical results were returned on March 21, 2018. Appendix C 

includes each laboratory’s calibration and error information related to each analytical 

method used during this study. 

The collection of groundwater samples followed the EPA or Standard Method 

(SM) requirements. Minimum detection concentrations associated with each constituent 

is the minimum concentration required by the laboratory to detect and calculate a 
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constituent’s concentration. A non-detect result indicates that a constituent was below the 

minimum detection concentration of the given method. Table 4 lists the collection 

requirements and the minimum detection concentration for each constituent analyzed. 

Table 4 – Analysis Methods, Sample Collection, Storage, and Preservation Requirements  

Parameter Method Volume 
Container 

Type 

Required 

Preservation 

Holding 

Time 

Minimum 

Detection 

(mg/l) 

Nitrate as 

Nitrogen 

EPA 

300.0 
250 mL 

HDPE 

Plastic 
Refrigerate 2 Days 0.23 

Manganese  
EPA 

200.7 
500 mL 

HDPE 

Plastic 
HNO3 

180 

Days 
0.01 

Iron  
EPA 

200.7 
500 mL 

HDPE 

Plastic 
HNO3 

180 

Days 
0.02 

Sulfate  
EPA 

300.0 
250 mL 

HDPE 

Plastic 
Refrigerate 28 Days 1.0 

Sulfide 

(Total) 

SM-

4500SD 
500 mL 

HDPE 

Plastic 

ZnC4H6O4 + 

NaOH 
28 Days 0.05 

Arsenic  
EPA 

200.8 
500 mL 

HDPE 

Plastic 
HNO3 

180 

Days 
0.002 

Note: HNO3 required preservation normally contains 3 ml of (1+1) acid per liter of sample. HNO3 (1+1) 

consisting of adding 500 ml concentrated nitric acid to 400 ml of regent grade water and diluting to 1l 

(Creed et al., 1994). ZnC4H6O4 + NaOH required preservation contains 0.2 ml 2 molar ZnC4H6O4 solution 

per 100 ml sample. Add NaOH until the pH is at least 9 (Edge Analytical, 2018). 

3.5 Biological Analysis  

A Biological Activity Reaction Test (BART) was used to determine whether 

anaerobic SRB were present in groundwater extracted from Well 1 through Well 6. The 

BART test was a visual, semi-quantitative test developed by Hach (Hach, 2016). 

Groundwater samples were collected using the BART method on March 6, 2018 along 

with the field measurement and laboratory analysis samples. The collected samples were 

examined over the following eight days as required by the Hach method. Appendix B 

includes the BART method manual. The BART results are an estimation of the number 

of anaerobic SRB colony forming units (cfu) present within groundwater collected from 

each well. However, the absence of historical SRB population data and the cfu result 
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units, which are estimated values, prevented estimating the accuracy of bacterial 

population values, thus, this study characterized the BART results as either detect or non-

detect.  

3.6 Assignment of Redox Conditions 

This study used the USGS’s excel workbook method to assign redox processes 

(Jurgens et al., 2009). Assignment of redox processes was based on the concentrations of 

dissolved oxygen (O2), nitrate as nitrogen (NO3-), manganese (Mn4+), ferrous iron (Fe2+), 

sulfate (SO4
2-), and total sulfide (the sum of H2S, HS-, and S-2) (Jurgens et al., 2009) 

(Table 5). This method assigns the predominate constituent being reduced within the 

TEAP. However, the precise determination of redox processes in groundwater can be 

difficult to define because aquifers are generally not in equilibrium and multiple redox 

processes may exist simultaneously (Jurgens et al., 2009). The USGS’s defined 

thresholds were developed for broad applicability and may be variable depending on 

hydrogeological, microbiological, and other factors resulting in the potential for variable 

thresholds under specific conditions (McMahon and Chapelle, 2008). This study used the 

USGS’s method to initially assign redox processes and subsequently interpreted 

conditions to determine whether secondary redox processes were occurring or if the 

assigned classification was not explicitly accurate. 

Under the USGS’s method the determination of a “Mixed (Oxic-Anoxic)” redox 

category indicates that secondary redox processes are occurring simultaneously (Jurgens 

et al., 2009). Suboxic redox conditions indicates low dissolved oxygen and nitrate and 

requires additional data to define the predominant redox process (Jurgens et al., 2009). 

This study did not collect manganese or iron speciation data. The analysis of total 

manganese and total iron, when coupled with other data collected during this study, was 

sufficient to determine whether sulfate-reduction was occurring. The collection of 
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speciation data is something that should be conducted in the future to better analyze the 

iron and manganese-reducing zones within the Aquifer.   

Table 5 – Criteria and Threshold Concentrations for Redox Processes 

Redox 

Category 

Redox 

Process 

O2  

>0.5 

mg/l 

NO3-

>0.5 

mg/l 

Mn 

 >0.05 

mg/l 

Fe 

>0.1 

mg/l 

SO4
2- 

>0.5 

mg/l 

Fe/S 

Mass 

Ratio 

>0.3 

Fe/S 

Mass 

Ratio 

>10 

Oxic O2 Yes - No No - x x 

Suboxic Suboxic No No No No - x x 

Anoxic Mn(IV) No No Yes No - x x 

Anoxic SO4 No No - Yes Yes No No 

Anoxic Fe(III)   No No - Yes Yes Yes Yes 

Anoxic 
Fe(III)/ 

SO4 
No No - Yes Yes No Data  No Data 

Mixed 

(Anoxic) 

Fe(III)-

SO4 
No No - Yes Yes Yes No 

Mixed  

(Oxic-

Anoxic) 

O2-SO4 Yes No - Yes Yes No No 

Note: Modified from (Jurgens et al., 2009). The “-“symbol indicates the constituent does not apply to the 

determination of the listed redox category and process. The minimum threshold values are representative of 

the concentration required for a redox process to be defined as the TEAP. 

