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Abstract 
 

Redox and oxygen control on water quality and mercury cycling in the profundal zone of 
California reservoirs   

 
by 

 
Byran Fuhrmann 

Doctor of Philosophy in Environmental Systems 
University of California, Merced 

 
California reservoirs are vital resources that serve as a source of raw water for 

drinking water production, as well as providing other beneficial uses such as flood 
control, recreation, and wildlife habitat. These benefits can be limited by the excessive 
growth of algae and poor water quality associated with nutrients enrichment and 
eutrophication. In eutrophic reservoirs, nutrients can be released from profundal sediment 
when oxygen is depleted in the bottom water. These nutrients can exacerbate 
eutrophication if mixed into surface waters. Hypolimnetic anoxia is associated with a 
variety of additional water quality issues including reduced water treatment efficiency 
and the release of toxins.  

The first objective of this dissertation was to investigate the economic 
implications and greenhouse gas emissions associated with hypolimnetic oxygenation, a 
system designed to prevent anaerobic conditions in bottom waters to improve water 
quality and treatability. This study performed an economic analysis and a life cycle 
assessment (LCA) of a hypolimnetic oxygenation system (HOS) installed in Upper San 
Leandro (USL), a drinking water reservoir in Oakland, California. The assessment 
compared water treatment and reservoir management operations under two scenarios, 
past conditions without a HOS and current conditions where a HOS is operated to 
improve water treatability. The largest economic benefit and reduction in greenhouse gas 
emissions (GHG) for the HOS scenario relative to previous operations was obtained from 
the reduction in ozone use for disinfection in the water treatment process. Construction 
costs had a more substantial impact than the cost of oxygen use in the net present value 
(NPV) of the HOS over its lifetime. In contrast, the LCA revealed that HOS oxygen use 
contributed the larger proportion of GHG emissions. Overall, results indicate that the 
implementation of HOS in USL was profitable and will lead to reduced GHG emissions 
over the assumed 60-year life of the system.  

The second objective of this research was to investigate mercury cycling in 
Hodges Reservoir, a hypereutrophic sulfate-rich reservoir in San Diego, California. 
Anaerobic conditions at the sediment-water interface are associated with the buildup of 
methylmercury (MeHg), an organic form of mercury produced by anaerobic bacteria, in 
profundal sediment and water. MeHg poses a threat to ecosystem and human health due 
to its ability to bioaccumulate in aquatic food webs. The overarching goal of this work 
was to gain deeper insight into MeHg biogeochemical cycling during anaerobic 
conditions in the profundal zone to inform reservoir management about key mechanisms 
involved in mercury production, with the aim of lowering mercury bioaccumulation and 
protecting human and wildlife health.  
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The first study in this effort tracked MeHg production, degradation, and release 
into hypolimnetic water while anaerobic conditions were prevalent at the sediment-water 
interface. This involved tracking MeHg in the sediment, porewater, and water column, as 
well as associated parameters of interest such as redox acceptors and organic matter. 
Sediment-associated MeHg was greatest at the onset of anaerobic conditions, suggesting 
MeHg production in profundal sediment may be greatest during the oxic-anoxic 
transition, due to the abundance of redox acceptors to fuel anaerobic respiration. The 
depletion of bioavailable iron-oxide occurred simultaneously with the liberation of MeHg 
from the sediment, suggesting iron-oxide dissolution led to the release of organic-matter-
associated MeHg to overlay water. The activity of sulfate-reducing bacteria (SRB) in the 
late spring and early summer was associated with the build-up of MeHg in profundal 
sediment. The depletion of sulfate in the porewater during mid-summer appears to have 
led to methanogenesis and high levels of biodemethylation.  

A second study used microcosm incubations of profundal sediment and bottom 
water to assess seasonal patterns of MeHg cycling under various chemical treatments. 
Treatments included addition of air, organic carbon, and microbial inhibitors. Both 
aeration and sodium molybdate, a SRB inhibitor, generally caused a decrease in MeHg 
concentration, likely by inhibiting SRB activity. A methanogenic inhibitor resulted in a 
significant increase in MeHg concentration, indicating a suppressive effect by 
methanogens on net MeHg production, potentially due to enhanced microbial 
demethylation. Pyruvate resulted in a significant increase in MeHg concentration in the 
spring when the sediment-water interface was moderately reduced, but caused a 
significant decrease in the fall under highly reduced conditions. Acetate resulted in a 
significant increase in MeHg concentration, likely due to the stimulation of acetogenic 
SRB.  

Collective results highlight the complex temporal dynamics of MeHg cycling at 
the sediment-water interface, which is regulated by organic matter composition, redox 
acceptor availability, and sediment microbial community structure and activity. MeHg 
production and release at the sediment-water interface was elevated under moderately 
reduced conditions, which may be the primary period of MeHg entry into the water 
column and aquatic food web entry. This indicates that management strategies to repress 
mercury bioaccumulation should focus on the key window of moderately reducing 
conditions during the onset of anaerobic conditions. Hypolimnetic oxygenation, if it is 
designed and operated to maintain an oxygenated sediment-water interface, could be a 
viable approach to repress the MeHg release observed with iron-oxide dissolution and 
MeHg production in the surficial sediment by SRB. The study also showed that that the 
sediment-water interface transitioned to be a net sink for MeHg during highly reduced 
conditions in the fall, likely due to enhanced demethylation by methanogens. Thus, 
highly reduced conditions appear to be a sink for MeHg in the profundal zone. This 
indicates that care must be taken to ensure the sediment-water interface is fully 
oxygenated to prevent mildly reducing conditions associated with MeHg production and 
release. Together, the results of this comprehensive research suggest that hypolimnetic 
oxygenation can be an economically viable and environmentally sound solution to 
enhancing source water treatability while potentially reducing MeHg bioaccumulation. 
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Chapter 1 
 

Economic analysis and life cycle assessment of hypolimnetic 
oxygenation of Upper San Leandro reservoir 

 

 

Abstract 
 
A hypolimnetic oxygenation system (HOS) is a novel approach used to inject pure oxygen into 
the bottom water of eutrophic lakes and reservoirs to improve water quality by suppressing 
release of contaminants from the sediment, reducing associated summer algal blooms and 
improving source water treatability. HOS require a significant capital investment for the initial 
construction, as well as ongoing operating costs to purchase oxygen and perform system 
maintenance. However, this cost can be offset and exceeded by the savings incurred in water 
treatment operations due to enhanced treatability of the source water. There is currently a lack of 
information regarding the impact of HOS implementation in eutrophic drinking water reservoirs 
on the carbon footprint and financial benefit of the associated water treatment operations. This 
study performed an economic analysis and a life cycle assessment (LCA) of the HOS that was 
installed in a drinking water reservoir, Upper San Leandro (USL), in Oakland, CA in 2001. Both 
analyses determined that a reduction in ozone use in the disinfection treatment process resulted in 
the largest benefit overall. The economic analysis revealed that construction costs resulted in a 
larger net present value (NPV) reduction than the cost of oxygen used in the HOS over its 
lifetime. The LCA revealed that HOS oxygen use contributed a much larger proportion of 
greenhouse gas (GHG) emissions and the emissions related to HOS construction were negligible 
relative to other processes. The results suggest that the implementation of HOS in the USL 
reservoir will be moderately profitable and lead to reduced GHG emissions over the assumed 60-
year life of the system.  
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1. Introduction 
 
Manmade reservoirs are important assets which are used to store source water for 

potable water production. This importance is highlighted in areas such as California, 
which is the most populated state in the United States with the highest total water 
demand. In the state, approximately 75% of municipal water supply comes from surface 
waters such as rivers, lakes and reservoirs (Dieter et al., 2018). This need for water 
storage is further accentuated during drought conditions, such as the recent California 
drought from 2011 to 2017, which was one of the most devastating in the state’s history 
(Kam et al., 2019). A variety of studies have also indicated that increasing temperatures 
and precipitation fluctuations due to climate change are likely to enhance the frequency 
of droughts in the future in California (Aghakouchak et al., 2014; Diffenbaugh et al., 
2015; Mann and Gleick, 2015). California also experiences a Mediterranean climate in 
which very little precipitation occurs during the spring through fall season. This further 
enhances the need for water storage during this period and reservoirs are generally the 
main source of drinking water supply in Mediterranean regions (Marcé and Armengol, 
2009).  

Many California lakes and reservoirs experience eutrophication, or large-scale 
algae blooms due to the input of nutrients such as nitrate, phosphate, and ammonia, 
which stimulate algal production (Horne and Goldman, 1994). This loading of nutrients 
can be due to external sources, internal sources, or as is commonly the case, a 
combination of both. External sources include stormwater runoff in populated areas and 
agricultural runoff in rural areas. A key internal nutrient source in thermally stratified 
reservoirs is release from the sediment, which occurs at high rates when the sediment-
water interface becomes anaerobic (Beutel and Horne, 1999). Anaerobic conditions 
develop at the sediment-water interface of productive reservoirs during thermal 
stratification, when the reservoir separates into distinct layers. Thermal stratification 
occurs as the surface water, or epilimnion becomes warmer and less dense while reduced 
wind speeds at the surface reduce the potential for mixing with the bottom water or 
hypolimnion. This physical separation isolates the hypolimnion from the atmosphere and 
prevents it from replenishing the oxygen that is depleted during bacterial respiration, 
leaving the hypolimnion devoid of oxygen in reservoirs with high rates of microbial 
respiration.  

The input of nutrients from the anaerobic sediment also creates a positive 
feedback on eutrophication as it diffuses upwards and stimulates algal growth in surface 
waters. The algae have short lifespans and sink back down to the sediment after dying, 
further enhancing the rates of hypolimnetic microbial respiration and returning the 
nutrients which they had uptaken. Anaerobic conditions at the sediment water interface 
can also lead to the release of large quantities of dissolved manganese (Mn), produced 
during the microbially mediated reduction of manganese and iron oxides (Horne and 
Goldberg, 1994). Eutrophication in drinking water reservoirs often leads to increased 
treatment costs and chemical usage due to water quality issues such as cyanotoxins and 
taste and odor compounds (T&Os) produced by algae and cyanobacteria present in the 
source water (Smith et al., 2002). Additionally, dissolved Mn creates must be removed 
during the treatment process, which requires the use of oxidants such as chlorine, leading 
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to enhanced costs and potentially forming disinfection biproducts (DPBs) when organic 
matter from algal biomass in the source water reacts with chlorine.   

Hypolimnetic oxygenation is a relatively new technique which has been 
successfully utilized to improve water quality in lakes and reservoirs (Beutel and Horne, 
1999; Horne and Beutel, 2019; Preece et al., 2019). In 2002, a hypolimnetic oxygenation 
system (HOS) was installed in USL reservoir, the focus of this study, for the purpose of 
reducing internal nutrient loading and improving water treatability. This study provides 
an economic evaluation of HOS implementation at USL utilizing historical treatment 
data, construction costs, and ongoing operational costs such as the purchase of oxygen 
and maintenance of the HOS to determine if implementation of the HOS is financially 
justified. In addition to the economic feasibility of reservoir oxygenation, environmental 
impacts should also be considered, especially contributions to climate change, as HOS 
requires a large quantity of raw materials and pure liquid oxygen, which can both be 
transported great distances. This study also evaluates and compares the life cycle 
greenhouse gas (LC-GHG) emissions directly related to potable water production from 
the USL Reservoir in a life cycle analysis (LCA) comparing the current scenario where a 
HOS system is operated to improve water treatability against an alternative scenario in 
which standard operations continued and the HOS was never installed. Previous LCAs 
have been performed on water treatment practices to compare the carbon emissions of 
individual treatment processes (Bonton et al., 2012; Igos et al., 2014; Vince et al., 2008). 
However, to our knowledge there is no published LCA that investigates greenhouse gas 
(GHG) emissions related impact of oxygenation of a drinking water reservoir to enhance 
water treatability. 

 
2. Methods 
 
2.1 Study site 
 

Upper San Leandro reservoir (USL) is a drinking water reservoir located in 
Oakland, CA, a highly populated and urbanized area. USL has a surface area of 620 
acres, a storage capacity of 41,000 acre-ft and typically stores 29,500 acre-ft (Mark 
Mobley, personal communications). The reservoir water is treated by the Upper San 
Leandro Water Treatment Plant (USLWTP), which is in close proximity. The reservoir 
receives approximately 75% of its input from local stormwater runoff and 25% from 
imported sources. Because of the high nutrient loading from local runoff, the reservoir 
has experienced a variety of water quality issues due to algal blooms and eutrophication 
(Horne et al., 2003; Mobley, 2003). This has led to the accumulation of a large amount of 
organic matter in the surficial sediment in the profundal zone. Summer stratification, and 
the anaerobic conditions that follow, lead to internal nutrient loading and manganese 
release from surficial sediment in the hypolimnion, further degrading water quality. 
Internal nutrient and metals loading has led to a variety of water quality issues which 
made source water treatability more difficult, including multiple times where the 
threshold for T&Os in the source water exceeded the national standards by more than 100 
times (Horne at al., 2003).  
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In 2001, the utility implemented a HOS to reduce internal nutrient and metal 
releases, thereby lowering algal blooms, T&Os, and treatment costs, while enhancing 
treatment capacity. HOS consist of an on-shore oxygen storage tank or facility with a 
flow control to adjust the delivery rate and an underwater diffuser which is positioned 
just above the sediment-water interface in the profundal zone of the reservoir. Although 
on-site pure oxygen production can be accomplished with pressure swing adsorption 
technology, this method has higher capital costs, maintenance requirements, and cannot 
meet higher oxygen demands that may be required by unforeseen circumstances and 
therefore truck deliveries generally supply the oxygen storage tank with liquid oxygen. 
USL reservoir’s oxygen storage tank is 6,000 gallons and the HOS diffuser was initially 
9,600 ft long (Mobley et al., 2019). Approximately 500,000 kg of oxygen over the course 
of 173 days was delivered during initial operations in 2002 to successfully prevent 
anaerobic conditions and many of the associated water quality issues (Table 1.1). The 
delivery of oxygen began at around 6,350 kg per day due to a high sediment oxygen-
demand caused by the buildup of organic matter from prior eutrophication but dropped 
and eventually stabilized at around 1,450 kg per day (Jung, 2003). The HOS installation 
and operation led to a large reduction in ozone use for disinfection, the elimination of the 
hydrogen peroxide pre-treatment system, and a moderate decline in chlorine use. In 2012, 
the HOS diffuser system was extended by 4,000 ft to cover a larger distance. The HOS is 
still being successfully employed at the time of this publication. The HOS at USL has an 
expected lifetime of between 50-100 years with an average expectation of 60 years (Mark 
Mobley, personal communications).  
 
2.2 Economic Analysis 
 

The economic feasibility of the HOS system was calculated for a baseline 
scenario, a minimum benefit scenario, and a maximum benefit scenario. The baseline 
scenario utilized construction, installation, and estimated maintenance costs obtained 
from the lead project engineer (Mark Mobley, personal communications). Data regarding 
the baseline treatment operations and chemical savings was based on the average values 
for the three years prior to and one year following the HOS installation and operation, as 
well as the HOS oxygen requirement from the first year of HOS operation (Horne et al., 
2003; Jung, 2003; Mobley, 2003). The baseline scenario assumes an average HOS 
operational lifetime of 60 years. The minimum benefit scenario assumes the most 
frequent maintenance schedule, minimum daily potable water production, a minimum 
annual HOS operational period, a minimal HOS lifetime, minimum chemical cost 
savings, and a maximum HOS oxygen requirement. The maximum benefit scenario 
assumes the least frequent maintenance schedule, maximum daily potable water 
production, a maximum annual HOS operational period, a maximum HOS lifetime, 
maximum chemical cost savings, and a minimum HOS oxygen requirement. Financial 
parameters, such as maintenance requirements, potable production rates, chemical 
treatment savings, and HOS oxygen usage, were assumed for each scenario (Table 1.2). 
Detailed information regarding assumptions and parameters used in the economic 
analysis is described in Appendix 1. 
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The economic feasibility of the HOS system installation and operation at USL 
reservoir was evaluated for the baseline, minimum benefit, and maximum benefit 
scenarios using four standard metrics of profitability for capital project investments. 
These metrics were calculated by compiling a cash flow analysis using the financial 
parameter assumptions. The first financial metric that was employed to evaluate the HOS 
profitability was the net present value (NPV) which determines the current value of all 
future cash inflows and outflows based on the time value of money and an assumed 
discount rate, or the desired interest rate of return for the investment. The discount rate 
can be determined by evaluating the rate of return expected by alternative capital 
investment opportunities, such as lending the project capital to investors or investing in 
the stock market. The NPV was also determined for the baseline, minimum, and 
maximum values for the following individual processes: construction of the HOS, 
maintenance of the HOS, HOS oxygen use, ozone required for treatment, hydrogen 
peroxide required for treatment, and chlorine required for treatment.  

The expected return on investment from alternative investment opportunities can 
be compared to the internal rate of return (IRR), the second metric utilized, which 
calculates the interest rate return on investment for the project while considering the 
present value of future financial processes. The calculated IRR of a potential project is 
directly comparable to the discount rate and a significantly higher IRR indicates a sound 
investment, while a lower IRR implies the project is not financially viable. The historical 
average stock market return is 10%, meaning that project with an IRR of greater than 
10% appear to be financially sound investments, while projects at or below 10% IRR are 
considered inferior investments (Vaga, 1990). Therefore, a 10% discount rate was be 
assumed in the NPV calculation and it also served as the benchmark for comparison in 
the IRR calculation.  

The third standard metric used in this economic evaluation is the benefit-cost-
ratio (BCR). The BCR is the present value of all cash inflows or financial benefits 
derived from the project divided by the present value of all cash outflows or costs 
associated with the project. A project with a calculated BCR greater than one is 
considered financially profitable, while a BCR less than one indicates the project is likely 
a poor investment. The fourth standard metric used to evaluate HOS implementation at 
USL is the payback period. The payback period is a metric which determines the precise 
amount of time that is required for the initial project costs to be recovered through cost 
savings or cash inflows associated with the project. 
 
2.3 Comparative LCA 
 

The LCA methodology utilized adheres to the ISO Life Cycle Assessment 
framework, containing four main steps: the goal and scope, inventory analysis, impact 
assessment, and interpretation of the results (Finkbeiner et al., 2006). The main goal of 
the LCA portion of this study is to compare the LC-GHG emissions related to potable 
water treatment of source water from USL reservoir under two scenarios: the first real 
world scenario in which a HOS was installed and operated to enhance treatment 
efficiency at the USLWTP (HOS scenario) and the second hypothetical scenario where a 
HOS was not installed and standard USLWTP processes continued as usual pre-2002 
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(standard scenario). Each scenario was evaluated for an equal time period, which was set 
to the expected lifetime of the HOS. There are three specific goals for this analysis. The 
first is to determine what impact the installation and operation of the HOS will likely 
have on the total LC-GHG emissions related to reservoir operations and raw water 
treatment over the useful lifetime of the system compared to the standard scenario where 
the HOS was not installed. The second specific goal is to determine which factors and 
processes utilized in the LCA are the most important drivers of LC-GHG emissions 
overall. The final goal is to determine how changing important drivers of the LCA model 
influences LC-GHG emissions by performing sensitivity and Monte Carlo analyses. The 
life cycle impact assessment method used was the Environmental Protection Agency’s 
Tool for the Reduction and Assessment of Chemical and Other Environmental Impacts 
2.1(EPA TRACI 2.1) (Bare, 2012). The functional unit in this analysis was one million 
gallons (MG) of potable water that is produced from source water from the USL reservoir 
by the USLWTP and that meets or exceeds EPA standards. This study focuses on the 
global warming impact category with indicator units of kg CO2, scaled to the functional 
unit of 1 MG produced. This LCA will only consider emissions due to the construction, 
installation, and maintenance of the HOS, comparable treatment processes that were 
observed to change due to HOS operation and quantifiable (ozone, hydrogen peroxide, 
and chlorine use), and reservoir management activities (reservoir gas emissions in the 
standard scenario and oxygen use in the HOS scenario).  

The system diagrams show individual processes related to treatment operations 
and reservoir management for each scenario and the system boundary (Figure 1.1). The 
data regarding the treatment operations, chemical usage, annual operational period, and 
HOS oxygen use paralleled that of the economic analysis which was limited to data from 
three years prior to and one year following HOS installation and operation. Methane 
emissions for the standard scenario were assumed based on a diffusive flux equation 
derived from the study of 53 seasonally anoxic lakes and reservoirs (Bastviken et al., 
2004). The treatment and reservoir management parameters utilized in each LCA 
scenario, such as potable production rates, chemical treatment requirements, electricity 
requirements, transportation distances, reservoir methane emissions, and HOS oxygen 
usage were assumed based on available data (Table 1.3). Detailed information regarding 
assumptions and parameters used in the economic analysis is described in Appendix 1. 
The system diagram shows individual processes related to the HOS construction for the 
HOS scenario and the system boundary (Figure 1.2). Detailed information regarding the 
raw materials used in the construction of the HOS and the maintenance schedule was 
obtained from the lead project engineer (Mark Mobley, personal communications). The 
locations of material production, transportation of raw materials, use of electricity and 
resources required for the installation were assumed based on available data sources. 
Parameters related to the construction, installation, and maintenance of the HOS, such as 
raw material use and transportation distances were assumed based on available data 
(Table 1.4). Detailed information regarding assumptions and parameters used in the LCA 
are also described in Appendix 1. 
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2.4 Sensitivity and uncertainty analyses 
  

Sensitivity analyses were performed on both the economic forecast utilizing the 
NPV calculation and the LCA model, which included both the HOS scenario and the 
standard scenario. Sensitivity analyses were performed by varying one input parameter to 
its minimum or maximum value while maintaining all other parameters at baseline 
values. Monte Carlo analyses were also performed for the economic NPV calculation and 
the LCA model total LC-GHG emissions for each scenario. Monte Carlo analyses were 
performed using 10,000 simulations in Python(x,y) code using the individual probability 
distributions of the input parameters in order to determine the probability distribution of 
the NPV for the economic forecast and the LC-GHG emissions for each of the two 
modeled LCA scenarios. Due to insufficient data to inform the probability distributions 
for individual input parameters, Monte Carlo analyses were performed using triangular, 
normal, and uniform distributions with endpoints between the minimum and maximum 
parameter values to compare the effect of distribution types on Monte Carlo results. The 
three probability distribution Monte Carlo simulations were analyzed for a difference in 
the mean of the HOS and standard scenarios using a one-way ANOVA statistical test in 
SPSS and the conventional value of p < 0.05 was used to signify a statistically significant 
difference. 
 
3. Results 
 
3.1 Economic model results 
 

The baseline economic model resulted in a NPV of $185k and an IRR of 13.7%, 
with the minimum benefit scenario exhibiting a -$522k NPV and -0.907% IRR, while the 
maximum benefit scenario displayed a $1.48M NPV and a 40.0% IRR (Table 1.5, Figure 
1.3). The baseline model calculated a BCR of 2.41, with the minimum benefit scenario 
finding a BCR of 0.529 and the maximum benefit scenario obtaining a BCR of 3.90. The 
payback period was found to be 11.6 years for the baseline scenario, with a range of 67.2 
years for the minimum benefit scenario and 4.83 years for the maximum benefit scenario. 
The NPV calculation of individual parameters for minimum, baseline, and maximum 
values shows that construction resulted in the largest cost overall which was fixed at -
$694k NPV and the baseline HOS oxygen cost was less than one-half of this value at -
$304k, ranging from a minimum NPV of -$402k to a maximum NPV of -$163k (Figure 
1.4). Ozone savings were the most profitable component at $595k for the baseline value 
NPV ($316k to $1.13M), followed by hydrogen peroxide savings at a baseline value of 
$476k NPV ($271k to $843k). Chlorine savings were substantially lower at a baseline 
value of $119k NPV ($0 to $372k). Maintenance costs were relatively minor for all 
assumed values.  

The economic sensitivity analysis indicates that ozone and hydrogen peroxide 
savings were the most sensitive parameters (Figure 1.5). Altering the ozone requirement 
parameter resulted in a total HOS NPV ranging from -$91k for the minimum benefit 
parameter value to $722k for the maximum benefit parameter value, while the hydrogen 
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peroxide requirement resulted in a total HOS NPV of -$18k for the minimum benefit 
parameter value and $549k for the maximum benefit parameter value. Daily potable 
water production (total HOS NPV ranging from $152k to $674k), and the chlorine 
requirement (total HOS NPV ranging from $66k to $473k), were also moderately 
sensitive parameters. HOS daily oxygen requirement, (total HOS NPV ranging from 
$122k to $312k), and annual days of operation (total HOS NPV ranging from $77k to 
$294k), displayed a modest impact on the overall NPV. The HOS lifetime and the total 
maintenance costs for the HOS were found to have little impact on the total HOS NPV. 

The Monte Carlo analyses average NPV ranged from $356k for the normal 
probability distribution to $480k for the uniform probability distribution (Figure 1.6). In 
addition, 48.3% of the uniform, 29.5% of the normal, and 30.5% of the triangular 
probability distribution simulations resulted in a NPV greater than $500k, while 6.8% of 
the uniform, 10.1% of the normal, and 4.5% of the triangular probability distribution 
simulations resulted in a negative NPV. There was a substantial amount of variation 
between simulation results in each model and the standard deviations were moderately 
large, relative to the means of the results, ranging from $226k for the triangular 
probability distribution to $316k for the uniform probability distribution. The overall 
range of simulation values was extensive overall, with the uniform distribution displaying 
the lowest overall range and the normal distribution displaying the largest range.  
 
3.2 LCA model results 
 

The baseline LCA model showed a moderate decrease in LC-GHG emissions for 
the installation and operation of the HOS at USL, with the HOS scenario exhibiting 
emissions of 296 kg CO2eq/MG treated water compared with 394 kg CO2eq/MG for the 
standard scenario (Figure 1.7). The ozone treatment production process was the most 
significant source of GHG emissions in each model, contributing 143 kg CO2eq/MG to 
the HOS scenario (ranging from 107 to 179 kg CO2eq/MG in the sensitivity analysis) and 
259 kg CO2eq/MG (ranging from 185 to 326 kg CO2eq/MG). The chlorine requirement 
in the treatment process was also a major contributor to the total LC-GHG emissions in 
each scenario, but there was not as substantial of a difference between the two scenarios, 
with the HOS scenario exhibiting an emissions of 84 kg CO2eq/MG (ranging from 59 to 
117 kg CO2eq/MG in the sensitivity analysis) compared with 103 kg CO2eq/MG 
(ranging from 72 to 142 kg CO2eq/MG) for the standard scenario. Reservoir methane 
emissions produced 24.6 kg CO2eq/MG (ranging from 15.3 to 40.9 kg CO2eq/MG) for 
the standard scenario, while  HOS oxygen use resulted in emissions of 69.4 kg 
CO2eq/MG (ranging from 26.6 to 100 kg CO2eq/MG). Emissions related to hydrogen 
peroxide treatment and HOS construction were relatively insignificant overall relative to 
the magnitude of impacts from other processes.  

The results of the LCA were most sensitive to the ozone requirement for both 
scenarios, with the HOS scenario LC-GHG emissions ranging from 261 to 332 kg 
CO2eq/MG and the standard scenario emissions ranging from 320 to 460 kg CO2eq/MG 
as the ozone requirement was varied from its minimum to its maximum value (Figure 
1.8). HOS oxygen requirement was also a sensitive parameter for the HOS scenario, as 
changing its value from its minimum to its maximum resulted in a range of LC-GHG 
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emissions from 262 kg CO2eq/MG to 313 kg CO2eq/MG. The chlorine requirement in 
the treatment process was a moderately sensitive parameter, leading to LC-GHG 
emissions from 276 kg CO2eq/MG to 318 kg CO2eq/MG for the HOS scenario and 369 
kg CO2eq/MG to 420 kg CO2eq/MG for the standard scenario as its value was varied 
within its range. Other processes with somewhat sensitive parameters include electricity 
for chlorine production (410 to 441 kg CO2eq/MG for the HOS scenario, 561 to 600 kg 
CO2eq/MG for the standard scenario), daily potable water production (405 to 432 kg 
CO2eq/MG for the HOS scenario, 573 to 577 kg CO2eq/MG for the standard scenario), 
and reservoir area for the standard scenario (392 to 398 kg CO2eq/MG). The annual 
operational period in both scenarios, and hydrogen peroxide requirement in the standard 
scenario, were relatively stable processes, demonstrating no substantial difference in 
emissions as their values were varied from their minimum to their maximum for either 
scenario.  

The LCA Monte Carlo simulations resulted in average simulation emissions that 
were comparable to the baseline model for all three probability distribution functions, 
with the HOS scenario means ranging from 286 to 295 kg CO2eq/MG and the standard 
scenario means ranging from 393 to 398 kg CO2eq/MG (Figure 1.9). The HOS scenario 
mean was significantly greater than the standard scenario mean for all three probabilities 
(P < 0.001, n=10,000). The HOS scenario demonstrated lower variation for all three 
distribution simulations, with a range in the standard deviation of 15.3 kg CO2eq/MG in 
the normal distribution to 29.0 kg CO2eq/MG in the uniform distribution, compared to 
the standard scenario, which demonstrated a standard deviation range of 30.8 kg 
CO2eq/MG in the triangular distribution to 43.6 kg CO2eq/MG in the uniform 
distribution. Overall, the uniform probability distribution analysis resulted in the largest 
uncertainty in the results of each scenario and the largest overlap of ranges between the 
scenarios, while the normal and triangular probability distributions resulted in lower 
variation and less overlap between the scenarios. 
 
4. Discussion 
 
4.1 Economic feasibility of oxygenation at USL 
 

The positive results of the baseline economic analysis and all three probability 
distribution Monte Carlo simulations suggest that HOS implementation in USL is 
economically justified and financially lucrative over the life of the system. Economic 
analysis metrics (Figure 1.3) show that HOS implementation would be moderately 
profitable under the baseline parameter assumptions, highly profitable under the 
maximum benefit assumptions, but not financially justified under the minimum benefit 
assumptions with an assumed discount rate of 10%. The 11.6-year payback period 
determined by the baseline economic analysis is reasonably fast for an investment with a 
60-year expected lifetime and the 13.7% IRR indicates a satisfactory return on 
investment when compared with a 10% discount rate (Figure 1.3). Additionally, the BCR 
> 1.0 (2.41) and the $185k NPV of the baseline model are positive indicators that the 
HOS is a profitable venture under the assumptions provided. The economic Monte Carlo 
simulations suggest that the baseline economic model result of $185,000 underestimates 
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the expected NPV and the overall profitability of the HOS at USL, with all three 
probability distribution models demonstrating an average NPV of at least $350k (Figure 
1.6). Additionally, the cumulative probability of an NPV lower than $0, an indicator of 
financial loss, was much smaller than the cumulative probability of an NPV  greater than 
$500k, indicating that the HOS is more likely to be highly profitable than to be 
economically infeasible. The results of our economic analysis of the HOS in USL 
demonstrate that it was a sound investment with a high probability of being financially 
profitable over the lifetime of the system. 

NPV results (Figure 1.4) and the economic sensitivity analysis (Figure 1.5) show 
that the reduction in ozone and hydrogen peroxide use had the largest impact on the 
model predictions, demonstrating that the economic feasibility of the HOS in USL is 
driven by the reduction in treatment costs due to improved source water quality. The 
required dose of these disinfectants is primarily based on the concentration of T&Os that 
are produced by cyanobacteria in the source water (Jung, 2003). Research suggests that 
both urbanization and climate change will enhance the intensity and frequency of future 
eutrophication events, along with the cyanobacteria that frequently accompany eutrophic 
conditions (Marcé and Armengol, 2009; Savage et al., 2010; Paerl, 2009). This indicates 
that the USLWTP may experience an enhanced source water treatability benefit in the 
future, as non-oxygenated reservoir water quality would be expected to be further 
degraded. Multiple long-term studies have shown that reservoir oxygenation can be 
effective in reducing water column concertation of nutrients such as ammonia and 
phosphate that can lead to phytoplankton blooms  (Beutel and Horne, 1999; Horne and 
Beutel, 2019; Preece et al., 2019). The large impact of the reduction in disinfectant use on 
the economic viability of the HOS and the prediction of enhanced future reservoir 
eutrophication, which can be alleviated by oxygenation, indicates that the HOS may be 
even more profitable than the baseline economic model suggests.  

The daily potable water production and the annual days of HOS operation were 
also important parameters in the economic model, indicating that the total volume of 
treated water produced during the system lifetime is a vital factor that regulates the 
economic viability of the HOS at USL. The daily potable water production is likely most 
heavily influenced by the supply and demand of the service region, while the annual days 
of operation will be primarily determined by the period of thermal stratification, which is 
controlled by the duration of warm weather in the area. However, the economic 
sensitivity analysis shows that the HOS lifetime is insignificant on the overall NPV, 
demonstrating the significance of the time value of money and showing that initial 
savings due to enhanced treatability control the overall economic viability of the project. 
Therefore, potable water production and HOS operations in the first 20 to 30 years of 
operations likely dominate the overall economic feasibility of the HOS. The length of 
thermal stratification is unlikely to significantly change during that time frame, but the 
supply and demand of drinking water has been shown to be temporally dynamic (Dieter 
et al., 2018). Although this study only obtained data for potable water production for the 
first year after installation in 2002, we can speculate on how the supply and demand of 
drinking water may have changed during the past 18 years based on population growth 
and water resources of the region. USL is located in between Alameda and Contra Costa 
County and receives runoff from both areas (Horne et al., 2003; Mobley, 2003). The total 
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population of the combined area increased moderately from about 2.4 million to 2.8 
million from the period between 2000 and 2018 (U.S. Census Bureau, 2020). This area 
was also impacted by the 2011-2017 California drought (Kam et al., 2019). This likely 
led to increased reliance on source water treatment for drinking water production. These 
factors indicate it is possible that the total treatability benefit of the HOS was 
underestimated under the assumption that the daily potable water production at USLWTP 
was consistent with the baseline expectations from the first year following operations in 
2002. These results further support the contention that the baseline economic analysis 
may have underestimated the profitability of the HOS and the system may be highly 
profitable over the total lifetime of the system. 
 
4.2 Oxygenation and GHG emissions at USL 
 

The LCA model results, demonstrating 25% lower emissions for the baseline 
model and significantly lower average Monte Carlo simulations for all three parameter 
probability distributions, indicates that HOS implementation in USL to improve source 
water treatability is likely to reduce overall LC-GHG emissions. The baseline LCA 
results revealed that a moderate reduction in LC-GHG emissions could be expected from 
the installation and operation of the HOS at USL with a much tighter range of potential 
LC-GHG emissions overall compared with the economic analysis, indicating higher 
model confidence (Figure 1.7). As previously mentioned, multiple studies have shown 
oxygenation to have a sustained long-term benefit in improving water quality and other 
studies have shown future predictions of further degraded water quality in eutrophic 
reservoirs, indicating that the treatability benefit observed by USLWTP in the first year 
of operations will continue and may be enhanced. The Monte Carlo simulations resulted 
in very similar distributions regardless of the probability distribution, except for the fact 
that both scenarios had a much high variance and range of potential outcomes under the 
uniform probability distribution simulation (Figure 1.9). The triangular and normal 
probability distributions found a very high likelihood of the HOS scenario leading to 
decreased emissions with a highly significant difference (p < 0.001) between the means 
of the two scenarios and only 4.4% overlap for the normal distributions and 5.2% overlap 
between the scenarios for the triangular distribution. Even with the larger variance, there 
was still a highly significant difference (p < 0.001) between the means of the uniform 
probability distribution scenarios and only 14.2% overlap between the scenarios. Overall, 
the results of the LCA reveal a high probability that the HOS implementation at USL will 
lead to a reduction of GHG emissions over the lifetime of the system. 

The sensitivity analysis results (Figure 1.8) indicate that ozone requirement in the 
treatment process is the most critical parameter. Chlorine requirement was also found to 
be an important parameter, demonstrating that the HOS impact on LC-GHG emissions 
will be primarily based on the observed improvement of water quality in USL reservoir 
over the lifetime of the HOS. As ozonation was found to be a highly significant 
parameter in the economic analysis, its prominence in the LCA model is not surprising. 
The reliance of the LCA model on the ozonation parameter provides further evidence to 
support the potential of the HOS to reduce LC-GHG emissions due to the previously 
mentioned potential for enhanced future eutrophication of non-oxygenated reservoirs. 
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The reduction in chlorine requirement can be primarily attributed to the reduction in 
dissolved manganese in the reservoir source water, as chlorine was used to control the 
levels of dissolved manganese through oxidative precipitation (Jung, 2003). The 
previously mentioned reviews of hypolimnetic oxygenation in reservoirs also noted a 
substantial and sustained decrease in manganese release in oxygenated reservoirs, so this 
benefit could be expected to continue into the future (Beutel and Horne, 1999; Preece et 
al., 2019; Gantzer et al., 2009). Together, the ozone and chlorine requirement in the 
source water treatment process comprises more than 75% of the total emissions in the 
HOS scenario, signifying the importance of water treatment operations on the LC-GHG 
emissions and demonstrating the requirement of the HOS to improve treatability in order 
to reduce overall emissions.  

HOS construction accounted for less than 1% of the total LC-GHG emissions for 
the HOS Scenario and HOS oxygen use accounted for more than 20% of the HOS 
scenario emissions, indicating that HOS oxygen demand plays a much larger role in 
determining overall system LC-GHG emissions compared to raw material use and 
transportation. The LCA sensitivity analysis also demonstrates the important of oxygen 
transfer efficiency. HOS oxygen use was found to be a highly sensitive parameter, while 
none of the parameter assumptions regarding the raw material sourcing or transportation 
had any noticeable impact on the total LC-GHG emissions (Figure 1.8). Oxygen transfer 
efficiency has been shown to vary widely among HOS systems and based on reservoir 
characteristics such as depth, hypolimnion temperature, and oxygen demand (Beutel and 
Horne, 1999; Singleton and Little, 2006; McGinnis and Little, 1998). Research on long-
term oxygenation at two separate reservoirs revealed that hypolimnetic oxygen demand 
decreases by approximately 50% over the period of five years, likely due to the 
mineralization of legacy organic matter (Gantzer et al., 2009). If this result is observed at 
USL reservoir, HOS oxygen use will decrease substantially and the overall HOS scenario 
LC-GHG emissions could decrease by up to 14% (Figure 1.8). This study found that 
HOS oxygen use is a much larger contributor to the total system LC-GHG emissions, 
indicating that HOS efficiency of oxygen transfer and changes in system oxygen demand 
appears to be the most important factors when considering the HOS system design on the 
LC-GHG emissions. 
 
4.3 Limitations of this study and future work 
  
 Our results are primarily limited by the availability of data regarding the impact 
of oxygenation on the reduction in chemical usage in treatment processes. This includes 
the lack of observational data, which was limited to 3 years of treatment data prior to 
HOS implementation and one year of data post-HOS implementation (Jung, 2003; Mark 
Mobley, personal communications). Future conditions are also highly unpredictable and 
may vary widely from the observed impacts of the HOS on treatability, which were 
utilized in the baseline economic and LCA models but are likely captured the Monte 
Carlo analyses through analyzing the combined impacts of the possible ranges in input 
parameter values. Although this study found a positive economic impact and reduction in 
LC-GHG emissions, primarily due to the reduction in the use of treatment chemicals, 
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oxygenation may have provided additional benefits that were not encapsulated in this 
analysis. Coagulant polymer dosage was found to be reduced significantly after the 
implementation of the HOS, but this was not included in the LCA or economic analysis 
due to the lack of quantitative data for USLWTP coagulant polymer use. A recent study 
found that hypolimnetic oxygenation in a drinking water reservoir led to a substantial 
reduction in chemical treatment costs, of which more than 17% could be attributed to 
reduced coagulant and polymer use (Mobley et al., 2019). Additionally, two separate 
LCAs on conventional water treatment of surface water sources found that coagulant use 
accounted for more than 20% of the total LC-GHG emissions (Barrios et al., 2008; Vince 
et al., 2008). Overall, the data limitation in this LCA and economic analysis suggests that 
oxygenation at USL may have led to additional and potentially substantial economic 
benefits and reductions in LC-GHG emissions that were not captured in this study’s 
analyses.    
 