3.7 Compilation of Historical Groundwater-Chemistry Data 

Historical groundwater-chemistry data was compiled to conduct temporal 

variability and statistical analysis. Data for Wells 1, 2, and 3 was compiled from the State 

Water Resources Control Board – Drinking Water Branch’s database (Branch, 2018). 

Data for Wells 4, 5, and 6, was compiled from the Mendota Pool Group Pumping and 

Monitoring Program’s 2014 Annual Report (Luhdorff and Scalmanini and Associates, 

2015). The City is required to periodically conduct groundwater-chemistry monitoring on 

Wells 1, 2, and 3 due to drinking water well regulatory requirements. Wells 4, 5, and 6 

are not municipal wells and the City is not required to conduct periodic monitoring and 

thus no historical data has been collected following the City taking ownership of the 
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wells. This resulted in significantly more historical groundwater-chemistry data being 

available for Wells 1, 2, and 3. The varied groundwater-chemistry data sources, data 

availability, and sample collection dates limited the precision of any interpretations made 

during this study concerning the temporal variability and statistical analysis results.  

3.8 Statistical and Temporal Variability Analysis 

To illustrate the Aquifer’s general temporal variability consecutive monthly data, 

for a minimum of one year, was extracted from the compiled dataset. Consecutive 

monthly data for each constituent was only available for Wells 1, 2, and 3. Constituent 

concentrations of available consecutive monthly data were plotted against sample 

collection date and linear regression analysis was conducted within excel to illustrate and 

estimate temporal variability within the Study Area.  

Statistical analysis was conducted on compiled data including the calculation of 

count, range, mean, median, standard deviation, and percent relative standard deviation 

(%RSD). If the result of a previously conducted sample collection event was below a labs 

minimum detection concentration, then the minimum detection concentration was used 

for analysis. This may potentially result in slightly greater mean and lower standard 

deviation calculation results but is more accurate than simply removing all these data 

points which would result in even greater means and likely greater standard deviation 

results. The %RSD was used to illustrate general variability in concentrations during the 

sample period of historical data (Dhar et al., 2008). Due to the limited availability of 

historical data for Wells 4, 5, and 6 analyses was conducted separately from Wells 1, 2, 

and 3.  

The statistical analysis results were used to conduct comparative analysis to 

determine whether the analytical results, from this study’s singular sample collection 

event, were comparable to historical data. Comparative analysis was conducted by 
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verifying whether sulfate, total iron, and total manganese analytical results were within 

the range of historical data or an acceptable number of standard deviations from the mean 

and median to be considered normal, commonly less than one to three. If data was not 

within the range of historical data further analysis was conducted to interpret the source 

of variability between historical and current groundwater-chemistry data.  

 

 

 

 

 

 

 

 

 

 



   

4. RESULTS AND DISCUSSION 

Results were analyzed to define groundwater-chemistry trends, assign redox 

processes, estimate the qualitative extent of anaerobic SRB, and demonstrate variability 

between historical and current data. Analysis of results collectively demonstrated whether 

H2S generated as a byproduct of BSR mediated by SRB was the Aquifer’s source of H2S. 

These findings provided a better understanding of the extent of H2S and the groundwater 

conditions associated with the generation of H2S within the Valley’s Aquifer. 

Additionally, these findings may assist domestic and municipal groundwater users aiming 

to mitigate the effects of H2S contaminated groundwater or future Aquifer studies related 

to the presence of H2S, or anaerobic SRB, and uranium immobility.  

4.1 Analytical Results 

Analytical results were available for eleven constituents collected from six sites 

within the Study Area, the laboratory results are included in Appendix C. Seven of these 

constituents were interpreted as having a pertinent impact on concluding whether H2S 

generated as a byproduct of BSR mediated by SRB was the Aquifer’s source of H2S. The 

seven constituents were dissolved oxygen, total manganese, total iron, sulfate, total 

sulfide, pH, and arsenic. Analytical results and assigned redox processes demonstrated 

how Aquifer conditions become more reduced with depth bgs (Table 6 and Table 7). 

Table 6 and Table 7 illustrate that the general vertical groundwater-chemistry 

trends included the depletion of the more energetically favorable constituents (dissolved 

oxygen, total manganese, and total iron) prior to the depletion of sulfate, and the 

saturation of aqueous H2S. Concentrations of the more energetically favorable 

constituents versus concentrations of the less energetically favorable constituents are 

inversed prior to and after the detection of H2S between 200 and 240-ft. This inverse 

relationship demonstrates how groundwater-chemistry and redox processes correlate due 
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redox processes being defined by groundwater-chemistry. To better illustrate the 

groundwater-chemistry trends within the Aquifer constituent concentrations were plotted 

versus depth to top perforation (Figure 7). 

Table 6 – Analytical Results and Perforation Intervals   

Well # 
Top Perforation 

(ft bgs) 

Perforation Interval Extent Between 

Semi-Confining Units 

1 260 
Between the A-Clay and 

the Corcoran Clay 

3 260 
Between the A-Clay and  

the Corcoran Clay 

2 240 
Between the A-Clay and  

the Corcoran Clay 

4 200 
Between the A-Clay and  

the C-Clay 

5 50 Above the A-Clay 

6 50 Above the A-Clay 

 

Well # pH 

H2S 

Field 

(mg/l) 

Temperature 

(C⁰) 

Arsenic 

(μg/l) 

Dissolved 

Oxygen 

(mg/l) 

Sulfate 

(mg/l) 

1 9.47 0.40 18.5 3.1 0.46 86 

3 8.89 0.30 18.4 2.0 0.42 120 

2 9.27 0.50 17.6 7.5 0.45 42 

4 8.44 0.05 17.9 0.0 3.28 900 

5 7.54 0.00 17.7 2.9 1.80 59 

6 7.59 0.00 18.0 5.8 4.20 57 

 

Well # 
Total Manganese 

(mg/l) 

Total Iron 

(mg/l) 

Total Sulfide 

(mg/l) 
Anaerobic SRB 

1 0.023 0.08 0.45 Detected 

3 0.031 0.046 0.11 Non-Detect 

2 0.015 0.130 0.58 Detected 

4 0.470 1.200 Non-Detect Detected 

5 0.690 8.800 Non-Detect Non-Detect 

6 0.950 8.200 Non-Detect Non-Detect 
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Table 7 – Assigned Redox Processes 