4.4  Implications for sustainable reservoir management and drinking 
water treatment 
 

The contrasting results of the greater importance of construction costs in the 
economic analysis compared with the substantially larger emissions related to HOS 
oxygen use in the LCA indicates that oxygen transfer efficiency is a more significant 
driver of LC-GHG emissions, while construction costs appear to be more important in the 
overall financially profitability of HOS implementation. As previously mentioned, 
hypolimnetic oxygen transfer efficiency plays an important role in the overall emissions 
of HOS and can range from around 30% to more than 95% depending on the system 
design and reservoir characteristics (Beutel and Horne, 1999; Gantzer et al., 2009; 
McGinnis and Little, 1998). The HOS at USL utilizes a linear bubble plume system 
which is moderately inexpensive, simple, and has generally shown high transfer 
efficiencies in deep (>20 m) reservoirs with high oxygen demands when low oxygen 
input rates are used (Beutel and Horne, 1999; Gantzer, 2009). Singleton et al. (2007) 
created and validated a model to predict the oxygen transfer rate and efficiency of linear 
bubble plume systems which includes the gas flow rate, diffuser length, width, and 
placement depth, as well as water temperature, conductivity and oxygen concentration. 
This model was used by Gantzer et al. (2009) which found a very high efficiency of 
around 95% in a 62 m deep reservoir with a feed rate of 1,000 kg O2/day and around 
80% oxygen transfer efficiency in a 21 m deep reservoir with a feed rate of 2,100 kg 
O2/day. The higher feed rate in the shallower reservoir was required to supply enough 
oxygen to meet a larger oxygen demand. This demonstrates how a linear bubble plume 
diffuser system can be extremely efficient in deeper reservoirs with lower oxygen 
demands, but also shows how reduced efficiencies could be expected in shallower 
reservoirs with higher oxygen demands. A Speece Cone is a more complex system that 
consists of an inverted steel cone where oxygen gas and hypolimnetic water, moved with 
a large submerged electrical pump, are injected into the top of the cone to maximize 
contact time and oxygen transfer efficiency (Speece, 1994). These systems have been 
predicted to maintain high oxygen transfer efficiencies of around 95% in depths of less 
than 10 m while still delivering large quantities of oxygen (> 2,000 kg O2/day) 
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(McGinnis and Little, 1998). However, these complex systems require electricity for 
operation and are much more expensive to implement, with an installation and 
constructions costs ranging between $1.8 to $2.9 million in two San Diego reservoirs 
(Little, n.d.; Orlowski, 2014). These systems also have the benefit of discharging 
oxygenated horizontally over the sediment, which may better maintain oxygenated 
conditions at the sediment-water interface, the site of biogeochemical recycling of 
nutrients and metals, relative to line diffuser systems which discharge oxygen upwards 
(Beutel et al., 2020; Beutel et al., 2014). The USL reservoir has a moderate maximum 
hypolimnion depth of approximately 35 m, a moderately high hypolimnetic oxygen 
demand, and the optimized feed rate during initial operations was 1,450 kg O2/day, 
suggesting that it would likely have a moderately high transfer efficiency rate of around 
80% (Horne et al., 2003; Jung, 2003). These results suggest that predictive models of 
oxygen transfer efficiency can be of great use to reservoir managers who are considering 
hypolimnetic oxygenation to improve water quality in a drinking water reservoir.  

The potential for increased future eutrophication and harmful algal blooms could 
result in enhanced treatability benefits of future drinking water reservoir oxygenation, 
leading to increased economic feasibility and environmental sustainability of HOS 
implementation. Evidence suggests that urbanization and climate change will enhance the 
severity of eutrophication and algal blooms, due in part to enhanced urban runoff and 
agricultural runoff as well as increased nitrogen deposition (Carey et al., 2012; O’Neil et 
al., 2012; Savage et al., 2010; Paerl, 2009). The IPCC also predicts increased ambient air 
temperatures and a longer period of warm weather in the future (Marcé and Armengol, 
2009). This could potentially lead to longer period of favorable conditions for algal 
growth, an increased period of thermal stratification, and enhanced hypolimnetic oxygen 
depletion due to higher rates of microbial respiration caused by warmer water (Horne and 
Goldman, 1994; O’Neil et al., 2012). With the expectation that urbanization and climate 
change will likely magnify the overall occurrence and impacts of eutrophication, 
hypolimnetic oxygenation of drinking water reservoirs may be a valuable tool to reduce 
future accelerating burdens of increased treatability challenges, resulting in financial 
gains and reductions in GHG emissions into the future. 
 
5. Conclusions 
 

This analysis of oxygenation at USL reservoir is intended to inform reservoir 
managers about the potential economic impact and potential drop in net GHG emissions 
related to HOS to enhance treatability of raw water from eutrophic drinking reservoirs. 
This study also highlights the most critical components and how they can be optimized to 
reduce emissions and increase overall profitability. The results of the economic analysis 
suggest that initial construction costs are the largest economic burden and must be offset 
with enhanced treatability, which is dependent on the reduction in chemical usage and the 
total volume of drinking water produced, while the HOS oxygen requirement is less 
important overall. The LCA results suggest that enhanced treatability is also important, 
but that construction is insignificant to the total LC-GHG emissions. Instead the HOS 
oxygen requirement contributes a substantial amount to overall emissions. The insight 
into the overall impact on carbon emissions will be relevant to other eutrophic reservoirs 



17 
 

that experience degraded water quality and require advanced treatment measures due to 
anaerobic conditions, but the impact on emissions will vary greatly based on site specific 
water quality and the treatment processes. Overall, this LCA can be utilized in 
conjunction with the economic analysis to enlighten reservoir owners and operators as to 
the overall impact of oxygenation so that they can make informed decisions based on the 
current water quality and treatment efficiency of the source water in the reservoirs which 
they manage. 
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Table 1.1 Pre and Post-HOS water quality and treatment associated parameters 

Hypolimnetic water quality parameters Pre-HOS Post-HOS 

Dissolved Oxygen (mg/L) 0 to 2 5 to 15 
Phosphate (ug-P/L) 225 147 
Ammonia (ug-N/L) 270 8 
Nitrate (ug-N/L) 180 420 
TOC (mg/L) ~ 5 ~ 5 
Manganese  ↓↓ 

Treatment associated parameters Pre-HOS Post-HOS 

Geosmin (ng/L) ~ 200 < 5 

BGA population at outlet (filaments/cm2) ~68,000 ~15,000 

THMs (ug/L) 41 18 
Bromides (mg/L) 0.04 0.045 
Total chemical cost ($/MG) ~$80 ~$50 
Cl2 dose  -18% 
Ozone dose  -45% 
H2O2 dose  Eliminated 
Alum Dose  ↑ 
Coagulant polymer dose   ↓↓ 

TOC – Total Organic Carbon 
BGA – Blue-Green Algae 
THM – trihalomethane 
MG – Million Gallons 
Cl2 – Chlorine 
H2O2 – Hydrogen peroxide 
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Table 1.2 Financial parameter assumptions 

 Parameter Units Baseline 
Value 

Minimum 
Benefit 

Maximum 
Benefit 

Source for 
Baseline 

Value 

Source for 
Range 

HOS initial 
construction (2002) $ $512,000   

e  

HOS expansion (2012) $ $520,000   e  

Maintenance cost $/event $39,000 $62,200 $27,400 a N/A 

Maintenance schedule Frequency Every 12 yrs Every 10 yrs Every 15 yrs e e 

Potable water 
production MG/day 23.0 19.9 30.0 

d N/A 

Operational period day/yr 173 153 193 d,f N/A 

HOS lifetime yr 60 50 100 e e 

Ozone reduction mg/L 2.25 1.57 2.94 d N/A 

H2O2 reduction gal/MG 1.55 1.16 1.88 a N/A 

Chlorine reduction mg/L 2.50 0 5.35 d N/A 

HOS oxygen use ton/day 1.60 2.00 0.80 a c 

Ozone cost savings $/MG $15.00 $10.50 $19.60 d,f N/A 

H2O2 cost savings $/MG $12.00 $8.98 $14.60 d,f N/A 

Chlorine cost savings $/MG $3.00 $0 $6.42 d,f N/A 

HOS oxygen cost $/day $162 $202 $80.80 d c 
a Based on average material pricing 
b Based on requirement and treatment volume 
c (Beutel, 2003; Gantzer et al., 2009) 
d (Jung, 2003) 
e (Mark Mobley, personal communications) 
f (Mobley, 2003) 
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Figure 1.1 System Diagram for each modeled LCA scenario showing treatment process 
and reservoir gas emission system boundary. (A) HOS scenario and (B) Standard 
Scenario.  
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Table 1.3 Treatment and reservoir management parameters modeled in comparative LCAs 
    Standard Operations   HOS Operations 

Parameter Units Base 
Value 

Min 
Value 

Max 
Value 

 Base 
Value 

Min 
Value 

Max 
Value 

USLWTP Treatment 
Scenario lifetime yr 60 50 100  60 50 100 
Annual operation period d 173 153 193  173 153 193 
Potable water 
production MG/d 19.9 19.9 25.9  23.0 19.9 30.0 

Ozone Treatment 
Ozone requirement mg/L 5.00 3.57 6.25  2.75 2.06 3.43 
Oxygen use for O3 
production 

kg/M
G 189 135 237  104 78 130 

Distance to oxygen 
supplier km 32.3 28.3 48.3  32.3 28.3 48.3 

Electricity to produce O3 
kWh/
kg 11.3    11.3   

Hydrogen Peroxide Treatment 

50% H2O2 requirement gal/M
G 1.55 1.16 1.88     

50% H2O2 usage kg/M
G 7.02 5.26 8.52     

Chlorine treatment 
Chlorine requirement mg/L 13.9 10.4 17.4  11.4 8.55 13.9 

NaCl use kg/M
G 157.8 118.2 197.7  129 97.2 162 

Distance to NaCl 
supplier km 37 32 40  37 32 40 

Electricity to produce 
Cl2 

kWh/
kg 4.8 4.4 5.5  4.8 4.4 5.5 

Reservoir Management Activities 
Methane emissions kg/yr 1,470 1,120 1,800     
Daily oxygen use kg/d      1,450 726 1,810 
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Figure 1.2 HOS construction, installation, and maintenance system boundary. 
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Table 1.4 HOS and oxygen use parameters modeled in the HOS scenario LCA 
 

Parameter Units Min 
Value 

Base 
Value 

Max 
Value 

Base 
Source 

Range  
Source 

HOS construction and maintenance 

HDPE use kg  23,900  c  
Fraction recycled HDPE used - 0 0.5 1.0 N/A N/A 
Distance to HDPE source km 31.2 36.6 41.8 a b 
Porous hose use kg  2,100  c  
Porous hose lifetime yr 10 12 15 c c 
Distance to hose source km 21.8 29.8 40.3  b 
Steel cable use kg 4,880 9,750 19,500 c  
Distance to cable source km 50.2 58.9 68.9 a b 
Concrete use kg  61,000  c  
Distance to concrete source km 30.1 38.1 39.9 a b 
HOS installation time hr 25 100 200 N/A N/A 
Barge transport distance km 231 242 248 N/A N/A 
Barge reservoir use km 28.4 42.6 85.2 N/A N/A 
Barge weight kg 122,000 244,000 488,000 N/A N/A 

Oxygen storage (LOX) construction 

Stainless steel (S. steel) use kg 4,880 9,750 19,500 N/A N/A 
S. steel source to port distance km 1,700 1,800 2,000 a b 
S. steel ocean transport distance km 9,000 9,500 10,000 a b 
S. steel distance to LOX producer km 48.3 51.5 60.0 a b 
Galvanized steel (G. steel) use kg 62.3 111 171 c N/A 
G. steel distance to port km 1,700 1,800 2,000 a b 
G. steel ocean transport distance km 9,000 9,500 10,000 a b 
Chain link fence source distance km 59.4 68.1 76.4 a b 
LOX construction time hr 5 10 40 N/A N/A 
LOX install time hr 0.5 2.0 4.0 N/A N/A 
LOX delivery distance km 45.9 55.1 61.6 c b 

Recycling and Landfilling 

Distance to recycling center km 31.7 36.6 39.5 a b 
Distance to landfill km 25.1 27.5 47.4 a b 
Fraction of steel recycled - 0.25 0.75 1.0 N/A N/A 
Fraction of HDPE recycled - 0 0.5 1.0 N/A N/A 

a Largest supplier in regional area 
b Alternative routes by google maps 
c (Mark Mobley, personal communications) 
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Table 1.5 Economic analysis results 
 

 Parameter Units Baseline 
Value Min Benefit Max Benefit 

Ozone reduction $/yr $59,700 $31,900 $113,500 
H2O2 elimination $/yr $47,700 $27,300 $84,300 
Chlorine reduction $/yr $11,900 $0 $37,200 
HOS oxygen use $/yr -$28,000 -$39,000 -$12,400 
Total annual HOS operation $/yr $91,300 $20,200 $222,600 
Net present value (NPV)* $ $185,000 -$522,000 $1,480,000 
Internal rate of return (IRR) % 13.7% -0.907% 40.0% 
Benefit-to-cost ratio (BCR)* - 2.41 0.529 3.90 
Payback period years 11.6 67.2** 4.83 
*Assuming a 10% Discount Rate     
**Greater than the operational period assumed    
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Figure 1.3 Net Present Value (NPV), Internal Rate of Return (IRR), Benefit-cost Ratio 
(BCR) and Payback Period of USL HOS under the minimum benefit, baseline, and 
maximum benefit scenarios. 
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Figure 1.4 Net Present Value (NPV) of the HOS project and of individual parameters. 
The bars represent the baseline NPV calculated for each individual aspect of the HOS 
economic impact and the total combined HOS NPV. The error bars represent the range 
for the maximum benefit and minimum benefit scenarios. 
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Figure 1.5 Sensitivity NPV analysis for the modeled parameters of the economic 
analysis. The black line at $185,000 represents the NPV when the baseline parameter 
values are used. The green bar spans the range of NPVs for each parameter when a 
parameter is changed from its minimum value to its maximum value. Parameters were 
excluded from this graph if the total difference between the minimum and maximum 
parameter values resulted in less than a $5,000 NPV difference.   
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Figure 1.6 Monte Carlo results of probabilistic NPV calculations for USL HOS 
economic analysis. (A) Uniform data distribution, (B) Normal data distribution, (C) 
Triangular data distribution. 
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Figure 1.7 Results of the baseline LCA comparison between the reservoir with an 
operating HOS and a hypothetical normal reservoir. The error bars represent the range for 
the maximum emissions and minimum emissions results. 
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Figure 1.8 Sensitivity analysis for the modeled parameters of the HOS and normal 
scenario. The black line at 421 kgCO2 eq/MG represents the emissions for HOS scenario 
and the black line at 575 kgCO2 eq/MG represents the emissions for normal scenario 
when baseline parameter values are used. The red bar spans the range of LC-GHG 
emissions for each parameter for the normal scenario when a parameter is changed from 
its minimum value to its maximum value. The blue bar spans the range of LC-GHG 
emissions for each parameter for the HOS scenario when a parameter is changed from its 
minimum value to its maximum value. Parameters were excluded from this graph if the 
total difference between the minimum and maximum parameter values resulted in less 
than a 2 kgCO2 eq/MG difference.   
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Figure 1.9 Monte Carlo results of probabilistic distribution of HOS and standard LCA 
scenarios. (A) Uniform data distribution, (B) Normal data distribution, (C) Triangular 
data distribution. 
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Chapter 2 
 

Profundal zone dynamics of methylmercury production, 
transport and degradation during thermal stratification in a 

hyper-eutrophic reservoir 
 
Abstract 
 
Methylmercury (MeHg), an organic form of mercury that readily bioaccumulates, builds 
up in anaerobic profundal sediment of productive lakes and reservoirs, which can lead to 
MeHg release into the hypolimnion where it can enter in aquatic food webs. This study 
tracked MeHg production, degradation, and release into hypolimnetic water 
approximately monthly during the period of thermal stratification in the profundal zone 
of hypereutrophic Hodges Reservoir, San Diego. Associated parameters of interest such 
as redox acceptors and dissolved organic carbon (DOC) were also measured, with the aim 
of relating temporal patterns of MeHg production, degradation, and release to 
biogeochemical parameters at the sediment-water interface. Results demonstrated that 
large quantities of sediment-associated MeHg were present at the onset of thermal 
stratification and anaerobic conditions, suggesting MeHg production in profundal 
sediment may be greatest during moderately reduced redox conditions of the oxic-anoxic 
transition, due to the abundance and constant replenishment of electron acceptors to fuel 
anaerobic respiration. MeHg release from the profundal sediment into the hypolimnetic 
water column and the highest seasonal total water column MeHg concentration was 
observed while highly bioavailable iron-oxide depletion was rapidly occurring, 
suggesting iron-oxide dissolution led to the release of OM-associated MeHg. Sulfate-
reducing bacteria (SRB) activity in the late spring and early summer, as demonstrated by 
a reduction in porewater sulfate and enhancement of porewater sulfide, was associated 
with the build-up of MeHg in profundal sediment. The depletion of sulfate in the 
porewater during mid-summer appears to have led to methanogenesis and high levels of 
demethylation, as sediment associated MeHg was dramatically reduced and there was no 
enhancement of water column MeHg. Results highlight complex temporal dynamics of 
MeHg production, degradation, and transport into the water column mediated by various 
microbial groups during different stages of thermal stratification as redox acceptors are 
depleted and conditions become more reduced. Our study suggests that an early window 
of reduced conditions may be the primary period of MeHg entry into the water column 
where it is most susceptible to food web entry. In addition, results demonstrate that the 
sediment-water interface may become a net sink for MeHg during highly reduced 
conditions. 
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1. Introduction 
 
Mercury is a toxic heavy metal with no known biotic function. Human exposure 

to elevated levels of mercury can cause a variety of serious health problems such as 
neurological disorders, kidney failure, paralysis, and even death. In the US, mercury 
contamination is prevalent in approximately 50% of EPA superfund sites (Bigham et al., 
2016) and the World Health Organization currently considers mercury to be one of the 
top ten chemicals of major public health concern (Bose-O'Reilly et al., 2010). Mercury is 
typically found in trace concentrations in natural ecosystems. However, anthropogenic 
activity has dramatically increased the prevalence of mercury in the environment. 
Approximately 2 billion pounds of mercury has been extracted from naturally occurring 
ores like cinnabar. This extracted mercury is most frequently used in artisanal gold 
mining and released into the environment after being used (Hylander and Meili, 2003). 
Other anthropogenic sources of mercury pollution to the environment include coal 
burning, mining, and oil refinement which produce both volatile and water-soluble 
mercury (Futsaeter and Wilson, 2013). Water-soluble, inorganic mercury (iHg) species 
can directly contaminate nearby ecosystems as they are easily transported in water. 
Volatile mercury enters the atmosphere in the elemental gaseous form (Hg0) where it 
reacts to form iHg. This form of mercury can be transported over large distances and 
returns to the earth with precipitation, accumulating in top soil and water bodies (Bigham 
et al., 2016).  

In the process of mercury methylation, iHg is transformed into organic 
methylmercury (MeHg) by anaerobic bacteria (Bigham et al., 2016). The anaerobic 
bacteria specifically implicated in the production of MeHg include sulfate reducing 
bacteria (SRB), iron(III)-reducing bacteria (IRB), methanogens, and a small number of 
fermenters (Podar et al., 2015). Although not all anaerobic bacteria are capable of 
mercury methylation, no known aerobic bacteria have been identified, and MeHg 
typically accumulates in surface waters under anaerobic conditions (Podar et al., 2015). 
MeHg can be converted back into either iHg or Hg0 by a process known as 
demethylation. MeHg demethylation can occur due to abiotic of biotic processes (Bigham 
et al., 2016). Abiotic demethylation primarily occurs in the surface water of lakes and 
reservoirs when MeHg is exposed to UV light (Paranjape, 2017). Biotic demethylation 
has been demonstrated by a variety of microorganisms and multiple pathways have been 
identified (Ullrich et al., 2001). Although aerobic organisms are have generally been 
found to express a greater ability to demethylate MeHg, there is a growing body of 
evidence that has found anaerobic organisms such as SRB and methanogens are 
prominent demethylators in freshwater sediments (Beutel et al., 2020; Korthals et al., 
1987; Kronberg et al; 2018; Pak et al, 1998; Ullrich et al., 2001). It is important to 
consider that both iHg methylation and MeHg demethylation play important roles in 
regulating the net pool of MeHg in aquatic environments.  

In productive lakes and reservoirs, such as Hodges Reservoir, the focus of this 
research, anaerobic conditions develop due to the depletion of oxygen in bottom water 
during thermal stratification. Thermal stratification is the process of a lake separating into 
three distinct layers due to temperature differences. The warm surface water is referred to 
as the epilimnion, the cold, dense bottom water is referred to as the hypolimnion and 
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encompasses the profundal zone, and the small transition zone between surface and 
bottom water is referred to as the metalimnion (Horne and Goldman, 1994). During 
thermal stratification, the hypolimnion is physically separated from the atmosphere and 
does not significantly interact with the epilimnion due to the metalimnion barrier. High 
levels of nutrients and organic matter can stimulate microbial activity, causing the 
depletion of oxygen and the physical separation prevents oxygen from being replenished, 
resulting in anaerobic conditions in the hypolimnetic profundal zone.  

Although iHg and MeHg are both toxic, MeHg is known to bioaccumulate more 
efficiently in aquatic food webs, resulting in larger concentrations at higher trophic levels 
such as piscivorous fish, birds of prey, and humans (Futsaeter and Wilson, 2013). 
Therefore, reducing the conversion of iHg into MeHg is of utmost importance to 
reservoir managers of mercury-impaired lakes and reservoirs. Management strategies to 
reduce the impact of mercury contamination has classically involved dredging,  which is 
extremely expensive, invasive, and has failed to resolve the issue in a variety of case 
studies (e.g., Bigham et al., 2016; Ullrich et al., 2001). Recent research has shown that 
enhancing the redox potential of anaerobic environments can suppress the accumulation 
of MeHg in the water column, potentially decreasing its entry into the food web (Duvil et 
al., 2018; Beutel et al. 2014; Beutel et al., 2016; Beutel et al., 2017; Vlassopoulos et al., 
2018). 