Well # Redox Category Redox Process 

1 Suboxic Suboxic 

2 Anoxic SO4 

3 Suboxic Suboxic 

4 Mixed(oxic-anoxic) O2-Fe(III) 

5 Mixed(oxic-anoxic) O2-Fe(III) 

6 Mixed(oxic-anoxic) O2-Fe(III) 

All constituents have general increasing or decreasing concentration trends with 

increased Aquifer depth while also demonstrating smaller scale trends. The pertinent 

groundwater-chemistry trends were the progressive depletion of dissolved oxygen, total 

manganese, and total iron from 50 to 200-ft where the assigned redox process was mixed 

(oxic-anoxic) dissolved oxygen-total iron-reducing. Between 200 and 240-ft these 

constituents, plus sulfate, were abruptly removed from the groundwater system and H2S 

became initially detected as the predominant redox process evolved to anoxic sulfate-

reduction. From 240 to 260-ft groundwater-chemistry trends varied slightly as the 

predominant redox process evolved to suboxic. However, these trends were minimal and 

concentration variances were minor compared to those between 200 and 240-ft.  

The groundwater-chemistry trends between 200 and 240-ft coupled with the 

presence of anaerobic SRB, the initial detection of aqueous H2S, and the assigned anoxic 

sulfate-reduction TEAP collectively demonstrated comprehensive biogeochemical 

evidence for the Aquifer’s source of H2S being the byproduct of BSR mediated by SRB. 

However, to thoroughly analyze groundwater-chemistry trends and to interpret the 

biogeochemical processes occurring within the Aquifer the Aquifer was subdivided into 

three zones (Zone 1, 50 to 200-ft; Zone 2, 200 to 240-ft; and Zone 3, 240 to 260-ft) which 

were analyzed individually. Figure 7 illustrates the vertical extent of each zone and the 

groundwater-chemistry trends within each zone. 
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Figure 7 – Plotted analytical results versus depths with assigned redox processes 

Note: The Zone figure in the top left illustrates the top perforation depth intervals where groundwater 

samples were collected, and redox processes assigned. Zone 1 is from 50 to 200-ft and includes Wells 4, 5, 

and 6; Zone 2 is from 200 to 240-ft and includes Well 2 and Well 4; and Zone 3 is from 240 to 260-ft and 

includes Wells 1, 2, and 3. The error bars were calculated as standard error in excel. The relative percent 

deviation values calculated by the laboratories used were less than 3% for all constituents. 
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4.2 Zone 1: 50 to 200-ft 

Redox processes did not evolve within Zone 1 indicating that the groundwater-

chemistry patterns, previously illustrated in Figure 7, were a result of varied secondary 

redox processes and hydrogeologic conditions. Dissolved oxygen, total manganese, and 

total iron concentrations were elevated at 50-ft, relative to other sampled Aquifer depths. 

Previous studies demonstrated that elevated concentrations of the more energetically 

favorable constituents, such as dissolved oxygen, were common in shallow groundwater 

of unconfined aquifers (McMahon et al., 2011). The assigned redox process at 50-ft 

indicated the active reduction of ferric iron to ferrous iron, the more soluble form or iron, 

resulting in the dissolution of iron-bearing Aquifer sediments and the subsequent increase 

in total iron concentrations (Hem, 1985; Jurgens et al., 2009). A positive correlation 

between total iron and total manganese concentrations has been observed in several 

studies suggesting a natural overlap of iron and manganese-reducing zones (McMahon et 

al., 2018). Additionally, the simultaneous reduction of iron and manganese has 

previously been observed within the Aquifer (Fram, 2017; Hem, 1985; Jurgens et al., 

2009). Thus, the elevated manganese concentrations at 50-ft were interpreted to be a 

result of secondary manganese-reduction. The detectable concentrations of arsenic at 50-

ft were interpreted to be associated with the dissolution of arsenic-bearing aquifer 

sediments under these interpreted iron and manganese-reducing conditions (Fram, 2017). 

At 200-ft total manganese and total iron concentrations decreased and sulfate 

concentrations increased, aqueous H2S was detected in low concentrations during field 

measurements, and anaerobic SRB were initially detected. Sulfate concentrations were 

greater than 1800 times the minimum concentration threshold required for sulfate-

reduction to be the assigned TEAP, while total iron concentrations were approximately 

only 12 times greater (Jurgens et al., 2009). Collectively, the initial detection of H2S and 

anaerobic SRB coupled with the increased availability of sulfate electron acceptors 
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demonstrated the onset of secondary sulfate-reduction within a predominate iron-

reducing zone. 

Previous studies have confirmed the presence of mixed sulfate and iron-reducing 

zones where ferrous iron and H2S are produced simultaneously, subsequently reacting, 

and resulting in the precipitation of iron-sulfide minerals (Bethke et al., 2008; Chapelle et 

al., 2009). The rapid kinetics of this precipitating reaction creates the observed hyperbolic 

relationship between H2S and ferrous iron where concentrations of the predominant 

TEAP, iron at 200-ft, are elevated, while H2S is non-detect or in low concentrations 

(Bethke et al., 2008; Chapelle et al., 2009). The precipitation of iron-sulfides in these 

mixed sulfate and iron-reducing zones demonstrates the mutualistic behavior that has 

been observed between sulfate and iron-reducing microorganisms. The mutualistic 

behavior is a result of these microorganisms benefitting from the concurrent production 

of H2S and ferrous iron resulting in the precipitation of iron-sulfides which limits the 

saturation of each constituent maintaining the thermodynamic drive for each 

microorganism group’s metabolism (Flynn et al., 2013). 

The decrease in total iron and total manganese concentrations within Zone 1 were 

interpreted to partially be a result of the precipitation of iron and manganese-sulfides due 

to the onset of secondary sulfate-reduction. Other factors potentially affecting 

concentrations include the decreased dissolution of manganese and iron-bearing aquifer 

sediments due to the decreased availability of electron acceptors near 200-ft and the 

increased pH values resulting in increased adsorption rates (McMahon et al., 2018). 