Tracking changes in MeHg concentration in the water column and sediment, as 
well as other fundamental parameters related to MeHg production, such as electron 
acceptors like sulfate and iron-oxide, allows for the qualitative descriptive understanding 
of the biogeochemical processes associated with trends in MeHg production and 
transport. This study involved monthly sampling of the water column and profundal 
sediment at two sites in Hodges Reservoir in Southern California, USA. The first 
objective of this study was to characterize temporal changes in MeHg concentration in 
the profundal sediment during thermal stratification and identify potential 
biogeochemical factors that influence this process. The second objective was to track the 
transport of MeHg into the water column and determine which environmental process 
may be involved in this transport. The overarching goal of this study was to synthesize 
the results of these two objectives to understand temporal anaerobic processes that impact 
the transport of MeHg into the water column where it can readily biomagnify in the 
aquatic food web. With a more comprehensive understanding of MeHg cycling at the 
profundal sediment-water interface and processes that influence the transport of MeHg 
into the water column, reservoir managers will be better able to develop effective 
management strategies aimed at repressing MeHg bioaccumulation in lakes and 
reservoirs and protecting human and wildlife health. 

 
2. Methods 
 
2.1 Study site 
 

This research focuses on Hodges Reservoir, a hypereutrophic reservoir in San 
Diego, California located within the 64,000 hectare San Dieguito watershed, which 



39 
 

receives substantial inputs of urban and agricultural runoff. The high historical input of 
runoff has led to degraded water and sediment quality due to the introduction of large 
quantities of organic matter and nitrogen. When Hodges Reservoir becomes thermally 
stratified, aerobic microbial respiration in the hypolimnion leads to a depletion of 
dissolved oxygen (DO) and the onset of anoxic conditions. This anoxia results in the 
release of ammonia and phosphate from the profundal sediment, which stimulates algal 
growth if transported into the photic zone (Beutel et al., 2020). Chlorophyll a 
concentrations can exceed 100 µg/L during the summer at Hodges Reservoir. The water 
column contains a high concentration of sulfate (>150 mg/L) and sulfate reduction is a 
prominent process during the summer, with up to 30 mg/L sulfide observed in the 
hypolimnion during reduced conditions (Beutel et al., 2020). 2017 field monitoring 
revealed that MeHg accumulated in the profundal water column beginning in April, with 
concentrations peaking in June and July before decreasing between August to October 
(Beutel et al., 2020). In a 2018 laboratory incubation study, the increase of MeHg was 
speculated to be primarily the result of methylation by SRB, while the decrease in MeHg 
concentration was attributed to a transition into methanogenic conditions and enhanced 
rates of demethylation (Fuhrmann et al., in review). 

 
2.2 Collection of sediment, porewater and water 
 

In 2018, water column and sediment samples were collected approximately 
monthly from April to November at Hodges Reservoir. Reservoir water was collected 
every 3 m at a location in the reservoir that is approximately 19 m deep and in close 
proximity to the dam. For each sampling event, water was collected at each depth using a 
2.2 L acrylic Van Dorn water sampler to fill a 200 mL HDPE bottle which was pre-
preserved with 0.5 mL of 2 N Zinc Acetate for sulfide analysis (0.25% v/v) and a 1 L 
HPDE bottle for total suspended solids (TSS), dissolved organic carbon (DOC), total iron 
(FeT), and sulfate analysis. Additional water at the same depths was collected using a 1 L 
Teflon Kemmerer water sampler to fill trace metal grade certified, 125 mL FPE bottles 
for MeHg.  

Profundal sediment from this location was also collected with an Ekman dredge, 
which was brought to the surface while maintaining at least 4-6 cm of hypolimnetic water 
overlaying the sediment. Sediment from approximately 0-3 cm below the surface was 
quickly transferred into an acid washed, 250 mL wide-mouth glass canning jar which was 
overfilled with hypolimnetic water to exclude air. Sediment and water samples were kept 
in the dark and placed on ice after procurement and during transport back to the 
laboratory. Samples were stored overnight at 4 °C and processed within 24 hours of 
collection. During processing in the lab, sediment was transferred to an anaerobic 
glovebox and homogenized. Porewater was extracted using four 50 mL centrifuge 
containers which were filled with sediment in an anaerobic glovebox, capped to exclude 
oxygen, and transferred to a Sorvall Super T21 refrigerated benchtop centrifuge. 
Porewater was extracted from the sediment by centrifuging at 4,000 RPM for 20 minutes 
at 4 °C according to Gobeil and Cossa (1993).  
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2.3 Water, porewater, and sediment chemical analysis 
 
 After each sampling event, approximately 250 mL of reservoir water was 
extracted from each 1 L HPDE bottle from each depth and filtered using Whatman GF/C 
1.2 µm glass fiber filters. The filters were placed in an oven at 105 oC for 1 hour and the 
mass of TSS in each sample was determined by difference according to Standard 
Methods (Baird et al., 2005). Approximately 40 mL of water from each 1-L HPDE bottle 
was filtered with Whatman 0.45 µm nylon membrane filters and the filters were stored 
frozen in a 50 mL HPDE container for sulfate and DOC analysis. Approximately 10 mL 
of water from each 1 L HPDE bottle was decanted into 15 mL HPDE containers and 
preserved with 0.5% v/v nitric acid for FeT analysis. One 125 mL FPE bottle from each 
depth remained unfiltered. From July through November, an additional water sample in a 
125 mL FPE bottle from each depth was also collected and filtered with acid washed 
Whatman GF/F 0.7 µm glass fiber filters using a fluoropolymer apparatus. Both the 
filtered and the unfiltered samples were preserved with 0.5% v/v trace metal grade 
hydrochloric acid and stored at 4 °C and in the dark before analysis for MeHg.  

After porewater extraction, one 50 mL centrifuge tube was placed back into the 
anaerobic glovebox and the porewater was immediately analyzed for oxidation-reduction 
potential and DO using a calibrated Hatch HQ30D multiparameter portable meter. The 
measured ORP value was then standardized to the hydrogen electrode (Eh) based on the 
electrode and the storage solution, according to Baird et al. (2005). While still in the 
anaerobic glovebox, the porewater was decanted into a 250 mL HPDE bottle containing 1 
mL of 2 N zinc acetate (0.4% v/v). This preserved porewater and the 250 mL water 
column samples that were field-preserved with zinc acetate were analyzed for sulfide by 
iodometric titration (0.1 mg/L method detection limit) according to Standard Methods 
(Baird et al., 2005). The porewater from another 50 mL centrifuge tube was filtered with 
a Whatman 0.45 µm nylon membrane filter and stored frozen in a 50 mL HPDE 
container. These filtered porewater samples and the filtered water column samples were 
analyzed for sulfate by ion chromatography (0.5 mg/L method detection limit), as well as 
DOC using a Shimitzu TOC analyzer (0.3 mg/L method detection limit) (Baird et al., 
2005; USEPA, 1993). Approximately 10 mL of porewater from the third centrifuge tube 
was decanted into a 15 mL HPDE container, preserved with 0.5% v/v nitric acid, and 
analyzed for FeT using an ICP-OES (0.1 mg/L method detection limit) (Baird et al., 
2005). 

Water from the final 50 mL centrifuge tube was filtered with an acid washed 
Whatman GF/F 0.7 µm glass fiber filter using a fluoropolymer apparatus. The filtered 
porewater was placed in a trace metal clean amber glass vial, preserved with 0.5% v/v 
trace metal grade hydrochloric acid and stored at 4 °C and in the dark. Approximately 25 
mL of these porewater samples (MeHgpore), as well as the filtered or dissolved MeHg 
(MeHgD) and unfiltered water column MeHg (MeHgT) samples, were distilled at 125 oC 
under nitrogen gas flow. For sediment samples (MeHgsed), approximately 1.0 gram of 
sediment was directly distilled at 140 oC under nitrogen gas flow according to Horvat et 
al. (1993).  

The pH of the distillates was then adjusted to approximately 5.0 and the samples 
were treated with the ethylating agent sodium tetraethyl borate, converting MeHg to 
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volatile ethyl-MeHg. Samples were bubbled with nitrogen gas and ethyl-MeHg was 
trapped on a graphitic carbon trap. With argon gas flowing through the trap, the trap was 
heated and the desorbed ethyl-MeHg was passed through a gas chromatography column 
to separate ethyl-MeHg from other Hg species. The gas stream then passed through a 
pyrolytic chamber to convert the ethyl-MeHg to Hg(0), which was analyzed on a MERX 
automated modular Hg system (Brooks Rand Labs, Seattle WA, US) using cold vapor 
atomic fluorescence spectroscopy (CVAFS) based on USEPA method 1630 (USEPA, 
2001). The method detection limit was 0.02 ng/L for MeHg in water and porewater and 1 
ng/kg for sediment. Strict quality control procedures were followed including calibration blanks 
(< 50 pg per 25 ml sample), method blanks (< 1 pg per 25 ml sample), matrix spikes and matrix 
spike duplicates (acceptable recovery range 71-125%), and ongoing precision recovery samples 
(acceptable recovery range 77-123%), all of which were within the acceptable ranges.  

Sediment was placed in an oven at 105 oC for 1 hour and the percent dry weight 
was determined by difference according to Standard Methods (Baird et al., 2005). 
Afterwards, sediment was transported to a furnace and heated at 550 oC for 1 hour and 
percent organic matter (% OM) was determined by difference (Dean, 1974). Sediment 
was also analyzed for amorphous ferric iron [Fe(III)a] (10 mg/kg method detection limit) 
following methods outlined in Marvin-DiPasquale et al. (2008). According to Wahid and 
Kamalam (1993), Fe(III)a is highly bioavailable for microbial reduction, while crystalline 
iron oxide is not. 

 
2.4 Calculations and data analysis 
 

Dry weight MeHgsed (ng/kg) was determined by dividing the wet weight MeHgsed 
by the percent dry weight of the sediment. The volume of porewater per kg of sediment 
was determined by the percent wet weight of the sediment. Sediment-pore water MeHg 
distribution coefficients (Kd, L/g) were calculated as the ratio of the dry weight MeHgsed 
(ng/kg) to the MeHgpore (pg/L). Based on water column MeHgT profiles and the 
reservoir’s hypsographic curve, a volume-weighted concentration, estimated as the sum 
of concentration times associated water slab volume divided by total volume, was 
estimated for the entire water column (MeHgvw). Porewater, sediment, water column, and 
partitioning data were tested for normality by assessing skewness and kurtosis. Non-
normally distributed data was transformed using natural logarithms. Afterwards, this data 
set was analyzed by Pearson correlation analysis for linear relationships. Apparent 
correlations between water column parameters observed between MeHgT and FeT were 
assessed using linear regression analysis. Apparent correlations observed for MeHgD with 
sulfate and DOC were assessed using linear regression analysis and multiple regression 
analysis. Temporal water quality heat maps were produced using MatLab software and 
linearly interpolating data between the samples collected from the surface to the bottom 
water at 3m increments.  
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3. Results 
 
3.1 Temporal sediment and water quality results 
 

The oxidation-reduction potential (Eh) of the porewater indicated that the 
sediment-water interface was reduced throughout the period of thermal stratification from 
April through October (≤ 14 mV) and slightly reduced even after mixing in November 
(79 mV) (Figure 2.1). Porewater sulfate concentration was highest at the start of the study 
in mid-April (26 mg/L), was substantially depleted to a minimum value in mid-July (3.8 
mg/L), rose considerably until late September, was subsequently depleted again during 
October, and rose again after mixing in November. A statistically significant positive 
relationship was observed between porewater Eh and porewater sulfate concentration (p 
= 0.022, n = 8) (Table 2.1). Fe(III)a was only elevated in the sediment at the start of the 
study (191 mg/kg), after which it was substantially depleted until it was no longer 
detectable in mid-July until late September and remained low afterwards (< 30 mg/kg). 

Porewater sulfide concentration was moderate at the start of the study (25 mg/L), 
rose to a maximum value in mid-July (32 mg/L), slowly declined during August and 
September, before rising slightly in October, and then declined to a minimum value after 
mixing in November (15 mg/L) (Figure 2.1). During April, sulfide was not detected in 
bottom water, defined as the water sampled at a depth of 19 m near (~0.5 m above) the 
sediment-water interface, but bottom water sulfide concentration consistently rose until it 
reached a peak in late September before declining until it was not detected after mixing in 
early December. A statistically significant negative correlation was observed between 
sediment Fe(III)a concentration and bottom water sulfide concentration (p = 0.034, n = 8) 
(Table 2.1). DOC concentration was relatively high throughout the course of the study 
and experienced large fluctuations, with minimum values in April and July (~20 mg/L) 
and maximums in June and October (~60  mg/L). The sediment % OM was moderate at 
the start of the study, elevated in mid-July (23%), declined significantly to a study 
minimum in mid-August to late September (11%), and rose to a study maximum during 
mid-October through early December (~24%).  

The concentration of FeT in the water column was greatest (120-160 ug/L) in the 
surface water at the start of the study and at a depth of 12-18 m in late May (Figure 2.2). 
FeT was moderate (40-60 ug/L) in the bottom water during July through August and 
largely absent in the water column after September. TSS concentration was generally low 
(≤ 10 mg/L) below a depth of 9 m, although it was slightly elevated at 15 m in late 
September and at 9-12 m in mid-October (~12 mg/L). The surface water TSS 
concentration was low (> 7 mg/L) at the start of the study in mid-April, moderate (7-12 
mg/L) from May through June, greatest (> 15 m/L) in July and August, moderate in 
September, low during October, and moderate in November. The sulfate concentration in 
the water column was notably elevated  (> 180 mg/L) throughout most of the study, 
except for the hypolimnetic bottom water from July through mid-October, which was 
generally between 120-180 mg/L. A study minimum was observed below 18 m in late 
September (~120 mg/L) (Figure 2.3). DOC concentration in the water column was 
generally below 10 mg/L except for high concentrations (~12 mg/L) in early July at 6 m 
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depth, mid-July at 18 m, late September at 18 m, October at 12 m, and the surface 3 m 
from July through September. 
 
3.2 Methylmercury sediment and water quality results 
 

MeHgpore was elevated in mid-April and late May (< 155 pg/L) with notably 
lower concentrations observed later in the study (< 50 pg/L) (Figure 2.1). A statistically 
significant positive relationship was observed between MeHgpore concentration and 
sediment Fe(III)a concentration (p = 0.002, n = 8) (Table 2.1). The MeHgsed 
concentration was dynamic throughout the study with highest concentrations in mid-April 
and mid-July (122 and 113 ng/kg) and lowest concentrations in mid-August and late 
September (36 and 48 ng/kg).  

Water column MeHgvw was low in mid-April (104 ng/m3), rose to a study 
maximum by late May (264 ng/m3) and declined afterwards, reaching a minimum in early 
December (67 ng/m3) (Figure 2.1). A statistically significant positive relationship was 
observed between porewater sulfide concentration and water column MeHgvw 
concentration (p = 0.003, n = 8) (Table 2.1). The MeHg Kd was low in mid-April through 
late May (< 0.7 L/g), elevated in early and mid-July (> 2.1 L/g) and moderate (1.2-1.9 
L/g) afterwards. A statistically significant negative correlation was observed between 
MeHg Kd and sediment Fe(III)a concentration (p = 0.037, n = 8) (Table 2.1). A 
statistically significant negative relationship was also observed between MeHg Kd and 
the porewater MeHg concentration (p = 0.018, n = 8) (Table 2.1). 

MeHgT concentrations in the water column were low (< 0.2 ng/L) in the upper 6 
m of the water column throughout the study and after late October in the entire water 
column, while concentrations reached maximum values at depths of 15 m in May and 9 
m in June (0.5- 0.6 ng/L) (Figure 2.2). An apparent correlation between MeHgT and FeT 
in the bottom water during the spring and early summer was observed (Figure 2.2). 
Linear regression analysis revealed a statistically significant positive correlation between 
MeHgT and FeT in the lower water column below 12 m for the period between mid-April 
to early July (p = 0.035, R2 = 0.373, n = 12).  

MeHgD was largely absent (< 0.06 ng/L) in the upper 9 m of the water column 
from mid-July to mid-October and in the entire water column afterwards, while a 
maximum MeHgD concentration (~0.2 ng/L) was observed in September from 15-18 m 
(Figure 2.3). An apparent correlation between MeHgD and both sulfate and DOC in the 
bottom water was observed during the fall (Figure 2.3). Linear regression analysis 
revealed a statistically significant negative correlation between MeHgD and sulfate in the 
water column from mid-July to November (p < 0.001, R2 = 0.378, n = 40). A multiple 
regression revealed a statistically significant correlation between MeHgD and the DOC 
and sulfate concentrations in the water column below 15 m from August to October [p = 
0.044, R2 = 0.645, n = 9, MeHgD = -0.218 + (0.034 x DOC) – (0.00015 x sulfate)].   
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4. Discussion 
 
4.1 Sediment stored MeHg release during iron reduction 
 

The initially high concentration of MeHgsed and MeHgpore in April, during a 
period of moderately high redox, suggests that high levels of MeHg production preceded 
the onset of thermal stratification and anaerobic conditions. In mid-April, both MeHgsed 
and MeHgpore were at maximum concentrations at the start of the study (122 ng/kg and 
181 pg/L, Figure 2.1) while redox was elevated (14 mV, Figure 2.1) and small amounts 
of DO were present in the porewater (0.9 mg/L, data not shown). During this period, 
maximum concentrations of the electron acceptors Fe(III)a and sulfate were present in the 
surficial sediment, as well as a moderate concentration of sulfide (Figure 2.1). Hollweg et 
al. (2009) found the highest methylation rates in coastal sediments where there was some 
oxygen penetration into surficial sediment, which allowed for enhanced sulfate-sulfide 
cycling. Additionally, research on pelagic MeHg production has revealed that the oxic-
anoxic boundary often contains the highest levels of MeHg, suggesting a methylation 
hotspot (Paranjape and Hall, 2017; Ullrich et al., 2001; Eckley and Hintelmann, 2006). 
Based on our observations, it appears that relatively elevated redox conditions in surficial 
sediment enhanced the accumulation of MeHg in profundal sediment and pore water by 
oxidizing biproducts of microbial respiration of known methylators, such as sulfide or 
iron(II), allowing for the continuous replenishment of electron acceptors in anaerobic 
microzones where SRB and/or IRB methylators may reside. 

MeHg observed in sediment in mid-April appears to have been released into the 
bottom water column in mid-April to late May during the mineralization of organic 
matter, likely driven by iron reduction in surficial sediment. High rates of iron reduction 
were demonstrated by a rapid decline in sediment Fe(III)a between mid-April and late 
May (191 to 52 mg/kg, Figure 2.1), which was concurrent with the accumulation of FeT 
in the hypolimnion in late May (Figure 2.2). This period of iron reduction coincided with 
a reduction of MeHgsed (122 to 65 ng/kg, Figure 2.1), and a substantial release of MeHg 
into the hypolimnion as demonstrated by the large increase in MeHgvw (104 to 264 
ng/m3, Figure 2.1) and hypolimnetic MeHgT (Figure 2.2). The significant correlation 
between hypolimnetic MeHgT and FeT during this period demonstrates the connection 
between iron reduction and hypolimnetic MeHg accumulation. Previous studies have 
shown that MeHg has a high affinity for sediment OM and that iron reduction can result 
in the dissolution of iron-oxide bound OM (Adhikari and Yang, 2015; Feyte et al., 2010; 
Hintelmann and Harris, 2004; Lalonde et al., 2012), indicating that iron reduction can 
lead to the release of sediment-bound MeHg into the water column.  

In our study, MeHg appears to be most soluble during periods of anoxia when 
highly bioavailable iron-oxide is present and iron reduction is likely taking place. This is 
demonstrated by the low MeHg Kd value in mid-April and late-May (< 0.70 L/g, Figure 
2.1), a significant negative correlation between sediment Fe(III)a and the MeHg Kd, and a 
significant positive correlation between sediment Fe(III)a and MeHgpore (Table 2.1). 
Although IRB have been shown to be prominent methylators in some systems (Bravo et 
al., 2018; Fleming et al., 2006), our results suggest that rather than enhancing the 
production of MeHg, iron reduction led to the dissolution of MeHg-rich, sediment bound 



45 
 

OM which resulted in the bottom water column MeHg accumulation observed in early 
stratification. 

 
4.2 MeHg accumulation in the sediment during sulfate reduction 
 

SRB activity, as demonstrated by a reduction in porewater sulfate, appears to 
coincide with a buildup of MeHg in the profundal sediment. The consistently low Eh of 
the porewater, which was positively correlated with porewater sulfate concentration 
(Figure 2.1 and Table 2.1), as well as the presence of sulfide in the porewater throughout 
the study, shows that sulfate reduction was a prominent metabolic process in the 
profundal sediment during stratification at Hodges Reservoir. Sulfate reduction appeared 
to precede at the highest rate from late May to mid-July when porewater sulfate was 
reduced from 18.4 mg/L to a study minimum of 3.8 mg/L, and from late September to 
mid-October when porewater sulfate declined from 23 mg/L to 7.4 mg/L (Fig 2.1). These 
episodes of sulfate depletions coincided with increases in MeHgsed, 65 to 113 ng/kg from 
late May to mid-July, and 48 to 86 ng/kg from late September to mid-October. Mercury 
methylation by SRB in profundal sediments has been observed by several previous 
studies (Duvil et al., 2018; Fuhrmann et al., in review; Gilmour et al., 1998; Paranjape 
and Hall, 2017). The observed pattern of porewater sulfate depletion and the 
enhancement of MeHgsed suggests that SRB mercury methylation was likely occurring 
and led to the accumulation of MeHg in the profundal sediment.  

The buildup of porewater sulfide that occurs during SRB methylation appears to 
have led to a decreased solubility of the newly produced MeHg, reducing entry into the 
water column. Enhanced sediment MeHg binding, following the depletion of bioavailable 
sediment Fe(III)a and the increase in SRB activity in July, was demonstrated by a study 
maximum MeHg Kd (> 2 g/L, Fig 2.1). In addition, a significant negative correlation 
between sediment Fe(III)a and MeHg Kd (Table 2.1) suggests that MeHg solubility 
substantially declined after the depletion of bioavailable iron-oxide, as sulfate reduction 
became a more thermodynamically favorable redox process. There was also a notable 
increase in the MeHg Kd during other periods of high SRB activity; for example, MeHg 
Kd increased from 1.38 g/L in late September to 1.86 g/L in mid-October when porewater 
sulfide declined substantially (23 mg/L to 7.4 mg/L) and porewater sulfide increased 
from 21 to 24 mg/L, indicating enhanced SRB activity in the profundal sediment. Both 
porewater sulfide and sediment % OM rose considerable during each period when 
porewater sulfate was depleted and the MeHg Kd was enhanced, indicating either factor 
or the combination of the two may have played a role in the reduced solubility of MeHg. 
Previous studies have noted that MeHg sediment binding tends to be higher (higher Kd) 
under sulfidic conditions, likely due to adsorption of MeHg to metal sulfides and MeHg 
binding to thiols in sediments rich in organic matter (Skyllberg et al., 2008; Zhu et al., 
2018). Our results indicate that sediment MeHg solubility is greater during the early 
stages of anaerobic conditions before the buildup of sulfide and organic matter at the 
sediment-water interface enhances MeHg binding. 
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4.3 Demethylation of MeHg in the sediment during methanogenesis 
 
Sulfate reduction in mid-summer, as indicated by the reduction in porewater 

sulfate, appears to have exhausted porewater DOC and sulfate, leading to a reduction in 
SRB activity and the prevalence of methanogenic conditions and enhanced rates of 
demethylation in surficial sediment. In mid-July, porewater sulfate and DOC were both 
depleted to study minimum concentrations (3.8 mg/L and 18 mg/L), while sediment % 
OM increased to 23% (Figure 2.1). Directly following the enhancement of sediment % 
OM and the depletion of porewater sulfate and DOC, MeHgsed declined from 113 ng/kg 
to a study minimum of 36 ng/kg (Figure 2.1). This decline in MeHgsed was not 
accompanied by a significant increase in MeHgpore or accumulation of MeHgT in the 
bottom water, indicating that the reduction was likely due to degradation. SRB 
metabolism is primarily dependent on the availability of sulfate and labile carbon 
sources, as SRB do not demonstrate the ability to hydrolyze ploymers (Colleran et al., 
1995). Methanogens and fermenters have been shown to participate symbiotically in the 
breakdown of more refractory polymeric organic matter (Flores, 2014), and this process 
can be the primary driver in sediment particulate organic matter mineralization during 
stratification in another hyper-eutrophic reservoir (Molongoski et al., 1980). Thus, low 
concentrations of porewater sulfate and labile organic carbon, combined with elevated 
particulate organic matter, may have provided a competitive advantage for methanogens 
over SRB at the sediment-water interface. Previous research on Hodges Reservoir found 
that inhibition of methanogenesis led to a dramatic enhancement of MeHg accumulation 
in experimental sediment-water microcosms (Fuhrmann et al., in review).  The 
researchers found that this effect was generally more pronounced in the fall and 
concluded that methanogens were prominent demethylators in the surficial sediment 
under highly reducing conditions.  

The prevalence of methanogenic conditions in the surficial sediment, and the 
accompanying demethylation of sediment associated MeHg, appears to have also led to a 
decline in MeHg accumulation in the hypolimnion. From mid-July to mid-August, a large 
reduction in water column MeHgvw, from 237 ng/m3 to 152 ng/m3, was observed (Figure 
2.1). Part of the decline in the MeHgvw can be attributed to the dilution of MeHg into the 
epilimnion which is much larger in total volume, as demonstrated by the disappearance of 
MeHgT between 6-9 m (Figure 2.2). However, this decline in water column MeHgvw was 
also concurrent with a substantial decline in the concentration of MeHgT in the 
hypolimnion, which fell from roughly 0.25 ng/L to 0.05 ng/L in the bottom 3 m during 
the same period (Figure 2.2). This decline in hypolimnetic MeHg is also notable because 
the MeHg Kd declined to a moderate value during this period, likely due to a reduction in 
porewater sulfide relating to lower SRB activity, which would reduce the pool of sulfide 
ligands that bind MeHg and enhance the solubility of MeHg at the sediment-water 
interface. Therefore, even with enhanced MeHg solubility, MeHg release into the bottom 
water column was dramatically reduced during the prevalence of methanogenic 
conditions. A previous study on Hodges Reservoir by Beutel et al. (2020) demonstrated 
that MeHg in the water column was also much lower under more highly reduced 
conditions in the fall of 2017. The study also reported lower efflux of MeHg from 
sediment under highly reduced versus moderately reduced conditions at the sediment-
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water interface. Overall, these results suggest that the depletion of sulfate in the surficial 
sediment led to methanogenic conditions, demethylation of sediment associated MeHg, 
and suppressed MeHg accumulation in the hypolimnion during the fall. 
 
4.4 Sulfate reduction and dissolved MeHg production in the water 
column 
 

The low levels of sulfate and DOC in the porewater during the mid-summer 
appears to have produced an unsuitable habitat for SRB in the profundal sediment and led 
to enhanced SRB activity in the hypolimnetic water column, which was rich in sulfate. 
Sulfate was severely limited in the porewater during mid-July (3.8 mg/L, Figure 2.1), yet 
abundant in the in the hypolimnion (~180 mg/L, Figure 2.3), demonstrating the more 
favorable habitat for SRB. Enhanced water column activity by SRB is supported by the 
depletion of sulfate in the hypolimnion, which begins in July and becomes very 
substantial later in the fall (Figure 2.3). SRB activity in an anoxic and sulfidic 
hypolimnion during highly reduced conditions in the fall was also demonstrated by Diao 
et al. (2017), who noted a corresponding reduction in the sulfate concentration in the 
hypolimnion. Our results suggest that after sulfate and DOC was depleted in the sediment 
and methanogenic conditions prevailed in mid-July, SRB thrived in the sulfate rich 
hypolimnion, which led to the depletion of the bottom water sulfate concentration in the 
Fall.  

SRB activity in the hypolimnion in the fall appears to have led to the production 
of MeHgD through the process of water column methylation. The substantial depletion of 
sulfate in the hypolimnion during late September demonstrates water column sulfate 
reduction was a prominent process in the hypolimnion. The bottom water column was 
also enriched with MeHgT, predominantly as MeHgD, during that period (Figures 2.2 and 
2.3). The presence of MeHgD in the bottom water coincides with the depletion of sulfate 
and the presence of high concentrations DOC at the same depths (Figure 2.3). The highly 
statistically significant negative correlation between MeHgD and sulfate in the water 
column in July through December, as well as the statistically significant multiple 
regression correlation between bottom water MeHgD with DOC (positive correlation) and 
sulfate (negative correlation) from mid-August to mid-October, suggests that sulfate 
reduction and high concentrations of DOC in the water column led to the production of 
MeHgD in Hodges Reservoir. Eckley and Hintelmann (2006) reported water column 
methylation in anoxic water columns that was positively correlated with DOC 
concentration and water column sulfate depletion. They hypothesized the MeHg 
production to be due to SRB active in the water column. Another study on water column 
methylation found that SRB methylated at high rates while residing in anaerobic 
microzones inside of settling particles in the water column (Díez et al., 2016). Our results 
suggest that the colonization of SRB in the hypolimnion led to high rates of sulfate 
reduction and water column methylation, resulting in the accumulation of MeHgD. 
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5. Conclusions 
 

Although research has identified genes and species of bacteria that have the 
capacity to produce MeHg, much less is known about conditions that favor this 
production and mechanisms that allow for the release of MeHg produced in sediment into 
the water column. This study presents evidence that sub-oxic conditions may facilitate 
the highest rates of MeHg production and that iron-reduction may lead to the release of 
MeHg-rich OM into the water column. This study found that the release of MeHg present 
in sediment at the onset of thermal stratification was a large summertime source of MeHg 
to the water column. Our study also showed that the depletion of Fe(III)a in the sediment 
and the presence of sulfate and DOC in the porewater led to profundal sediment SRB 
methylation in mid-summer. However, a high sediment binding capacity prevented the 
release of MeHg that was produced during the mid-summer. The high level of sulfate 
reduction that led to the production of the mid-summer MeHg in the sediment depleted 
resources such as porewater sulfate and DOC, leading to methanogenesis and high levels 
of demethylation of the sediment bound MeHg. This appears to have dramatically 
reduced the potential of the MeHg produced during mid-summer to make it into the food-
web. However, SRB activity in water column increased after resources were depleted in 
the sediment, resulting in the production of MeHgD in the hypolimnion. Thus, there 
appears to be two hot moments of MeHg input to the aquatic ecosystem of 
hypereutrophic Hodges Reservoir: MeHg efflux from sediment during the onset of 
thermal stratification and water column production in the fall.  
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Figure 2.2 Spatio-temporal dynamics of water quality parameters in 2018. (A) total 
methylmercury (MeHgT), (B) total dissolved iron (FeT), (C) total suspended solids (TSS). 
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Figure 2.3 Spatio-temporal dynamics of water quality parameters in Hodges Reservoir in 
2018. (A) dissolved methylmercury (MeHgD), (B) sulfate, (C) dissolved organic carbon 
(DOC). 
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Table 2.3 Water column total MeHg (MeHgT) 

Depth 
(m) 12-Apr 24-May 2-Jul 19-Jul 22-Aug 28-Sep 22-Oct 6-Dec 

0 0.04 0.08 0.06 0.11 0.12 0.13 0.09 0.05 
3 0.06 0.08 0.09 0.12 0.12 0.08 0.14 0.08 
6 0.06 0.09 0.11 0.16 0.15 0.12 0.13 0.08 
9 0.05 0.30 0.52 0.45 0.34 0.12 0.11 0.05 

12 0.09 0.36 0.45 0.39 0.12 0.11 0.13 0.08 
15 0.17 0.60 0.23 0.26 0.09 0.15 0.16 0.08 
18 0.23 0.27 0.38 0.15 0.09 0.27 0.14 0.05 

18.5    0.11     
19  0.31 0.17  0.13 0.09 0.04 0.07 
21 0.25        

MeHgvw 104 264 260 237 152 130 125 67.2 
 

Table 2.4 Water column total iron (FeT) 

Depth 
(m) 12-Apr 24-May 2-Jul 19-Jul 22-Aug 28-Sep 22-Oct 6-Dec 

0 120 34 26 24 13 ND ND ND 
3 179 41 24 20 22 ND 16 ND 
6 118 55 24 17 20 ND 11 ND 
9 111 69 48 42 27 ND 6 ND 

12 79 133 78 53 47 ND 5 ND 
15 64 140 79 55 41 ND 4 ND 
18 56 118 73 49 34 ND 8 ND 

18.5    47     

19  101 69  37 ND 17 ND 
21 54               
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Table 2.5 Water column total suspended solids (TSS) 

Depth 
(m) 12-Apr 24-May 2-Jul 19-Jul 22-Aug 28-Sep 22-Oct 6-Dec 

0 4.9 9.9 19.5 25.2 14.4 4.9 12.2 7.1 
3 5.5 11.0 16.5 17.7 13.1 4.4 11.0 8.3 
6 6.1 12.1 13.2 10.5 12.1 8.2 11.0 3.3 
9 3.3 5.5 5.6 6.7 6.0 6.1 10.5 6.1 

12 3.3 6.1 4.5 7.7 9.9 6.6 10.4 6.0 
15 3.3 7.2 4.4 5.0 7.6 11.8 9.8 8.3 
18 3.9 6.0 3.5 3.9 4.9 6.6 9.8 7.3 

18.5    4.4     

19  6.0 3.9  5.5 11.8 8.8 7.8 
21 3.9               

 

Table 2.6 Water column filtered MeHg (MeHgD) 

Depth 
(m) 19-Jul 22-Aug 28-Sep 22-Oct 6-Dec 

0 0.03 0.03 0.03 0.02 ND 
3 0.02 0.06 0.05 0.02 0.03 
6 0.05 0.06 0.06 0.04 0.03 
9 0.08 0.08 0.07 0.02 0.03 
12 0.09 0.09 0.07 0.02 ND 
15 0.11 0.07 0.14 0.03 0.02 
18 0.07 0.06 0.20 0.08 0.04 

18.5 0.04     

19   0.08 0.07 0.02 0.02 
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Table 2.7 Water column sulfate 

Depth 
(m) 12-Apr 24-May 2-Jul 19-Jul 22-Aug 28-Sep 22-Oct 6-Dec 

3 182 221 225 235 248 242 220 201 
6 210 227 230 235 244 241 240 237 
 207 225 227 234 245 242 244 243 

9 209 219 219 223 217 246 247 241 
12 210 214 209 206 186 180 246 238 
15 211 213 202 212 165 135 243 241 
18 210 208 199 184 162 121 237 239 

18.5    185     

19  200 180  148 109 167 242 
21 211               

 

Table 2.8 Water column dissolved organic carbon (DOC) 

Depth 
(m) 12-Apr 24-May 2-Jul 19-Jul 22-Aug 28-Sep 22-Oct 6-Dec 

0 9.1 10.0 11.5 11.0 10.5 12.1 8.3 8.9 
3 9.0 8.7 9.9 11.3 12.7 9.2 10.9 8.2 
6 9.9 8.3 12.0 9.2 8.9 9.1 8.8 8.7 
9 8.5 9.8 9.5 8.7 9.3 9.2 8.8 8.4 

12 8.5 8.5 9.8 8.6 8.8 9.2 11.0 9.9 
15 10.2 8.5 8.8 8.8 9.2 9.0 8.7 8.3 
18 8.9 10.1 8.6 10.8 9.0 12.5 9.0 8.4 

18.5    10.6     

19  8.9 8.8  9.4 9.7 8.9 8.2 
21 8.5               
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Table 2.9 Water column sulfide 

Depth 
(m) 12-Apr 24-May 2-Jul 19-Jul 22-Aug 28-Sep 22-Oct 6-Dec 

0 ND ND ND ND ND ND ND ND 
3 ND ND ND ND ND ND ND ND 
6 ND ND ND ND 0.5 ND ND ND 
9 ND 1.0 4.1 5.2 11.2 ND ND ND 

12 ND 2.0 4.7 6.9 12.5 9.5 ND ND 
15 ND 2.2 6.6 9.4 14.4 26.6 0.8 ND 
18 ND 4.4 9.5 11.5 20.9 28.0 2.2 ND 

18.5    12.3     

19  6.1 11.1  22.2 31.5 15.2 ND 
21 0.2               
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Chapter 3 
 

Effects of mercury, organic carbon, and microbial inhibitor 
addition on methylmercury cycling at the profundal sediment-

water interface of a sulfate-rich hypereutrophic reservoir 
 
Abstract 
 
Methylmercury (MeHg) produced by anaerobic bacteria in lakes and reservoirs, poses a 
threat to ecosystem and human health due to its ability to bioaccumulate in aquatic food 
webs. This study used 48-hour microcosm incubations of profundal sediment and bottom 
water from a sulfate-rich, hypereutrophic reservoir to assess seasonal patterns of MeHg 
cycling under various treatments. Treatments included addition of air, inorganic mercury, 
organic carbon, and microbial inhibitors. Both aeration and sodium molybdate, a sulfate-
reducing bacteria (SRB) inhibitor, generally decreased MeHg concentration in 
microcosm water, likely by inhibiting SRB activity. The methanogenic inhibitor 
bromoethanesulfonate increased MeHg concentration 2- to 4-fold, suggesting that 
methanogens were potent demethylators. Pyruvate increased MeHg concentration under 
moderately reduced conditions, likely by stimulating SRB, but decreased it under highly 
reduced conditions, likely by stimulating methanogens. Acetate increased MeHg 
concentration, likely due to the stimulation of acetogenic SRB. Results suggest that 
MeHg production at the sediment-water interface is elevated under moderately reduced 
conditions (-100 to -50 mV). In contrast, it is suppressed under oxic conditions due to 
low SRB activity, and under highly reduced conditions (> -100 mV) due to enhanced 
demethylation by methanogens. 
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1. Introduction 
 

Many lakes and reservoirs are contaminated with mercury (Hg), predominantly 
from widespread atmospheric deposition, but also from point sources including mines 
and industrial sites (Bigham et al., 2016; Ullrich et al., 2001). In the process of 
methylation, Hg can be transformed by anaerobic bacteria into toxic methylmercury 
(MeHg). MeHg bioaccumulates in aquatic food webs, with large fish exhibiting MeHg 
concentrations thousands of times greater than in water and plankton (Ullrich et al., 
2001). In eutrophic lakes and reservoirs that thermally stratify in the summer, oxic 
profundal waters can become anaerobic as bacteria biodegrade sinking algal organic 
matter. Anaerobic conditions are highly correlated with the production and release of 
MeHg from profundal sediment, leading to the buildup of MeHg in bottom waters 
(Beutel et al., 2014; Watras, 2009). MeHg then bioaccumulates in pelagic biota when it 
diffuses or mixes into surface waters (Herrin et al., 1998; Slotton et al., 1995; Stewart et 
al., 2008).  

Seasonal production of MeHg, combined with the high potential for its 
bioaccumulation in the aquatic food web, has led to widespread instances of elevated Hg 
in fish tissue in California lakes and reservoirs (California Water Boards, 2013; 
CRWQCB-SFBR, 2008). Regulatory measures aimed at reducing MeHg in fish tissue are 
being developed in California where over a hundred reservoirs are currently identified as 
Hg impaired (California Water Boards, 2013). While there is regulatory pressure on 
reservoir managers to lower fish tissue MeHg concentrations, many potentially effective 
management strategies are either largely untested, site specific, and/or influenced by 
complex food web dynamics. Dredging and capping has been used for reservoirs with 
extensive Hg contamination (Davis et al., 2012). This approach requires removing the 
contaminated sediment and covering the remaining sediment with clean sand or 
uncontaminated sediment. This process is expensive and has shown mixed results, with 
many cases failing to show substantial improvements in fish tissue Hg concentration 
(Bigham et al., 2016). Another strategy involves the addition of oxygen, nitrate, or metal 
oxides of iron and manganese to raise the reduction-oxidation (redox) potential at the 
sediment water interface (Austin et al., 2016; Beutel et al., 2014; Bigham et al., 2016; 
Mehrotra and Sedlak, 2005; Vlassopoulos et al., 2018). This can potentially decrease 
MeHg concentrations by inhibiting the activity of anaerobic bacteria that methylate Hg 
and thus lowering efflux to the overlying water, and by lowering the bioavailability of Hg 
for methylation via sorption to native and added metal oxides. Although redox 
manipulation has shown promising results in repressing the production and release of 
MeHg from sediments in laboratory and field studies, long-term field trials that 
demonstrate decreases in fish tissue concentrations are lacking. Thus, these novel 
strategies to control redox potential require further investigation (McCord et al., 2016). 
An additional approach to managing MeHg production in aquatic sediment is the use of 
sorbents such as activated carbon or metal oxides to adsorb Hg and MeHg thereby 
limiting their mobility in the environment (Duvil et al., 2018; Ghosh et al., 2011). 

The uncertainty regarding MeHg management strategies in aquatic sediments 
highlights the need for additional research into Hg cycling in lakes and reservoirs. In 
addition to uncertainties in management strategies, much remains unknown about 
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sediment microbiology and MeHg accumulation in water bodies. Previous research has 
generally regarded sulfate-reducing bacteria (SRB) as the dominant methylating 
organisms in sediments, and aerobic bacteria as the dominant demethylating, or MeHg 
degrading, organisms (Ullrich et al., 2001). However, more recent studies using genetic 
sequencing have revealed a much larger cohort of potential methylators (Gilmour et al., 
2013; Podar et al., 2015). In addition, studies using stable isotopes have found that MeHg 
demethylation rates can often exceed Hg methylation rates in reducing environments 
(Korthals and Winfrey, 1987; Kronberg et al., 2018). There are also conflicting studies 
that have shown methanogens to be prominent Hg methylators in some systems but 
demethylators in others, and other studies that have shown SRB to be important 
demethylators in certain environments (Hamelin et al., 2011; Gilmour et al., 2018; Pak 
and Bartha, 1998). The variability in the impact of SRB and methanogens on MeHg 
production and degradation highlights the need for a better understanding of which 
biogeochemical conditions favor methylation and which favor demethylation.  