Arsenic concentrations became non-detect at 200-ft. The non-detectable arsenic 

concentrations were interpreted to be caused by the precipitation of arsenic-sulfides 

which previous studies have observed occurring in environments containing relatively 

high-iron and low-sulfide concentrations, similar to those at 200-ft (O'Day et al., 2004).  
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4.3 Zone 2: 200 to 240-ft  

Within Zone 2 the predominate redox process evolved to anoxic sulfate-reducing 

which was observed with the varied groundwater-chemistry trends in Zone 2 compared to 

Zone 1, as illustrated in Figure 7. At 200-ft the interpretation of aquifer and groundwater 

conditions demonstrated the factors resulting in the non-detection of H2S. The evolution 

of redox processes to sulfate-reducing was due to the low concentrations of dissolved 

oxygen, total manganese, and total iron at 240-ft. These low concentrations demonstrate 

the consumption of the more energetically favorable constituents prior to the less 

energetically favorable sulfate which was predicted by the terminal electron accepting 

processes.  

The assignment of anoxic sulfate-reduction, detection of aqueous H2S, and the 

presence of anaerobic SRB was evidence for the active generation of H2S at 240-ft. The 

inversed hyperbolic relationship between H2S and iron concentrations at 240-ft, 

compared to 200-ft, was representative of sulfate-reduction becoming the TEAP resulting 

in the rate of H2S generation being greater than the rate of ferrous iron generation. 

Additionally, the decline in sulfate concentrations from 900 to 42 mg/l within Zone 2 

appeared to indicate a high rate of H2S generation. However, the low concentrations of 

H2S were interpreted to signify the continued precipitation of metal-sulfides resulting in 

the low H2S concentrations present within Zone 2.  

Groundwater-chemistry trends for all constituents were similar to the expected 

trends, based on observations made in previous studies, except for arsenic. The increase 

in arsenic concentrations as redox processes evolved to sulfate-reduction was 

unanticipated. Arsenic concentrations are typically expected to decrease within sulfate-

reducing zones due to the precipitation of arsenic-sulfides and the decreased solubility of 

arsenic in high pH environments, both conditions were present at 240-ft (Kirk et al., 

2004; O'Day et al., 2004). However, within the Valley the desorption of arsenate has 
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been observed in alkaline environments which may explain the increased arsenic 

concentrations at 240-ft (Fram, 2017). The elevated arsenic concentrations while 

unexpected did not appear to influence the presence or production of H2S at 240-ft. 

4.4 Zone 3: 240 to 260-ft  

Within Zone 3 the assigned redox process evolved to suboxic. Groundwater-

chemistry trends within Zone 3 were inconsistent due to the variability in constituent 

concentrations at 260-ft, as illustrated in Figure 7. The assignment of suboxic conditions 

demonstrated that between 240 and 260-ft the concentration of one or more constituents, 

required to assign a predominate redox process, fell below the minimum concentration 

threshold (Jurgens et al., 2009).  Total iron concentrations were below the minimum 

threshold of 0.1 mg/l in both Well 1 and Well 3 which resulted in redox conditions 

evolving to suboxic (Jurgens et al., 2009).  

Data from Well 3 indicated that sulfate concentrations increased, pH decreased, 

and anaerobic SRB were non-detect at 260-ft. Data from Well 1 indicated that sulfate and 

pH concentrations increased and that anaerobic SRB were detected. Additionally, total 

sulfide concentrations decreased in both Well 1 and Well 3. The lab analytical results 

labeled Well 3’s total sulfide concentrations as an estimated value due to potential matrix 

interference. Field H2S concentrations were 0.30 mg/l, slightly greater than the analytical 

result of 0.11 mg/l, indicating total sulfide concentrations in Well 3 are likely greater. 

Collectively the lower total sulfide concentrations, lower pH values, and the non-

detection of anaerobic SRB in Well 3 indicated that redox conditions may have evolved 

from sulfate-reducing. However, the minimal decrease in total sulfide concentrations, 

increase in pH, and the detection of anaerobic SRB in Well 1 demonstrated that BSR 

mediated by SRB continued at 260-ft. Collectively the data available from Well 1 and 

Well 3 were interpreted as demonstrating the active generation of H2S in both wells. 
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Additionally, a majority of Well 2’s perforation interval, used to interpret groundwater 

conditions at 240-ft, and of Well 1 and Well 3 perforation intervals, used to interpret 

groundwater conditions at 260-ft, overlap and the interpretations previously made 

concerning manganese and arsenic at 240-ft were the same interpretations made at 260-ft. 

The overlapping perforation intervals were interpreted as the primary reason groundwater 

conditions were similar between 240 and 260-ft.  

4.5 Relationship between H2S and Other Constituent 
Concentrations 

The evolution of redox processes within an unconfined aquifer generally correlate 

with groundwater-chemistry trends. As an aquifer becomes more reduced the more 

energetically favorable electron acceptors are removed from solution and the less 

energetically favorable electron acceptors begin to have a bigger impact on groundwater-

chemistry. This study aimed to determine where H2S was actively being generated as a 

byproduct of BSR, which was discussed in the previous sections. Previous studies have 

observed the significant impact sulfate-reduction has on aqueous geochemical conditions 

(Miao et al., 2012). These observations included the decreased concentrations of other 

redox related constituents within environments experiencing active BSR. These impacts 

were observed within the Aquifer and were illustrated in correlative plots between total 

sulfide and other redox related constituents (Figure 8).  