This study used monthly sediment-water microcosm incubations throughout the 
period of thermal stratification from April to November to assess profundal-zone Hg 
cycling in a sulfate-rich, hypereutrophic reservoir. We added inorganic Hg and carbon 
sources to evaluate how potentially limiting substrates affected MeHg production relative 
to the changing biogeochemical conditions of the profundal sediment-water interface. We 
also used microbial inhibitors to assess how various microbial groups impact MeHg 
production as conditions at the sediment-water interface became more reduced over time. 
In situ sediment and porewater chemistry were used to detail temporal environmental 
characteristics related to Hg cycling in the profundal zone, as well as to characterize the 
sediment at the start of each incubation. This facilitated the assessment of how the 
changing biogeochemical parameters of lake sediment such as redox, electron acceptor 
availability, and sulfide affected MeHg production. A better understanding of 
environmental factors that stimulate or repress both Hg methylation and MeHg 
demethylation will help to inform the development of in situ management strategies 
aimed at reducing MeHg production in the profundal zone. A reduction in net MeHg 
should ultimately result in fish with lower MeHg concentrations and a lower health risk 
to humans and wildlife. 
 
2. Methods 
 
2.1 Study site 
 

Hodges Reservoir is a hypereutrophic reservoir in San Diego, California with a 
maximum capacity of 37 million cubic meters, a maximum depth of 29.1 m, and a 
maximum mean depth of 8.5 m (Figure 3.1). Typically, the reservoir is operated at a 
maximum depth of 20-22 m. The reservoir is owned and operated by the City of San 
Diego and supplies water to the San Dieguito Water District and the Santa Fe Irrigation 
District, while also acting as a backup water supply for the region. Poor water quality in 
Hodges Reservoir makes it an unattractive potable water source from a treatability 
perspective. The reservoir is located within the 64,000-hectare San Dieguito watershed 
and receives agricultural and urban runoff. As a result, the reservoir experiences severely 
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degraded water quality and the accumulation of MeHg in bottom water associated 
summertime anoxia (Beutel et al., 2020; Lee and Biggs, 2015). Although no legacy Hg 
contamination from mining or industrial activity is suspected, some typically larger fish 
have exceeded the proposed California regulatory MeHg target of 0.2 mg/kg wet weight 
for sport fish (J. Pasek, personal correspondence).  

Bottom water anoxia typically begins in April and lasts through November 
(Beutel et al., 2020). Redox potential in the profundal zone progressively drops through 
the late spring, summer, and fall until overturn around November. Over time, bottom 
waters exhibit a progressive increase in concentrations of redox-sensitive species 
including manganese, iron, and sulfide, as well as the key algal nutrients ammonia and 
phosphate. Biogeochemistry is especially influenced by the high sulfate levels in the 
reservoir (~180 mg/L), and sulfate reduction is a dominate microbial process in the 
profundal zone from around June through November. Bottom waters late in the season 
can have > 20 mg/L sulfide (Beutel et al., 2020). MeHg buildup in bottom waters 
typically begins in April, peaks around July, then diminish from August to October 
(Beutel et al., 2020). This observed seasonal pattern of MeHg concentration in bottom 
waters makes Hodges Reservoir a compelling study site due to it apparently high 
potential for MeHg production in the spring and summer, but low potential later in the 
fall. 
 
2.2 Collection of sediment and hypolimnetic water 

 
Profundal sediment and water from the hypolimnion were collected at two deep 

sampling stations at Hodges Reservoir monthly from April through November 2018 
(Figure 3.1). Station A is near the dam and was around 20 m deep. Station B is 2.1 km 
upstream of the dam and was around 15 m deep. This station is impacted by a pumped 
storage system operated by the San Diego County Water Authority that appears to 
enhance vertical mixing in this area of the reservoir (J. Pasek, personal correspondence). 
Sediment samples were collected with an Ekman dredge. The upper 3 cm of sediment 
was then quickly subsampled into an acid washed glass container with no headspace. 
Hypolimnetic bottom water from each station was also collected using a 1.2-L Teflon 
Kemmerer water sampler in a 1-L PTFE bottle. Sediment and bottom water samples were 
kept in the dark and on ice after procurement, and during transport to the laboratory. 
Samples were stored overnight in a dark refrigerator at 4 oC and transferred to an 
anaerobic glovebox containing 95% nitrogen and 5% hydrogen gas the following day. In 
the anaerobic glovebox, sediment samples from each station were thoroughly 
homogenized. After homogenization, half of the collected sediment was used for 
sediment and porewater characterization, while the other half was used for microcosm 
incubations.  
 
2.3 Porewater and sediment chemical analysis 
 

Porewater was extracted from the sediment by centrifuging at 4,000 RPM for 20 
minutes at 4 oC. In an anaerobic glovebox, porewater was analyzed for oxidation-
reduction potential (ORP) using a calibrated Hatch HQ30D multiparameter portable 
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meter. ORP was standardized to the hydrogen electrode as described in APHA (2017). 
Porewater samples were preserved for sulfide analysis with zinc acetate, and for 
dissolved sulfate by filtration through a 0.45 µm nylon filter and frozen at -6 ° C for later 
analysis using standard methods (APHA, 2017). Sulfide (method detection limit [MDL] 
of 0.4 mg/L) was measured by iodometric titration. Sulfate (MDL 0.5 mg/L) was 
measured by ion chromatography. Sediment was also analyzed for amorphous ferric iron 
(Fe(III)a), a poorly crystalline form of iron hydroxide considered to be available for 
microbial reduction. Fe(III)a (MDL 10 mg/kg) was extracted from sediment with 0.5 M 
hydrochloric acid and hydroxylamine then determined spectrophotometrically using 
Ferrozine according to Marvin-DiPasquale et al. (2008). 
 
2.4 Microcosm incubation experiments 
 

From April through early December, triplicate microcosms were assembled 
approximately monthly (8 sampling events total) in an anaerobic glove box. Microcosms 
consisted of 1 g of sediment in 30 ml of bottom water added to 40 mL flat bottomed trace 
metal glass vials. Microcosms had a well-defined sediment-water interface and enough 
water to facilitate subsequent water quality analysis. Vials were spiked with a range of 
experimental treatments intended to manipulate the sediment-water environment and test 
the expected response related to MeHg buildup in water over the 48-hr experimental 
incubation (Table 3.1). In addition to time 0 vials and 48-hr controls (no amendment 
addition), 48-hr treatments included: inorganic Hg, acetate (started in May), pyruvate, 
ambient air, molybdate, pyruvate/molybdate (started in May), 
bromoethanesulfonate (BES), and BES/molybdate (started in early July). Vials were 
incubated in the dark at 15 °C (to mimic profundal conditions) on an orbital shaker at 100 
rpm to allow for modest mixing without disrupting the sediment-water interface. The 
ambient air treatment was incubated with its cap off to facilitate air exchange with the 
atmosphere. Vials were decanted and water was filtered with a 0.45 µm nylon membrane, 
preserved with 0.5% HCl, and refrigerated in the dark for later MeHg analysis.  

MeHg analysis was performed on a MERX automated modular Hg system 
(Brooks Rand Labs, Seattle, WA, USA) using cold vapor atomic fluorescence 
spectroscopy (CVAFS) based on USEPA method 1630 (USEPA 2001) (MDL 0.02 ng/L). 
Strict quality control procedures were followed including calibration blanks (< 50 pg per 
25 ml sample), method blanks (< 1 pg per 25 ml sample), matrix spikes and matrix spike 
duplicates (acceptable recovery range 71-125%), and ongoing precision recovery samples 
(acceptable recovery range 77-123%).  

For each microcosm treatment, a mean normalized MeHg concentration (MeHgn, 
units of ng/L·kg) was calculated as the average of MeHg water concentration (ng/L) 
dividend by the dry mass (kg) of sediment for each set of triplicate incubations. For the 
control incubations (no treatment), control response (CR) was calculated as:  

 

𝐶𝐶𝐶𝐶 =  
[𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑛𝑛]48
[𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑛𝑛]0
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where [CMeHgn]0 is the mean normalized MeHg concentration for 0-hr triplicate vials 
and [CMeHgn]48 is the mean normalized MeHg concentration for 48-hr triplicate controls. 
CR > 1 indicates that dissolved MeHg concentration increased during the incubation 
period, while CR < 1 indicates that dissolved MeHg concentration decreased. Significant 
differences between the 0-hr vials and 48-hr controls were assessed by comparing mean 
normalized MeHg concentrations using a Student’s t-Test (n = 3).  
 

For the treatment incubations, treatment response (TR) was calculated as: 
 

𝑇𝑇𝐶𝐶 =  
[𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑛𝑛]48
[𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑛𝑛]48

 

 
where [TMeHgn]48 is the mean normalized MeHg concentration for triplicate 48-hr 
treatments, and [CMeHgn]48 is the mean normalized MeHg concentrations for 48-hr 
triplicate controls. TR > 1 indicates that dissolved MeHg concentration increased in 
treatment incubations relative to control incubations over the incubation period. TR < 1 
indicates that dissolved MeHg concentration decreased. Significant differences between 
the 48-hr controls and 48-hr treatments were assessed by comparing mean normalized 
MeHg concentrations using a Student’s t-Test (n = 3). For both the CR and TR metrics, 
the conventional value of p < 0.05 was used to signify a statistically significant difference 
between a treatment and the control, while a value of p < 0.10 was designated as nearly 
statistically significant. 
 
 
3. Results 
 
3.1 Porewater and sediment 

 
Profundal sediment was largely anaerobic during the course of this study (Figure 

3.2, Table 3.3). Porewater ORP was similar between station A and B, but always slightly 
lower at station A. Generally, ORP decreased from April to October at both stations 
while the reservoir was stratified (14 to -175 mV at station A, 39 to -71 mV at station B) 
and rose substantially after mixing in November. However, there was an exception with 
an apparent increase in the porewater ORP at both stations in September. Sulfate in the 
porewater of both stations was elevated in April, declined to a minimum concentration in 
July (3.8 mg/L at station A, 6.5 mg/L at station B), and rose slightly afterwards. 
Sediment-extracted Fe(III)a was only present in April, May and November at both 
stations, as well as in September and October at station B. Fe(III)a concentration was 
generally low when it was present (29-191 mg/kg at station A, 30-169 mg/kg at station 
B). Sulfide concentrations in the pore water were moderate in April at both stations, rose 
to a maximum value in July at station A (32.2 mg/L) and June at station B (24.4 mg/L), 
and then generally declined with time until the end of the study. 
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3.2 Control response and treatment response 
 

Incubations from both stations showed a general trend of CRs ~1 or < 1 in April 
and May and significantly high CRs (2-4) from July to August (Figure 3.3, Table 3.3). 
Station A had a significantly low CR in September (0.6) but a significantly high CR in 
October (1.4). In contrast, station B displayed a significantly high CR in September (1.8). 
MeHg buildup in microcosm experiments was particularly elevated in the summer 
months at both stations. 

Treatment responses (TRs) were most affected by the addition of organic carbon 
and BES (Figure3.4, Table 3.4). Addition of inorganic Hg generally had a positive but 
statistically insignificant effect on TRs except in July at station B (1.8). Ambient air 
treatment showed a mixed pattern of TRs, with values < 1 on most dates and a 
significantly low value (0.4) in mid-July at station B. Sulfate concentration did not 
decrease substantially during the 48-hour incubation (data not shown), indicating that 
SRB were suppressed during the ambient air treatment. Pyruvate addition had a dramatic 
effect on TRs at both stations. TRs were significantly high (< 5) at the beginning and end 
of the season, in some cases exceeding 10. But TRs were < 1 in the middle of the season, 
especially in August at both stations (0.2). Acetate addition was always associated with 
TRs > 1 and on 2-3 dates at each station TRs (> 2-4) were statistically significant. 

Molybdate addition generally had TRs < 1 but values were statistically 
insignificant except in mid-July with a significantly low TR (0.4) at station A and a 
nearly significant low TR (0.5) at station B (Figure 3.4). TRs for combined 
pyruvate/molybdate addition generally followed the same trend as molybdate only, but 
with more extreme and statistically significant values. At station A, TRs were low (< 0.4) 
for May through October. At station B there was a statistically significant pattern of low 
TRs (< 0.3) in July/August but significantly high TRs (< 2.6) in September and October. 
Sulfate concentration did not decrease substantially during the 48-hour incubation (data 
not shown), indicating that SRB were suppressed during the molybdate and 
pyruvate/molybdate treatments. 

BES addition, as with pyruvate addition, had one of the clearest effects on TRs of 
all treatments (Figure 3.4). At both stations on all dates, TR was positive and over half of 
TRs were statistically significant with values generally > 2-3 and as high as 9.4. TRs for 
combined BES/molybdate addition were generally > 1 at both stations but not statistically 
significant except for a significantly high TR (2.0) at station A in August. 

 
4. Discussion 
 
4.1 Control responses and sediment quality  
 

Seasonal patterns of CR, a metric that quantified whether the sediment-water 
interface experimental systems accumulated (CR > 1) or lost (CR < 1) dissolved MeHg in 
water over the 48-hour incubation period, appeared to correspond with some sediment 
and porewater characteristics. Of particular importance was porewater ORP, sediment-
extracted Fe(III)a, and porewater sulfate. No trends were observed with porewater 
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sulfide. With regards to ORP, peak CRs (CR > 2) occurred in the summer at both stations 
and corresponded with a narrow ORP range of -100 to -50 mV (Figs. 2 and 3). Above 
and below this ORP, CRs tended to be ~1 or < 1 (Figure 3.5). Previous research has 
demonstrated that moderately reduced conditions, such as those at the oxic-anoxic 
interface, tend to lead to the MeHg buildup, with either elevated redox (e.g., aerobic 
conditions) or low redox (e.g., levels associated with methanogenesis) leading to  lower 
MeHg concentrations comparatively (Duvil et al., 2018; Paranjape and Hall, 2017; 
Ullrich et al., 2001). Our study supports previous research and suggests that moderately 
reduced conditions are most favorable to MeHg production in profundal surficial 
sediment.  

Periods of relatively low CR (~1) in the spring and fall corresponded with the 
presence of Fe(III)a (Figures 3.2 and 3.3). In contrast, elevated CRs (> 2) in the summer 
were associated with no Fe(III)a in profundal sediment (Figure 3.5). These observations 
indicate that the presence of Fe(III)a is an indicator of low potential for MeHg production 
in profundal sediment, likely since it is indicative of elevated redox conditions that do not 
favor SRB. IRB have been shown to outcompete SRB for resources in aquatic sediments, 
thereby reducing levels of sulfate reduction (Lovley, 1987). Although IRB have been 
shown to be prominent methylators in iron-rich sediments (Bravo et al., 2018; Fleming et 
al., 2006), they do not appear so in Hodges Reservoir, likely because high sulfate in 
porewater and low iron in sediment favor SRB. 

At both stations, elevated CRs also corresponded with low sulfate concentrations 
in porewater (Figure 3.5). Sulfate in porewater was above 25 mg/L in April at both 
stations when the CR was ~1, but was typically below ~10 mg/L when CRs were at a 
peak from July through August (Figures 3.2 and 3.3). This paradoxical negative 
correlation between MeHg production and sulfate concentration was also observed in 
wetland sediment by Gilmour et al. (1998), who found that although methylation 
appeared to be mediated by SRB, elevated sulfate concentrations corresponded with 
decreased methylation rates and MeHg concentrations. Altered SRB microbial 
community structure and the associated impact on net methylation is a potential 
explanation for the negative correlation between sulfate concentration and MeHg 
concentration. Lower sulfate concentrations are known to favor “metabolically flexible” 
SRB that can use a range of electron acceptors (Colleran et al., 1995; Plugge et al., 2011). 
These metabolically flexible SRB are often acetogenic and generally grow syntrophicaly 
with other anaerobic bacteria (Plugge et al., 2011), conditions that correspond with 
enhanced MeHg production in aquatic sediment (Yu et al., 2018; Bae et al., 2014). In 
addition to the possibility that net methylation was greater at low sulfate concentration, 
higher sulfate concentrations could have led to enhanced rates of demethylation. Previous 
studies have shown that SRB are MeHg demethylators (Korthals and Winfrey, 1987; Pak 
and Bartha, 1998). In a seasonal study on methylation and demethylation rates in 
profundal lake sediment, Korthals and Winfrey, 1987 observed that temporal methylation 
rates were moderately steady and net methylation was generally driven by demethylation 
rates. These findings suggest that the negative correlation between CRs and porewater 
sulfate may be explained by higher rates of methylation stimulated by syntrophic 
bacterial communities during low sulfate availability and enhanced rates of 
demethylation in environments where sulfate was not limited. 
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4.2 Hg(II) and ambient air treatments 
 
Two factors are required to support microbial MeHg production in aquatic 

sediment: bioavailable inorganic Hg and substrates that stimulate anaerobic microbial 
activity such as organic matter and sulfate (Bigham et al., 2016; Paranjape and Hall, 
2017). We hypothesized that inorganic Hg addition would enhance MeHg buildup in 
microcosm incubations leading to TR > 1. In general, inorganic Hg TRs were > 1, but 
values were only significant in early July at station B (1.8). A lack of a clear 
enhancement of MeHg production after inorganic Hg addition was likely associated with 
high levels of sulfide in porewater which commonly exceeded 30 mg/L (Figure 3.2). 
Gilmour et al. (1998) found that methylation rates were highest in wetland sediment with 
the lowest sulfide levels and observed that the addition of sulfide significantly reduced 
methylation rates. Decreased methylation rates in sulfidic environments may be due to 
the formation of larger or more ordered β-HgS nanocolloids which have lower surface 
area reactivity and lower rates of dissolution (Poulin et al., 2017).  

We also hypothesized that passively aerating microcosm would suppress the 
methylating activity of SRB, which are obligate anaerobes (Colleran et al., 1995), and 
result in TRs < 1. Several studies have documented lower rates of MeHg production in 
aquatic sediment under aerobic versus anaerobic conditions, including in Hodges 
Reservoir (Beutel et al., 2020). In addition, some lake managers and environmental 
regulators are exploring ways to minimize MeHg production and subsequent 
bioaccumulation by managing redox conditions in the profundal zone via aeration/mixing 
(Perron et al., 2014), oxygenation (Beutel et al., 2020, Beutel et al., 2014, McCord et al., 
2016), and nitrate addition (Matthews et al., 2013). However, ambient air treatment 
yielded ambivalent results. Aerated TRs were generally < 1, suggesting suppression of 
MeHg production (Figure 3.4). Maintaining oxic conditions at the sediment-water 
interface may repress MeHg accumulation via several mechanisms including suppression 
of SRB (Ullrich et al., 2001), sorption of MeHg/DOC complexes to native iron oxides 
(Dent et al., 2014, Matthews et al., 2013), and enhanced aerobic microbial demethylation 
of MeHg via the MerA/B detoxification pathway (Boyd and Barkay, 2012). However, 
ambient air TRs in May suggested an enhancement effect (≤ 1.7) at both stations. Oxic 
sediment may be a source of MeHg via enhanced recycling of sulfide back to sulfate, 
which could both stimulate SRB and promote inorganic Hg bioavailability for 
methylation (Paranjape and Hall, 2017). Oxic conditions may also enhance oxidative 
dissolution of labile Hg-sulfide compounds (Duvil et al., 2018), and liberate Hg from 
organic matter during high rates of mineralization associated with transition from anoxic 
to oxic conditions (Hulthe et al., 1998). 
 