Figure 8 illustrates the significant decline in total iron, total manganese, and 

dissolved oxygen concentrations within groundwater with detectable concentrations of 

aqueous H2S. Concentrations of pH increased with the detection and saturation of H2S, as 

projected based on the consumption of H+ ions and the production of bicarbonate (Miao 

et al., 2012). Sulfate concentrations varied but were consistent within Aquifer zones with 

detectable H2S concentrations demonstrating the availability of a continuous source of 

sulfate. Concentration data for other redox related constituents is more widely available 
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Figure 8 – Total sulfide versus other redox related constituent correlative plots 

Note:  Analysis of redox related constituent concentrations and total sulfide concentrations illustrates how 

concentrations of the more energetically favorable constituents decline significantly once total sulfide is 

detected. The lowest total sulfide concentrations within the Study Area was 0.11 mg/l at 260-ft and the 

greatest was 0.58 mg/l at 240-ft. 

 

X axis for all figures is equal to total sulfide (mg/l) 
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than H2S data. In the absence of available aqueous H2S concentration data the 

concentrations of these other redox related constituents can be used to estimate whether 

H2S is actively being produced, within the Aquifer portion a well is perforated within, 

based on the trends illustrated in Figure 8.  

Correlative plots between the remaining redox related constituents demonstrated 

other potential geochemical factors affecting groundwater-chemistry trends within the 

Study Area. Figure 9 illustrates correlative plots between pH and other redox related 

constituents. The correlative plots illustrate similar trends between constituents as the 

total sulfide plots. These trends include total sulfide concentrations increasing and total 

manganese and total iron concentrations decreasing with increased pH. This represents 

the predicted trend of pH increasing with depth, which is the general trend in unconfined 

aquifers, which correlated with the reduction of the more energetically favorable 

constituents (i.e. total manganese and total iron) at shallower depths, prior to the 

reduction of sulfate. In addition to total sulfide and pH correlative plots, correlative plots 

between arsenic and other redox related constituents were developed (Figure 10).  

The arsenic correlative plots illustrate greater variability between all constituents, 

except sulfate, when compared to the total sulfide and pH plots. The non-detection of 

arsenic at 200-ft was interpreted in previous sections to be a result of the precipitation of 

arsenic-sulfides based on groundwater-chemistry and observations made in previous 

studies. However, the arsenic correlative plots demonstrate that sulfate concentrations 

may have a greater effect on arsenic concentrations than the precipitation of arsenic-

sulfides. This would explain the unexpected elevated arsenic concentrations at 240 and 

260-ft, where H2S was available in concentrations necessary for the continued 

precipitation of arsenic-sulfides, but sulfate concentrations were lower than 

concentrations at 200-ft. Additional data and analysis not conducted during this study is 

required to verify the affect sulfate and arsenic concentrations have on one another.  
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Figure 9 – pH versus other redox related constituent correlative plots 

Note: Correlative pH plots were comparable to the total sulfide plots demonstrating the correlation between 

total sulfide and pH concentrations with Aquifer depth. 

X axis is equal to pH (standard value) 
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Figure 10 – Arsenic versus other redox related constituent correlative plots 

Note: Arsenic correlative plots demonstrate greater variability with other redox related constituents when 

compared to the total sulfide and pH plots. The sulfate correlative plots demonstrate a significant 

correlation between the two constituents.  

 

 

X axis is equal to arsenic (µg/l) 
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4.6 Extent of H2S Contamination  

A purpose for determining the source of H2S was to gain a better understanding 

about the extent of H2S within the Aquifer. The interpretations made during this study 

confirmed that H2S generated as a byproduct of BSR mediated by SRB was the primary 

source of H2S. The extent of H2S is defined using two aspects – detectable concentrations 

of aqueous H2S and a positive sniff test result indicating detectable concentrations of 

gaseous H2S. Analytical testing detected aqueous H2S at 240 to 260-ft bgs. Zone 2 

analysis demonstrated that H2S generation likely began prior to 240-ft bgs based on the 

rate in which sulfate concentrations declined and the Aquifer’s maximum total sulfide 

concentrations at 240-ft bgs. Additionally, the perforation intervals of Well 1 and Well 3 

extend below 260-ft bgs demonstrating that detectable concentrations of aqueous H2S are 

likely to be present at depths greater than 260-ft bgs. This study estimated that the extent 

of detectable concentrations of aqueous H2S was approximately 200 to 320-ft bgs, or 

greater. This demonstrates that detectable concentrations of aqueous H2S are present in 

the semi-confined sub-aquifer below the A-Clay, but not the unconfined sub-aquifer 

above the A-Clay, as illustrated in Figure 11.  

A positive H2S sniff test indicated the presence of the “rotten egg” odor 

associated with gaseous H2S released from groundwater following extraction. The sniff 

test was conducted on Well 1 through Well 6 with each having a positive result. The 

California Air Resources Board states that the odor detection threshold is approximately 

0.03 to 0.05 parts per million (ppm), which converts equally to mg/l (Board, 2019). The 

analytical minimum detection concentration for aqueous H2S is 0.05 mg/l. This 

demonstrates that the non-detection of H2S, in groundwater exhibiting the “rotten egg” 

odor, may have contained detectable concentrations of aqueous H2S prior to the release of 

H2S in the gaseous phase following groundwater extraction. This indicates that the extent 

of aqueous H2S may be greater than currently estimated. However, this study estimated 
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that the extent of gaseous H2S was from the groundwater table to approximately 320-ft 

bgs based on field observations and the estimated aqueous H2S extent as illustrated in 

Figure 11.  

 

Figure 11 – Estimated gaseous and aqueous H2S extent 

Note: The estimated gaseous and aqueous H2S extent was defined from interpretations made concerning 

field observations and vertical groundwater-chemistry trends. 
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4.7 Temporal Variability Analysis 

To illustrate temporal variability in the Aquifer, on a monthly to annual timescale, 

available consecutive monthly data was extracted from the compiled dataset and plotted 

against the sample collection date (Figure 12). Compiled historical data is provided in 

Appendix D. There was sufficient data to conduct temporal analysis on Wells 1, 2, and 3 

but not Wells 4, 5, and 6. 

 

Figure 12 – Concentration of sulfate, total iron, and total manganese versus sample 

collection data profiles for wells 1, 2, and 3 

Note: These profiles illustrate the variability of redox related constituents. Concentrations vary over minor 

timescales (months), but linear regression trend lines demonstrate the consistent average concentrations. 

The minimum detection limit for iron was 0.1 mg/l and for manganese was 0.02 mg/l.  

Figure 12 continues next page. 
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Figure 12 – (cont.) 

Note: These profiles illustrate the variability of redox related constituents. Concentrations vary over minor 

timescales (months), but linear regression trend lines demonstrate the consistent average concentrations. 

The minimum detection limit for iron was 0.1 mg/l and for manganese was 0.02 mg/l.  
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Sulfate concentrations in Well 1 and Well 3 were similar with concentrations in 

Well 2 being consistently lower. However, sulfate concentrations in all wells were 

significantly greater than the minimum concentration threshold required for sulfate-

reduction. Total manganese concentrations varied monthly in all wells, with variability 

being the greatest in Well 2, but concentrations were always below the minimum 

concentration threshold for manganese-reduction, .05 mg/l, indicating it was unlikely 

manganese-reduction occurred during the plotted period. Total iron was below the 

minimum detection concentration for a majority of sample collection dates for Well 1 and 

Well 3. This indicates that the assigned redox process was consistently suboxic similar to 

the redox process assigned for Well 1 and Well 3 during this study. Total iron 

concentrations in Well 2 varied substantially increasing and decreasing over several 

months, such as June to September 2014, but trend downward over the entire plotted 

dataset. Additionally, concentrations during some sample collection dates were below the 

0.1 mg/l minimum detection concentration which would result in an assigned suboxic 

redox process. This indicates that redox processes may occasionally vary in Well 2. The 

interpretations made concerning the temporal variability analysis results indicated that 

constituent concentration variances may result in varied assigned redox processes 

annually. However, sulfate concentrations were consistently above the minimal threshold 

concentration which was interpreted as indicating that sulfate-reduction is consistently 

occurring even as assigned redox processes change. This interpretation is similar to the 

previous interpretations made concerning secondary sulfate-reduction occurring within 

the assigned suboxic redox zone near Well 1 and Well 3.  

4.8 Statistical and Comparative Analysis - Wells 1, 2, and 3 

The statistical analysis results are included in Table 8 with analytical results from 

this study and historical data included in Appendices C and D.  Columns 2 through 9 in 
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Table 8 were calculated from historical data and column 10 includes the analytical results 

from this study.  

Table 8 – Statistical and Comparative Analysis Results of Well 1, 2, and 3 

Well # 
Start 

Date 

End 

Date 
Count Range  Mean Median 

Standard 

Deviation 

% 

RSD 

Study 

Results 

Sulfate (mg/l) 

Well 1 2001 2015 17 
13.0 –  

91.0 
72.45 80.00 22.82 31.5% 86 

Well 2 2003 2015 14 
13.0 –  

47.0 
19.14 15.80 8.94 46.7% 42 

Well 3 2001 2015 17 
19.0 –  

116.0 
95.51 106.00 24.27 25.4% 120 

Iron (mg/l) 

Well 1 2001 2018 96 
<0.100 – 

0.506 
0.120 0.100 59.06 49.0% 0.08 

Well 2 2001 2018 89 
<0.100 – 

0.414 
0.151 0.130 65.66 43.5% 0.13 

Well 3 2001 2018 97 
<0.100 – 

0.403 
0.120 0.100 54.93 45.8% 0.046 

Manganese (mg/l) 

Well 1 2001 2018 92 
< .020 – 

0.041 
0.022 0.021 3.73 17.0% 0.023 

Well 2 2001 2018 92 
< .020 – 

0.042 
0.023 0.020 4.57 19.9% 0.015 

Well 3 2001 2018 93 
< .020 – 

0.052 
0.028 0.028 5.15 18.4% 0.031 

Note: Historical data was compiled from the State Water Resources Control Board – Drinking Water 

Branch’s groundwater-quality database. 

Statistical analysis for Wells 1, 2, and 3 demonstrated that total iron experienced 

the greatest variability and total manganese the least. Comparative analysis demonstrated 

that constituent concentration results from this study, that are not within the concentration 

range of historical data, included sulfate in Well 3, total iron in Well 1 and Well 3, and 

total manganese in Well 2. However, calculated means for total iron in Well 1 and Well 

3, and total manganese in Well 2, are near their minimum concentration values indicating 
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a majority of the historical data was near minimum concentrations. The minimum 

concentration of total iron and total manganese was equal to the minimum detection 

concentration of the previously used laboratory, 100 (μg/) l for total iron and 20 μg/l for 

total manganese. The laboratory used during this study had lower minimum detection 

concentrations and thus the results had the potential to be, and were, below the previous 

minimum concentrations. This was interpreted as evidence for this study’s results 

demonstrating true minimum concentrations. Sulfate concentrations in Well 3 were 

slightly greater than the previous maximum concentration. However, this study’s sulfate 

concentrations were approximately one standard deviation from the historical data’s 

mean demonstrating that concentrations between the two sources are comparable.  

Comparing the variability between this study’s results and historical data in 

relation to redox concentration thresholds demonstrated that sulfate concentrations were 

always above the 0.5 mg/l threshold, total iron concentrations varied between above and 

below the 0.1 mg/l threshold, and total manganese concentrations were always below the 

0.05 mg/l threshold, except for one data point from Well 3, the required thresholds over 

the entire sample period (Jurgens et al., 2009). This illustrates that sulfate was always 

available in concentrations required for sulfate-reduction to occur and that manganese-

reduction rarely, if ever, takes place. The varied total iron concentrations demonstrate 

that redox conditions varied between sulfate-reduction, iron and sulfate-reduction, iron-

reduction, and suboxic, based on the assignment of redox conditions without available 

total sulfide data. Total sulfide data was only collected in 2001 and was 0.94, 0.60, and 

0.70 mg/l in Wells 1, 2, and 3, respectively (Branch, 2018).  The assigned redox process 

during this sample event, based on the assumption that groundwater conditions in 2001 

were anoxic since dissolved oxygen data was unavailable, was anoxic iron and sulfate-

reducing. Previous studies have demonstrated evidence for the production of H2S in 

aquifers experiencing each redox condition, except suboxic as it is commonly not further 
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defined (Appelo and Postma, 2005; Bethke et al., 2008; McMahon and Chapelle, 2008). 