4.3 Pyruvate and acetate treatments 
 

Pyruvate is a near universally utilizable carbon source for bacteria that can be 
aerobic Pyruvate is a near universally viable carbon source for bacteria that can be 
aerobically metabolized or anaerobically fermented (Baltscheffsky, 1996). It is also a key 
metabolic intermediate that can be converted into a wide variety of biological compounds 
or oxidized to generate energy (Gray et al., 2013; Muller at al., 2012). This wide 
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metabolic application results in high microbial competition for pyruvate and associated 
enhanced use of favorable electron acceptors (Achtnich et al., 1995). In the context of our 
study, we hypothesized that pyruvate addition under moderately reduced conditions 
would enhance the depletion of intermediate electron acceptors (e.g., nitrate, manganese 
oxides, iron oxides) and open up a niche for SRB, resulting in enhanced MeHg 
production (TR > 1). But under highly reduced conditions, we hypothesized that pyruvate 
addition would lead to the depletion of favorable electron acceptors including sulfate, 
thereby opening a niche for methanogenic bacteria known to demethylate MeHg (Pak and 
Bartha, 1998) and leading to negative net methylation (TR < 1). This hypothesis was 
generally supported by experimental results. When ORP measured in the sediment was 
above around -50 mV, pyruvate TR at both stations was typically > 3 and statistically 
significant (Figure 3.4). In contrast, during the late summer at station A and in August at 
station B, porewater ORP was generally below this threshold and pyruvate TR levels 
were < 1. We also found a weak but statistically significant positive correlation between 
pyruvate TR and porewater ORP (Figure 3.6, R2 = 0.28, n = 16, p = 0.034). This result 
illustrates the linkage between sediment redox conditions and the potential for pyruvate 
to either enhance (at high redox) or suppress (at low redox) MeHg production in 
profundal sediment from the study site through stimulation of different microbial 
populations. Our results are similar to Compeau and Bartha (1985), who showed that 
pyruvate addition to estuarine sediment slurries resulted in a three-fold increase in MeHg 
production. They attributed this observation to the stimulation of Desulfovibrio 
desulfuricans, a model SRB methylator (Gilmour et al., 2013; Hsu-Kim et al., 2013)  

Unlike pyruvate, acetate metabolism is limited to specific cohorts of bacteria and 
high concentrations can inhibit certain microbial species (Pinhal et al., 2019). Acetate can 
be utilized by SRB when sulfate is present, and by acetogens or methanogens when 
sulfate is absent (Colleran et al., 1995; Oude Elferink et al., 1994). SRB capable of 
acetate degradation are generally metabolically flexible and can also grow as acetogens in 
the absence of sulfate (Oude Elferink et al., 1994; Plugge et al., 2011). Acetate-degrading 
SRB are known to methylate Hg at higher rates than SRB that do not degrade acetate 
(King et al., 2000; Ekstrom and Morel, 2008). In this study, acetate addition was 
hypothesized to enhance acetate-degrading SRB activity and yield a TR > 1, and this 
pattern was generally observed in the experimental results (Figure 3.4). Additionally, for 
summer months when Fe(III)a was not present in sediment and SRB were thought to be 
the dominate anaerobes, a correlation between the acetate TR and porewater sulfate 
concentration was observed (Figure 3.7; R2 = 0.56, p = 0.033). This relationship suggests 
that the presence of sulfate and acetate enhanced the activity of acetate-degrading SRB, 
which in turn methylated Hg and yielded elevated acetate TRs. 
 
4.4 Molybdate treatments  
 

SRB are generally considered the dominant Hg methylators in aquatic sediments 
(Bigham et al., 2016; Paranjape and Hall, 2017; Ullrich et al., 2001). Molybdate addition, 
by repressing SRB activity and associated Hg methylation, was hypothesized to lower 
MeHg buildup in microcosm incubations and yield TR values < 1. This was generally 
observed, though TRs were significantly lower only in late July (Figure 3.4). In July and 
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August at both stations, the lowest molybdate TRs, which are indicative of repressed 
SRB methylation, corresponded with peak CRs (Figure 3.3), which are suggestive of high 
MeHg production potential at the sediment-water interface. This observation supports the 
contention that SRB were prominent Hg methylators during the summer of 2018 in 
Hodges sediment. The muted response of the molybdate treatment overall, which in some 
months appeared to stimulate MeHg buildup, though not significantly, may be related to 
the fact that molybdate has been shown to be bacteriostatic (prevents growth and 
metabolism), rather than bactericidal (directly kills the organism) (Isa and Anderson, 
2005; Newport and Nedwell 1988). Thus, in our experimental incubations treated with 
molybdate, metabolically flexible SRB may have remained active and may have 
continued to methylate Hg.  

The pyruvate/molybdate treatment, by suppressing SRB but providing a highly 
bioavailable organic carbon source for microbes, was hypothesized to open a niche for 
MeHg production by IRB. A variety of IRB species carry the genes required for Hg 
methylation and some IRB are efficient methylators in pure culture and in iron-rich 
sediment (Bravo et al., 2018; Kerin et al., 2006; Podar et al., 2015; Si et al., 2015). As 
was observed in the molybdate only treatment, TRs were generally < 1 suggesting SRB 
suppression with no concurrent enhancement of MeHg production by IRB. However, at 
station B there was a shift in pyruvate/molybdate TR from significantly < 1 in August to 
significantly > 1 in September and October (Figure 3.4). In addition, pyruvate/molybdate 
TRs were > 1, although not significantly, in May and December at both stations. These 
dates correspond with higher ORP and the presence of Fe(III)a in profundal sediment 
(Figure 3.2), conditions advantageous to IRB activity. But during these periods, CR 
values which were generally ~1, except for station B in October which was 1.8 (Figure 
3.3), indicating that native sediment had little capacity for MeHg production. 
Collectively, results indicate that IRB were not especially significant methylators except 
perhaps for a brief window in the spring and likely in shallower profundal sediment. 
 
4.5 BES treatments  

 
The BES treatment had one of the clearest, positive MeHg production responses 

of all the treatments, supporting the hypothesis that inhibition of methanogens that 
demethylate will enhance MeHg buildup at the profundal sediment-water interface. BES 
TRs averaged > 2 at station A and > 4 at station B, and over half of the monthly 
incubations had a TR significantly higher than the control. This observation conflicts 
with studies that show decreases in MeHg production in BES-treated sediment and soil 
(Correia and Guimaraes, 2017; Kronberg et al., 2016). Studies have also identified 
methanogens as MeHg sources in pure culture and periphyton biofilm (Gilmour et al., 
2018; Hamelin et al., 2011; Yu et al., 2013). However, other studies have found that BES 
addition to aquatic sediment enhances MeHg production and/or suppresses demethylation 
(Avramescu et al., 2011; Bae et al., 2014; Gilmour et al., 1998; Kronberg et al., 2018). In 
lake sediment, Pak and Batha (1998) found that methanogens were capable of 
demethylation but not methylation, while Korthals and Winfrey (1987) measured 
elevated rates of demethylation in deeper sediment where enhanced methanogenic 
metabolism occurs. In Hodges Reservoir, field studies showed a loss of MeHg from the 
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profundal water column under highly reduced conditions in the late summer, which has 
been attributed, in part, to enhanced demethylation by methanogens (Beutel et al., 2020). 
The conflicting impact of methanogens on MeHg cycling is not surprising considering 
the breadth of this microbial classification and its wide distribution in the environment 
(Mah and Smith, 1981).  

BES/molybdate addition, having suppressed both SRB and methanogen activity, 
was intended to isolate the impact of fermentative, acetogenic, and/or cellulolytic 
organisms which have shown the ability to methylate Hg (Christensen et al., 2016; 
Gilmour et al., 2013; Podar et al., 2015). At both stations, TRs were generally < 1 in 
spring and > 1 in summer and fall, though only one value was significant (Figure 3.4). 
The fact that BES/molybdate TRs were positive as bottom waters became more reduced 
(Figure 3.2) suggests that this cohort of microbes were active in the experimental 
incubations and may be of modest environmental significance in Lake Hodges profundal 
sediment. 
 
5. Conclusions 
 

This study evaluated MeHg cycling at the profundal sediment-water interface of a 
sulfate-rich hypereutrophic reservoir. The study is unique in that it not only tracked 
effects of multiple sediment treatments on MeHg production, but also how these effects 
changed over time as environmental conditions in the profundal zone changed. Our study 
found that the inhibition of SRB, through aeration or molybdate addition, generally led to 
decreased MeHg accumulation in microcosm water. Carbon additions appeared to impact 
MeHg cycling by stimulating different microbial communities. The addition of pyruvate 
led to significant increases in MeHg concentration during moderately-reduced conditions, 
likely by stimulating SRB that methylate Hg. During highly reduced conditions, the 
pyruvate treatment led to significant decreases in MeHg concentration, likely due to 
stimulating the activity of methanogens that demethylate MeHg. Acetate led to increased 
MeHg accumulation in microcosm water, especially during periods of low sulfate in the 
sediment porewater, potentially by stimulating syntrophic and acetogenic SRB that 
methylate at high rates. Inhibition of methanogenesis led to a significant increase in 
MeHg concentration, indicating that methanogenesis suppressed MeHg accumulation in 
microcosm water, likely due to high rates of demethylation.  

Overall, results suggest that net methylation at the sediment-water interface is 
enhanced under moderately reduced conditions associated with SRB activity and 
suppressed under oxic conditions where SRB are not favored or under highly reduced 
conditions where methanogens demethylate at high rates. From a management 
perspective, results suggest that strategies such as lake oxygenation or nitrate addition, 
which poise redox potential at the sediment-water interface above that which favors SRB, 
should suppress MeHg production and efflux from profundal sediment. One concern to 
acknowledge is that insufficient oxygenation of the sediment-water interface could shift 
the profundal zone from highly reduced conditions that favor demethylation to 
moderately reduced conditions that favor MeHg production, thereby accidently 
exacerbating the potential for MeHg bioaccumulation into aquatic biota. Another concern 
is that insufficient oxygen penetration into the profundal sediment, may allow for sulfate 
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reduction to continue just below the interface and MeHg to diffuse into the bottom water. 
Profundal sediment redox management may therefore be a valuable tool for reducing 
MeHg bioaccumulation in the food web if care is taken to ensure moderately reduced 
conditions at the sediment-water interface are fully averted.  
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Figure 3.1 Map of Hodges Reservoir including sampling stations A and B. Contours are 
every 5 m and mapped water surface elevation is 5 m below spill elevation, which is a 
typical scenario for the reservoir. 
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Table 3.1 Chemical treatments and hypothetical impact 

Sample  Treatment Purpose of Treatment Expected Result 

Time 0  No treatment Provides initial 
reference 

 

Control No treatment Provides 48-hour 
reference  

Inorganic 
Hg 3 ng/L HgCl2 

Increase concentration 
of bioavailable 
inorganic Hg 

An increased pool of 
bioavailable Hg will enhance 
MeHg accumulation (TR > 1) 

Ambient 
Air 

Vial open to ambient 
air 

Inhibit anaerobic 
bacteria 

Inhibition of anaerobic bacteria 
that methylate Hg will 
suppress MeHg accumulation 
(TR < 1) 

Pyruvate 100 mM pyruvic acid 

Reduce redox of 
sediment-water 
interface and provide 
labile carbon source for 
all anaerobic bacteria  

Under modestly reduced redox 
will cause a drop in redox that 
favors SRB that methylate Hg 
and enhance MeHg 
accumulation (TR > 1) 
Under highly reduced redox 
will cause a drop in redox that 
favors methanogens that 
demethylate MeHg and 
suppress MeHg accumulation 
(TR < 1) 

Acetate 100 mM acetic acid Provide labile carbon 
source for SRB 

Stimulation of SRB that 
methylate Hg will enhance 
MeHg accumulation (TR > 1) 

Molybdate 20 mM sodium 
molybdate Inhibit SRB 

Inhibition of SRB that 
methylate Hg will suppress 
MeHg accumulation (TR < 1)  

Pyruvate/ 
molybdate 

100 mM pyruvic acid 
and 20 mM sodium 
molybdate 

Provide a labile carbon 
source while inhibiting 
SRB 

Stimulation of IRB activity 
will enhance MeHg 
accumulation (TR > 1) 

BES 30 mM 2-bromoethane 
sulfonate Inhibit methanogens 

Inhibition of methanogens that 
demethylate MeHg will 
suppress MeHg accumulation 
(TR > 1) 

BES/ 
molybdate 

30 mM 2-bromoethane 
sulfonate and 20mM 
sodium molybdate 

Inhibit SRB and 
methanogens 

Stimulation of fermentative, 
acetogenic and/or cellulolytic 
organisms will enhance MeHg 
accumulation (TR > 1) 

Note: SRB = sulfate-reducing bacteria; IRB = iron-reducing bacteria; Hg = mercury; MeHg 
= methylmercury; BES = bromoethanesulfonate  
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Figure 3.2 Temporal patterns of porewater oxidation-reduction potential (ORP), sulfate 
and sulfide, and sediment amorphous ferric iron (Fe(III)a) at Stations A and B.  
 
 

 

Figure 3.3 Temporal patterns of control responses (CR) for microcosm incubation at 
Stations A and B. Values are mean of triplicate incubations collected approximately 
monthly from April through early December. *p < 0.05, ^p < 0.10.
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Figure 3.6 Pyruvate treatment response (TR) versus porewater oxidation-reduction 
potential (ORP) at Stations A and B. Line is linear regression of log of pyruvate TR and 
porewater ORP. 
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Figure 3.7 Acetate treatment response (TR) versus porewater sulfate at Stations A and B. 
Line is linear regression of log of acetate TR and porewater sulfate. Data includes period 
when SRB were dominant methylators as indicated by the absence of extractable 
amorphous ferric iron in surficial sediment. 
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Table 3.2 Hodges reservoir 2018 porewater and sediment quality 

Date 
ORP 
(mV) pH 

Sulfide 
(mg/L) 

Sulfate 
(mg/L) 

Fe(III)a 
(mg/kg) 

Station A 
13-Apr 14 7.2 24.5 25.8 191 
24-May -26 7.1 28.8 18.4 52 
1-Jul -72 7.0 30.6 16.7 9 
18-Jul -81 7.0 32.2 3.8 0 
20-Aug -100 7.0 25.6 11.0 0 
27-Sep -41 6.9 20.8 22.9 0 
21-Oct -175 6.8 23.7 7.4 6 
5-Dec 79 6.9 15.4 23.1 29 

Station B 
13-Apr 39 7.9 17.9 37.3 169 
24-May -20 7.8 22.1 12.5 34 
1-Jul -46 7.1 24.4 11.1 0 
18-Jul -53 6.9 19.2 6.5 0 
20-Aug -64 7.1 11.7 7.5 0 
27-Sep 31 6.9 19.0 19.7 30 
21-Oct -71 7.1 15.9 8.8 44 
5-Dec 217 7.4 9.0 10.2 67 
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Table 3.3 Control microcosm incubation results 

Sample  
Date 

Time Zero 
MeHg (ng/L·kg) 

48-Hr Control  
MeHg (ng/L·kg) 

Control  
Response 

Station A 
13-Apr 65 ± 2.7 74 ± 3.1 1.1 
24-May 34 ± 4.3 24 ± 2.9 0.71^ 
1-Jul 14 ± 1.0 49 ± 7.0 3.5* 
18-Jul 31 ± 4.0 110 ± 5.5 3.5* 
20-Aug 34 ± 5.4 86 ± 14 2.5* 
27-Sep 84 ± 2.7 48 ± 3.5 0.57* 
21-Oct 49 ± 6.5 68 ± 6.0 1.4* 

5-Dec 47 ± 1.4 54 ± 2.8 1.1 
Station B 

13-Apr 71 ± 3.70 67 ± 6.9 0.94 
24-May 24 ± 3.7 21 ± 1.8 0.87 
1-Jul 25 ± 2.6 35 ± 4.6 1.4 
18-Jul 20 ± 1.9 75 ± 1.3 3.7* 

20-Aug 45 ± 8.4 110 ± 10 2.4* 

27-Sep 26 ± 2.2 47 ± 2.6 1.8* 

21-Oct 21 ± 3.2 24 ± 3.6 1.1 
5-Dec 28 ± 5.2 37 ± 3.4 1.3 

MeHg values are average plus/minus standard error of triplicate incubations 
*Control MeHg significantly different from time zero MeHg at p < 0.05 
^Control MeHg nearly significantly different from time zero MeHg at p < 0.10 
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Appendix 1 
 

Supporting Information for the Economic analysis and life cycle 
assessment of hypolimnetic oxygenation of Upper San Leandro 

Reservoir 
 

Table A1 List of variables used in the life cycle assessment 

Input variables Units Description 

Mass_Stainless_Steel kg Mass of stainless steel used to produce 
LOX storage system 

Distance_Stainless_China km Distance from the stainless-steel source to 
the port of Shanghai 

Distance_Stainless_Ocean km Distance from the port of Shanghai to port 
of San Francisco 

Distance_Stainless_US km Distance from port of San Francisco to 
LOX manufacturer 

Distance_LOX_US km Distance from LOX manufacturer to USL 
reservoir 

Electricity_LOX_manufact kWh Electricity to weld steel for LOX 
HOS_Oxygen_Requirement kg/d Daily HOS oxygen use 

Distance_Oxygen_USL km Distance from oxygen supplier to USL 
reservoir 

LOX_install_time hr Time required to install LOX with crane 

Mass_Galvanized_Steel kg Mass of galvanized steel used to create 
security fence 

Distance_Galvanized_China km Distance from the galvanized steel source 
to the port of Shanghai 

Distance_Galvanized_Ocean km Distance from the port of Shanghai to port 
of San Francisco 

Distance_Galvanized_US km Distance from port of San Francisco to 
chain link fence manufacturer 

Steel_Cable_Mass kg Mass of steel cables used in HOS 

Steel_Cable_US km Distance from steel cable producer to USL 
reservoir 

Mass_HDPE kg Mass of HDPE used in HOS 
Recycled_HDPE_used - Fraction of recycled HDPE used in HOS 

Distance_HDPE_US km Distance from HDPE producer to USL 
reservoir 

Mass_Porous_Hose kg Mass of porous hose used in HOS 



91 
 

Distance_Porous_Hose_US km Distance from Porous Hose producer to 
USL reservoir 

Replacement_Schedule yr Frequency of porous hose replacement 
Mass_Concrete kg Mass of concrete used in HOS 

Fraction_Steel_Recycled - Fraction of all steel recycled at end of HOS 
lifetime 

Fraction_HDPE_Recycled - Fraction of HDPE recycled at end of HOS 
lifetime 

Distance_Recycle km Distance from USL reservoir to recycling 
center 

Distance_Landfill km Distance from USL reservoir to landfill 
Mass_Barge kg Mass of the barge used to install the HOS 

Distance_Barge_Transport km Distance from barge owner to USL 
reservoir 

Distance_Barge_Operation km Distance covered by barge at USL reservoir 
Diver_Time_Required hr Time required for divers to install HOS 
Distance_Oxygen_USLWTP km Distance from oxygen supplier to USLWTP 
Ozone_Requirement kg/MG Requirement of ozone for water treatment 

Electricity_Produce_Ozone kWh/kg Electricity required to produce ozone from 
oxygen 

H2O2_Requirement gal/MG Requirement of hydrogen peroxide for 
water treatment 

Distance_H2O2_US km Distance from hydrogen peroxide producer 
to USLWTP 

Distance_NaCl_USLWTP km Distance from NaCl supplier to USLWTP 

Chlorine_Requirement kg/MG Requirement of chlorine for water 
treatment 

Electricity_Produce_Cl2 kWh/kg Electricity required to produce chlorine gas 
from NaCl 

Treatment_Volume MG/d Daily potable water production at 
USLWTP 

Annual_Operation d/yr Annual operation of the HOS 
Reservoir_Area km2 Surface area of USL reservoir 

 

  



92 
 

1. LCA construction, installation, and maintenance parameters and 
assumptions 
 

The masses of raw materials used in the HOS initial construction and 2012 expansion as 
well as the oxygen required for the HOS were often provided in units of pounds (lbs) or 
tons (2,000 lbs) which were converted into kilograms (kg) for use in the LCA model. It 
was assumed that bulk quantities of HDPE, steel cable, chain link fencing, and porous 
hose were obtained from the largest regional suppliers. All transportation distances used 
in the LCA were calculated in km using google maps, with the shortest distance used as 
the minimum value parameter, the longest suggested distance used as the maximum value 
parameter, and the recommended route used as the baseline value parameter. Emissions 
attributed to transportation by medium or heavy truck were obtained from the U.S. EPA’s 
“Inventory of U.S. greenhouse gas emissions and sinks: 1990 – 2010” report (Hockstad 
and Cook, 2012), emissions related to electricity were obtained from the U.S. EPA Office 
of Atmospheric Programs “2018 Emissions & Generation Resource Integrated Database”. 
All other material or process attributed emissions were obtained through the National 
Renewable Energy Laboratory U.S. Life cycle inventory database (2008).   
 