This indicates that H2S generated as a byproduct of BSR mediated by SRB in 

groundwater has likely occurred continuously or nearly continuously within the Aquifer, 

near Wells 1, 2, and 3, since at least 2001, the earliest date sulfide data was available. 

4.9 Statistical and Comparative Analysis - Wells 4, 5, and 6 

Historical data was compiled from the 2014 Annual Report for the Mendota Pool 

Group’s Pumping and Monitoring Program (Luhdorff and Scalmanini and Associates, 

2015). Data for these wells was minimal due to their limited use since 2004. The results 

of statistical analysis are included in Table 9 with analytical results from this study and 

historical data included in Appendices C and E. Columns 2 through 9 in Table 9 were 

calculated from historical data and column 10 includes analytical results from this study.  

Table 9 – Statistical and Comparative Analysis Results of Wells 4, 5, and 6 

Well # 
Start 

Date 

End 

Date 
Count Range  Mean Median 

Standard 

Deviation 
% RSD 

Study 

Results 

Sulfate (mg/l) 

Well 4 1999 2004 6 
97.0 – 

180.0 
138.67 136.50 36.33 26.2% 900 

Well 5 1999 2003 6 
42.0 – 

201.0 
129.33 138.50 67.73 52.4% 59 

Well 6 1993 2003 3 
150.0 – 

305.0 
224.33 218.00 77.69 34.6% 57 

Iron (mg/l) 

Well 4 1999 2004 6 
< 0.050 – 

0.870 
0.187 0.050 0.33 179.3% 1.2 

Well 5 1999 2003 6 
4.800 – 

8.490 
7.062 7.580 1.44 20.4% 8.8 

Well 6 2001 2003 2 
9.270 – 

9.400 
9.340 9.340 0.09 1.0% 8.2 

Manganese (mg/l) 

Well 4 1999 2004 6 
< 0.03 – 

0.100 
0.063 0.055 0.03 49.6% 0.47 

Well 5 1999 2003 6 
0.700 – 

1.370 
1.050 1.105 0.23 21.9% 0.69 

Well 6 2001 2003 2 
1.250 – 

1.350 
1.300 1.300 0.07 5.4% 0.95 

Note: Historical data was compiled from the Mendota Pool Group’s 2014 Pumping and Monitoring 

Program Annual Report. 
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Constituent concentrations were outside of the range of historical data for all 

constituents in Wells 4, 5, and 6, except for sulfate in Well 5. However, further analysis 

demonstrated that sulfate in Well 6, total iron in Well 5, and total manganese in Well 5 

were a maximum of 2.25 standard deviations from the mean. This was interpreted as 

evidence for these analytical results being comparable to historical data. This study’s 

total manganese and total iron concentrations from Well 6 were less than the minimum 

concentrations of historical data and more than three standard deviations from the mean. 

However, only two data points were available for statistical analysis which is insufficient 

for a thorough analysis of the historical range of constituent concentrations and resulted 

in the calculated standard deviation values be inaccurately low. As a result, it was 

interpreted that concentrations from Well 6 are comparable to historical concentrations.  

This study’s constituent concentrations from Well 4 were greater than the 

maximum concentration of historical data for sulfate, total iron, and total manganese. It is 

difficult to assess the source of variability between current and historical data due to the 

minimal amount of available data and the fifteen-year gap between sample collection 

dates. However, the elevated total iron and total manganese concentrations could be 

interpreted to be a result of the continued saturation of groundwater with total iron and 

total manganese due to the presence of iron-reducing redox conditions and the stagnation 

of groundwater within the Valley trough. Well 4’s sulfate concentrations were four to 

five times greater than the maximum historical concentration. However, in reference to 

concentration threshold for sulfate-reduction to be the assigned TEAP all current and 

historical sulfate concentration data from Well 4 were significantly greater that the 0.5 

mg/l threshold value. This was interpreted as indicating that the variability had minimal 

impact on the potential for sulfate-reduction to occur near Well 4.  



   

5.0 CONCLUSION 

This study confirmed that the source of H2S was the bacterial reduction of sulfate 

mediated by SRB resulting in the generation of H2S. This study determined that the 

Aquifer experienced an abrupt depletion of sulfate and simultaneous saturation of 

aqueous H2S over a portion of the Aquifer that contained anaerobic SRB and exhibited 

anoxic sulfate-reducing conditions which followed dissolved oxygen, manganese, and 

iron-reducing conditions as expected within the TEAP succession. Collectively these 

findings provided the necessary comprehensive biogeochemical evidence to confirm this 

study’s hypothesized H2S source. These findings demonstrated the source of H2S given 

Aquifer conditions at the time of groundwater sample collection. As the results of the 

temporal variability and comparative analysis demonstrated constituent concentrations 

may vary temporally and previous studies have demonstrated how groundwater 

conditions have varied following the development of the Valley. This indicates future 

changes to Aquifer conditions could affect the presence and extent of H2S.  However, this 

study interpreted historical and current data as evidence for the current source of H2S 

being the same as the historic source noted in previous studies.  

Within the Study Area groundwater conditions have evolved with the 

development of the Valley resulting in groundwater level declines, the reduction of 

groundwater discharging to surface water bodies (i.e. San Joaquin River), increased 

vertical surficial recharge, and decreased sulfate saturated horizontal recharge originating 

from the Coast Ranges (Gronberg et al., 1998). This resulted in the varied Aquifer 

conditions above and below the A-Clay. Interpreting the potential for the continued 

generation of H2S, if the Aquifer experienced further groundwater level declines and 

decreased horizontal recharge, indicates that H2S generation is likely to proceed for the 

foreseeable future. Sulfate concentrations throughout the Aquifer are significantly greater 

than the minimum concentrations required for sulfate-reduction to proceed. Hydrologic 
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flow gradients may become more vertical with the continued overdraft of the Aquifer, 

reducing the impact of horizontal groundwater recharge originating from the Coast 

Range-Valley contact. However, as results from this study have demonstrated, the 

secondary sources of sulfate recharging the Aquifer above the A-Clay still result in 

sulfate concentrations significantly greater than the minimum concentration threshold 

required for sulfate-reduction to be the predominant TEAP.  

Insights gained from this study concerning groundwater-chemistry trends are 

important to domestic and municipal groundwater users aiming to avoid or reduce current 

impacts from H2S contaminated groundwater or future impacts when placing and 

constructing groundwater wells. As previously discussed, the estimated extent of gaseous 

H2S within the Aquifer was from the water table to 320-ft bgs and the estimated extent of 

aqueous H2S was from 200 to 320-ft bgs. These estimations result in, as previously 

illustrated in Figure 11, gaseous H2S being present above and below both the A-Clay and 

C-Clay and aqueous H2S being present only below the A-Clay and above and below the 

C-Clay. This indicates that the placement of future wells could potentially avoid 

detectable aqueous H2S but will have difficulty constructing viable groundwater wells 

that do not extract groundwater containing gaseous H2S (i.e. the “rotten egg” odor). 

However, the assigned redox processes defined during this study demonstrated that the 

Aquifer experienced mixed redox processes and contained overlapping redox zones 

indicating that, based on the statistical and temporal variability analysis results, the extent 

of the redox zones, and the subsequent extent of aqueous H2S, may vary annually  

(Bethke et al., 2008). This could result in varied portions of the Aquifer being saturated 

with detectable concentrations of aqueous H2S hindering the ability to construct future 

groundwater wells outside of the extent of detectable aqueous H2S. This demonstrates the 

difficulty domestic and municipal groundwater users could have attempting to avoid 

aqueous H2S when placing future groundwater wells. 
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With the interpreted difficulty of placing wells that extract groundwater, without 

detectable concentrations of aqueous or gaseous H2S, then avoidance of hazardous 

concentrations of H2S is desirable. H2S is usually not a health hazard at concentrations 

present in groundwater, except when released into confined areas following extraction. 

Health hazards associated with gaseous H2S include nausea and headaches at 2 ppm to 

unconsciousness or death at 300 ppm (Board, 2019). Analytical results concluded that the 

Aquifer’s maximum aqueous H2S concentrations were 0.58 mg/l at 240-ft bgs. The 

Aquifer’s low aqueous H2S concentrations indicate that the potential for gaseous H2S 

concentrations reaching hazardous concentrations are minimal but the avoidance of 

aqueous H2S in a domestic or municipal water supply may still be a priority for some 

communities. The difficulties with avoiding aqueous H2S within the Aquifer 

demonstrates that treatment of H2S instead of avoidance is more realistic for these 

communities.    

Methodology to treat or remove H2S in groundwater from within the Aquifer (i.e. 

prior to extraction) have not been developed. The oil and gas industry have injected 

nitrite-containing solution into wells to remove H2S in the aqueous and gaseous phases 

(Sturman et al., 1999). Observations from this method have resulted in aqueous H2S 

concentrations decreasing from 40 to 60 mg/l to less than 1 mg/l within individual wells 

(Sturman et al., 1999). This treatment method would not be suitable for domestic and 

municipal groundwater wells due to the nitrate within the solution. This demonstrates that 

the most viable H2S treatment strategies occur post-extraction.   

Post-extraction treatment methods include active carbon filters, manganese 

greensand filters, aeration, and others. These three treatment methods can treat 

groundwater saturated with H2S concentrations of 0.05 to 0.03 mg/l, up to 10 mg/l, and 

less than 2 mg/l, respectively (L. McFarland and Provin, 1999). Active carbon filters are 

primarily suitable for individual faucets, manganese greensand filters for domestic wells, 
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and aeration for city water treatment systems (L. McFarland and Provin, 1999). The 

associated costs for these treatment methods vary and estimating treatment costs is 

outside the purposes of this study due to costs being highly variable depending on the 

quantity of groundwater. As stated treatment costs are generally associated with the 

quantity of groundwater (i.e. individual domestic use, municipal use, etc.) but costs of 

each treatment method may vary depending on the size of filters or aeration system 

required and all cost estimates should be made on a case by case basis. 

This study hypothesized and confirmed the source of H2S, characterized vertical 

groundwater-chemistry trends, and defined the evolution of redox processes within the 

Aquifer. However, there were known limitations with the data used during this study to 

confirm the source of H2S, characterize groundwater-chemistry trends and the evolution 

of redox processes, and conduct statistical and temporal variability analysis. These data 

limitations included the: 1) long perforation intervals of the sampled wells, 2) lack of 

intermediary groundwater-chemistry data, 3) limited qualitative bacterial analysis, 4) 

limited geochemistry data for Aquifer sediments, and 5) the varied historical data sources 

and sample collection periods. The long perforation intervals of sampled wells and lack 

of intermediary groundwater-chemistry data prevented defining the vertical groundwater 

chemistry-trends more precisely. The groundwater-chemistry trends defined during this 

study are sufficient for general vertical trends but lack the precision necessary to 

characterize smaller scale trends. The limited bacterial analysis prevented the in-depth 

analysis of the bacterial communities present within the Aquifer. The qualitative analysis 

of anaerobic SRB was beneficial for the purposes of this study but further analysis may 

provide additional insights concerning the factors affecting groundwater-chemistry 

trends. The limited geochemistry data prohibited verifying the interpretations made 

concerning the precipitation of metal-sulfides throughout the Aquifer. Lastly, the varied 

historical data limited the inferences made concerning variability throughout the entire 
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Aquifer. The available data allowed general variability to be defined for Wells 1, 2, and 3 

and Wells 4, 5, and 6 separately but not collectively. These data limitations demonstrate 

the potential for future studies concerning the effect bacterial reducing processes have on 

the Aquifer’s biogeochemistry. 
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