1.1 Steel use 
 
The stainless steel required for the HOS was based on the requirement of stainless steel to 
produce the liquid oxygen storage tank (LOX). The stainless steel used in the production 
of the LOX system was assumed to have been obtained from the Chinese company 
Anshan Iron and Steel, one of the largest steel manufacturers in the world (Byrd, 1992). 
This long-range transportation assumption was made in order to prevent a potentially 
significant underestimation of the total impact of stainless-steel use for the HOS. It was 
assumed that the stainless steel was transported by freight train to the port of Shanghai 
and then transport by cargo ship to the port of San Francisco. Air Liquide was the 
producer and supplier of the LOX which has a 6,000-gallon capacity (Mobley, 2003). 
The closest Air Liquide corporate location is in Pittsburg, CA and it was assumed that the 
stainless-steel was transported from the Port of San Francisco to Pittsburg, CA  by a 
heavy truck. It was assumed that the LOX was manufactured at the Air Liquide location 
in Pittsburg by gas welding, which is more energy intensive than arc welding, but results 
in a higher quality final product which would be required for the LOX storage system. 
The baseline parameter value assumption is that it required 10 hours of gas welding to 
produce the final LOX storage tank, while 5 hours was used as the minimum parameter 
value and 40 hours was used as the maximum parameter value. After being 
manufactured, the LOX system was assumed to have been transported by a heavy truck 
to USL where it was installed with a crane. The baseline parameter value assumption is 
that it required 2 hours of total crane use to position the LOX, while 0.5 hours of crane 
use was used as the minimum parameter value and 4 hours was used as the maximum 
parameter value. It appears as if the LOX was a custom ordered horizontal tank for bulk 
storage, of which specifications were not available. Therefore, the weight was assumed to 
be the same as the closest commercially available model, the Chart VS-DSS series 6,010-
gallon tank which weighs 21,900 lbs (Chart Inc., 2019). This value was used for the 
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baseline parameter value for the stainless-steel requirement, while 50% of that value was 
used for the minimum parameter value and 200% of that value was used for the 
maximum parameter value. Galvanized steel was required for production of the security 
chain link fence that surrounds the LOX system (Mobley, 2003). It was also assumed that 
the galvanized steel was obtained from the Anshan Iron and Steel company and 
transported along the same route as stainless steel until reaching the port of San 
Francisco. After reaching the San Francisco port, it was assumed that the galvanized steel 
was transported to Steel & Fence Supply in San Jose to produce chain link fencing 
material and then transported to USL after production. The amount of galvanized steel 
required for the chain link fence was estimated based on a photograph of the system and 
the known 16 ft long, 8 ft diameter size of the LOX. The baseline assumption was that 
100 ft2 of 6 ft tall, 10 gauge, 2” diamond mesh fencing was required, with a minimum 
assumption of 75 ft2 of 6 ft tall, 11 gauge, 2” diamond mesh fencing and a maximum 
assumption of 150 ft2 of 6 ft tall 9 gauge, 2” diamond mesh fencing. The density of the 
fencing in the calculation of galvanized fencing used was 3.5 lbs/ft2 for 6 ft tall, 10 gauge 
fencing; 4.2 lbs/ft2 for 6 ft tall, 9 gauge fencing; and 2.75 lbs/sq ft for 6 ft tall, 11 gauge 
fencing (Galvanized Chain Link Fence Fabric (GBW), 2020). Including the initial 
installation and the 2012 expansion, 940 approximately one ft long, 3/4” steel cables 
were required to secure the HOS delivery system to concrete anchors stationed in the 
hypolimnion of USL (Mobley, M., personal communication, September 10, 2019). The 
total mass of cable required assumed 1,000 ft of cable at a density of 1.04 lbs/ft (Wire Co 
World Group, 2012). The steel cable emissions source used in the LCA was cradle to 
gate for US production and the cable was assumed to have been produced, obtained, and 
transport from Western Steel & Wire located in San Francisco.  
 
1.2 HDPE use 
 
The total mass of HDPE required for the initial HOS installation and the expansion was 
determined based the length of pipe required and the standard dimension ratio (SDR) of 
the pipe used. This information was provided by the lead project engineer for the project 
(Mobley, M., personal communication, September 10, 2019). The amount of HDPE pipe 
required was 14,000 ft of 2” SDR 11 HDPE pipe at 0.64 lbs/ft; 21,500 feet of 3” SDR 11 
HDPE pipe at 1.39 lbs/ft; 2,000 ft of 3” SDR 17 HDPE pipe at 0.94 lbs/ft; and 9,500 ft of 
4” SDR 21 at 1.27 lbs/ft. The fraction of recycled HDPE used was unknown and the 
baseline parameter assumption was set to 0.5, with the minimum value parameter set as 0 
and the maximum value parameter set to 1.0. It was assumed that HDPE was produced at 
and transported from P & F Distributors in Brisbane, CA. 
 
1.3 Concrete use 
 
The mass of concrete used was 48,000 lbs in the initial installation and 86,400 lbs in the 
2012 expansion, making the total concrete requirement to 134,400 lbs. This information 
was provided by the lead project engineer for the project (Mobley, M., personal 
communication, September 10, 2019). It was assumed that concrete was obtained and 
transported from Central Concrete Supply in Oakland, CA. 
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1.4 Porous hose use and replacement 
 
Approximately 23,200 ft of 1” diameter porous hose was required in total for the initial 
HOS installation and the expansion. The porous hose has an expected lifetime of 10-15 
years. This information was provided by the lead project engineer for the project 
(Mobley, M., personal communication, September 10, 2019). A baseline expectation is 
that the porous hose will be replaced every 12 years, with the minimum maintenance 
schedule parameter set to 10 years and the maximum maintenance schedule parameter set 
to 15 years. The porous hose was assumed to have a standard weight of 0.2 lbs/ft, 
resulting in a total weight of 4,640 lbs required for the initial installation and each 
subsequent replacement. It was assumed that the porous hose had been and will be 
obtained and transported from Ewing Irrigation & Landscape Supply in Pacheco, CA. 
 
1.5 Installation Requirements 
 
The entire HOS spans a distance of 4.4 miles and is comprises of 10 ft sections of HDPE 
pipe and porous hose with cables that attach to a concrete achor. It was assumed that a 
barge was used to transport the concrete blocks and 10 ft sections of the HOS to each 
section of the reservoir during installation and divers were used to position the HOS and 
deliver the 10 ft sections. The emissions related to the use of the barge for the HOS 
installation were determined by the distance traveled and assumed for an average fuel 
mix. The distance traveled by the barge was assumed to be a minimum of 8.8 miles per 
trip, the distance from the dock to the end of the HOS and back to the dock. The baseline 
and maximum scenarios assumed that the pathlength was not perfectly straight, that 
additional navigation was required during the installation. Under this assumption, the 
baseline parameter distance per trip was set as equal to three times the length of the HOS 
(13.2 miles) and the maximum scenario set this distance to four times the length of the 
HOS (17.6 miles). There was an initial installation and an expansion in 2012, so the total 
distance covered by the barge was doubled for the total distance each scenario. The barge 
used was assumed to have been a Trig Lind or similar sized barge, with a gross weight of 
122 tons and  provided by Lind Marine in Vallejo, CA. The Trig Lind has a gross mass of 
122 tons which was used as the baseline parameter value for the mass of the barge, while 
50% of that mass was used for the minimum parameter value and 200% of the mass was 
used for the maximum parameter value. The transportation distance required to deliver 
the barge to USL for use was set to four times the distance from Lind Marine to USL to 
account for the return after use and a second use for the 2012 expansion. Emissions due 
to the use of scuba divers was assumed based on the amount of energy required to 
produce the compressed air needed for the total diving time. Divers typically require 1.5 
L of air per minute while diving (Wilmshurst, 1998). Approximately 352 ft3 of 
compressed air can be produced per kWh (Marshall, 2013). The total dive time required 
for installation and expansion was estimated to be 100 hours for the baseline, with 25 
hours serving as the minimum scenario and 200 hours serving as the maximum scenario. 
Under these assumptions and using a conversion factor of 28.32 L per ft3, the minimum 
parameter value for the electricity required to produce the compressed air was set to 0.22 
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kWh, the baseline parameter was set to 0.90 kWh, and the maximum parameter value 
was set to 1.80 kWh.  
 
1.6 Landfilling and Recycling 
 
The HOS is still currently in use so the fraction of material that will be recycled is 
unknown. It was assumed that the porous hose will not be recycled because it has a 
certain usable lifetime. For HDPE, 0 was assumed to be the minimum parameter value, 
0.5 was assumed for the baseline parameter value and 1.0 was assumed for the maximum 
parameter value. Steel is more likely to be recycled so 0.25 was assumed to be the 
minimum parameter value, 0.75 was assumed for the baseline parameter value and 1.0 
was assumed for the maximum parameter value. Landfilling and recycling values for 
HDPE material could not be obtained from the source used for HDPE production related 
emissions. The landfilling and recycling values for HDPE were calculated based on a 
similar material, PVC. The ratio of the emissions per kg of PVC produced to the decrease 
in emissions per kg of PVC recycled and the ratio of emissions per kg of PVC produced 
to kg of PVC landfilled was calculated. These ratios were used to back calculate the 
assumed values of emissions per kg of HDPE landfilled or emission decreases per kg of 
HDPE recycled based on the emissions per kg of HDPE produced. All material not 
recycled was assumed to be landfilled at the end of the HOS lifetime. 
 
2. Operational parameters and assumptions 
 
2.1 Operation lifetime 
 
The HOS and LOX system has an expected lifetime of between 50-100 years with an 
average expectation of 60 years (Mobley, M., personal communication, September 10, 
2019). In order to produce comparable results, the normal scenario and the HOS scenario 
were assigned the same model timeframe. For each scenario, the baseline parameter value 
was set to 60 years, the minimum parameter value was set to 50 years and the maximum 
parameter value was set to 100 years. 
 
2.2 Annual operation period 
 
Hypolimnetic oxygenation in reservoirs typically only provides a substantial benefit 
during the period of thermal stratification. Therefore, HOS are not generally operated 
after fall turnover or before the onset of spring thermal stratification (Beutel and Horne, 
1999). During the first year of use, the HOS was operated for a period of 173 days (Jung, 
2003). This period was assumed to be representative of an average annual use and 173 
days per year was used as the baseline parameter value for the annual HOS operational 
period. The annual length of thermal stratification could be moderately variable based on 
temperature regime, but over a longer period of time the average yearly operation should 
remain moderately close to this baseline value. Due to the lack of yearly HOS operational 
data, the range was assumed to be 20 days above and below the baseline, with the 
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minimum parameter value set to 153 days of operation and the maximum parameter 
value set to 193 days of operation.  
 
3. Treatment Operations 
 
3.1 Daily potable water production 
 
The average production of potable water by the USLWTP was 19.9 million gallons per 
day (MGD) for the three years prior to the HOS installation and this was generally in line 
with the historical production capacity (Jung, 2003). The treatment capacity was 
previously restricted to 30 MGD before the HOS installation in order to increase the 
residence time and allow for enhanced disinfection. The average daily potable water 
production was approximately 23 MGD for the year following the installation of the 
HOS. Based on this information, it was assumed that 23 MGD would be the baseline 
parameter value for the potable water production rate, 19.9 MGD would be the minimum 
parameter value for the potable production rate, and 30 MGD would be the maximum 
parameter value for the potable production rate for the HOS scenario. For the normal 
scenario, it was assumed that the baseline potable production rate would be 19.9 MGD. 
The maximum and minimum production rates were assumed to be proportional to the  
difference between the baseline value and the minimum and maximum parameter values 
for the HOS scenario (86.5% of the baseline for the minimum value and 130% of the 
baseline value for the maximum value). Therefore, the minimum parameter value for the 
normal scenario potable water production rate was assumed to be 17.2 MGD and the 
maximum parameter value for the potable production rate was assumed to be 25.9 MGD. 
These daily potable water production parameter values were used in conjunction with the 
chemical and electrical requirements for reservoir water treatment operations in order to 
determine the overall chemical and electrical demands for potable water production in 
each scenario.  
 
3.2 Ozone treatment 
 
Ozone is produced on-site at USLWTP using pure liquid oxygen and an electrical current 
(Luong, 2017). A 10% weight for weight conversion of liquid oxygen to ozone and an 
energy requirement of 11.3 kWh per kg ozone produced was found at another San 
Francisco bay area water treatment plant using a pure oxygen feed ozone generation 
system with a similar treatment capacity to that of USLWTP (Goel and Salveson, 2012). 
Therefore, this LCA assumed that 1 kg of on-site ozone generation required 10 kg of 
liquid oxygen and 11.3 kWh in each scenario. USLWTP operational data showed a pre-
HOS ozone requirement of 5 mg/L for treatment and that this demand was reduced by 
45% to 2.75 mg/L after HOS implementation (Jung, 2003). The 5 mg/L pre-HOS ozone 
requirement was used as the baseline parameter value in the normal scenario and the 2.75 
mg/L post-HOS ozone requirement was used as the baseline parameter value in the HOS 
scenario. Due to the lack of historical ozone use data, an assumption was made that the 
minimum parameter value would be equal to 75% of the baseline parameter value and the 
maximum parameter value would be equal to 125% of the baseline parameter value in 
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each respective scenario (3.57-6.25 mg/L for the normal scenario, 2.06-3.43 mg/L for the 
HOS scenario). It was assumed that pure oxygen for ozone production was obtained and 
transported from Air Gas in Hayward, CA. 
 
3.3 Hydrogen peroxide treatment 
 
The elimination of the hydrogen peroxide feed system due to the HOS operation resulted 
in a cost savings of $12 per MG (Jung, 2003; Mobley, 2003). This amounts to a reduction 
of 1.55 gallons per MG assuming a standard rate of $425 per 55-gallon drum and this 
volumetric reduction in hydrogen peroxide use will be used as the baseline value 
parameter in the normal scenario. Is it unlikely that hydrogen peroxide treatment will be 
reimplemented while the HOS is operated, but it is possible that the future demand of 
hydrogen peroxide would have been different, based on future reservoir water quality 
under anaerobic conditions. Due to the lack of historical data, the minimum value 
parameter for hydrogen peroxide use under the normal scenario was assumed to be 75% 
of the baseline parameter value (1.16 gallons per MG) and the maximum value parameter 
was assumed to be 125% of the baseline parameter value (1.88 gallons per MG). It was 
assumed that hydrogen peroxide was obtained and transported from Ravago Chemicals in 
Walnut Creek, CA in the normal scenario. 
 
3.4 Chlorine treatment 
 
Electrochlorination is a popular method for producing on-site at water treatment plants 
because it is cost effective, operational equipment is moderately simple, and it only 
requires sodium chloride (NaCl) and electricity, reducing the need for transportation of 
hazardous chemicals (Pulido, 2005). It was assumed that the USLWTP utilizes on-site 
electrochlorination for chlorine production and this process generally requires a NaCl 
consumption to chlorine equivalent production rate of 3:1 (Hanley et al., 2011; Novak et 
al., 2011). In each LCA scenario, the assumption was made that 3 kg of NaCl was 
required for every 1 kg chlorine equivalent required by each scenario’s chlorination 
treatment process. Electrochlorination power consumption can vary depending on the 
system efficiency, the concentration of the salt solution, the current density, and the flow 
rate. Hanley et al., 2011 found electrochlorination to be in the range of 4.8-5.5 kWh per 
kg chlorine equivalent while Novak et al., 2011 found it to be approximately 4.4 kWh per 
kg chlorine equivalent. Taking this data into account, 4.8 kWh/kg chlorine was chosen as 
the baseline parameter value electricity requirement for chlorine generation, 4.4 kWh/kg 
chlorine was set to the minimum parameter value and 5.5 kWh/kg chlorine was set as the 
maximum parameter value. USLWTP data showed that the demand for chlorine was 
reduced from 13.9 mg/L before the HOS implementation to 11.4 mg/L after the HOS 
implementation and these will be used as baseline parameter values in the respective 
normal and HOS scenarios. There is also a lack of historical chlorine use data so the 
maximum parameter value of chlorine use for the HOS scenario will be set to the 
baseline parameter value for the normal scenario (13.9 mg/L) and the minimum 
parameter value of chlorine use will be set to 75% of the baseline parameter value (8.55 
mg/L). A similar, 75% baseline minimum and 125% maximum parameter value range 
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was assumed for the normal scenario (10.4 – 17.4 mg/L). It was assumed that the salt 
required for chlorine production was obtained and transported from Leslie Salt, one of the 
largest salt producers in California, located in Newark, CA. 
 
4. Reservoir Management Activities 
 
4.1 Methane Reservoir Emissions 
 
Methane emissions for the normal scenario were assumed based a diffusive flux equation 
derived from the study of 53 seasonally anoxic lakes and reservoirs (Bastviken et al., 
2004) according to the following formula: 
 

Log(Methane Diffusive Flux) = 0.234 + 0.927log(Reservoir Surface Area) 
 

where the methane diffusive flux is g C/yr and reservoir surface area is in km2 

 
The global warming potential of methane was modeled to be 23 times that of carbon 
dioxide based on the findings from the IPCC third assessment report (Houghton et al., 
2001). The surface area of USL was stated to be approximately 620 acres (2.51 km2) in a 
recent article on the HOS in USL (Moore et al., 2015) and the surface area was stated as 
3.19 km2 in a USGS report from 1974 (Britton et al., 1974). A baseline parameter value 
of the more recent surface area (2.51 km2) will be assumed for a more conservative and 
realistic approach to modern reservoir methane emissions. A minimum parameter value 
of 10% smaller than the baseline value (2.26 km2) and a maximum reservoir surface area 
of 10% larger than that stated in the 1974 USGS report (3.51 km2) was assumed for the 
range of surface areas used to estimate the reservoir methane emissions in the normal 
scenario. Methane emissions were assumed to be negligible under oxygenated conditions 
in the reservoir modeled in the HOS scenario. 
 
4.2 HOS oxygen use 
 
The HOS initially required a constant supply of 8 tons per day of oxygen due to the large 
amount of organic matter that had built up through years of eutrophic conditions and the 
slow initial spread of oxygen through the reservoir. Operations were optimized to “pulse 
feed” where the HOS was only periodically operated and after 3-4 months, the HOS 
demand had greatly reduced and stabilized at approximately 1.6 tons of oxygen per day 
while still maintaining an oxic hypolimnion (Jung, 2003). Including the large initial 
requirement of oxygen, the total first year oxygen use was 550 tons. Therefore, 550 tons 
of oxygen was used as a fixed parameter for initial oxygen use for the first year of 
operations in the HOS scenario. Afterwards, 1.6 tons of oxygen per day was assumed as 
the baseline parameter value for HOS operations as this appears to be the most likely 
long-term rate of HOS oxygen use. There is the possibility that enhanced mixing due to 
the delivery of oxygen near the sediment-water interface could lead to an increased 
sediment oxygen demand over time. Beutel, 2003 demonstrated that USL sediment 
oxygen demand was enhanced by approximately 25% under moderately mixed conditions 
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compared with unmixed conditions in a  laboratory chamber mesocosm study. However, 
Ganzter et al., 2009 observed an approximately 50% decrease in the average overall 
oxygen demand over a 5 year period following hypolimnetic oxygenation in two 
reservoirs and concluded the decrease was likely due to the enhanced mineralization of 
organic matter from previous years which lowered the total mass of organic matter 
available for microbial respiration. Based on the findings from the Beutel, 2003 study, a 2 
ton per day HOS oxygen requirement (25% increase from the baseline value) was used 
for the maximum parameter value and the a 0.8 ton per day HOS oxygen requirement 
was used as the minimum parameter value taking into account the 50% decrease in 
oxygen demand observed by Gantzer et al., 2009.  
 
4.3 Potential benefits that were not quantified 
 
The treatment benefits associated with the HOS system likely extend beyond that of the 
reduction in chlorine, ozone, and hydrogen peroxide use. After the implementation of the 
HOS, there was an observed reduction in cyanobacteria derived taste and odor (T&O) 
compounds such as geosmin and the production of disinfection biproducts (DBPs) like 
trihalomethanes. USLWTP uses activated carbon filtration to manage T&O and DBP 
levels, so a reduction likely enhanced the lifetime of the activated carbon media, leading 
to additional cost savings and GHG reductions associated with the production of the 
carbon media. The reduction in manganese in the reservoir source water may have lead to 
lower filter fouling frequency. This would likely increase the overall lifetime of the filters 
and led to reduced backflushing. Although the HOS implementation appeared to result in 
a slightly increased need for alum coagulant, it also resulted in a significant reduction in 
polymer requirement for coagulation. Overall, there appear to be additional benefits of 
the HOS that could potentially enhance the economic feasibility and sustainability of the 
system implementation in USL. However, the lack of numerical data regarding activated 
carbon use, filter maintenance, or coagulant/polymer use makes the quantification 
impossible and this change was not included in the LCA or economic analysis.  
 
5. Economic Variable and Assumptions 

 
For the economic analysis of the HOS at USL, a total of three scenarios were considered: 
a baseline scenario, a minimum benefit scenario, and a maximum benefit scenario. 
Construction costs for the initial installation and the expansion were known and therefore 
they remained fixed in all three economic scenarios. The baseline economic analysis 
scenario utilized the same baseline HOS lifetime, HOS annual operational period, 
treatment parameters, HOS oxygen use, and maintenance schedule as the baseline LCA 
scenarios. The normal operations were held constant for the maximum and minimum 
benefit economic scenarios while the HOS operations were altered, except for hydrogen 
peroxide use which is detailed below. The minimum benefit economic analysis scenario 
utilized the minimum lifetime of the HOS, the minimum HOS annual operational period, 
the minimum reduction in chemical use for treatability that could be expected, the 
maximum use of oxygen for HOS operations, and the most frequent and most expensive 
maintenance assumption. The maximum benefit economic analysis scenario utilized the 
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maximum lifetime of the HOS, the maximum HOS annual operational period, the 
maximum reduction in chemical use for treatability that could be expected, the minimum 
use of oxygen for HOS operations, and the least frequent and least expensive 
maintenance assumption. 
 
 
5.1 Construction and maintenance costs  
 
The construction cost for the 2002 initial HOS installation was $512,000 and the cost for 
the 2012 expansion was $520,000. The costs included materials and labor so no 
additional calculations were required. Maintenance costs were only expected to be 
attributed to the replacement of porous hose every 10-15 years. This information was 
provided by the lead project engineer for the project (Mobley, M., personal 
communication, September 10, 2019). The porous hose was assumed to cost $0.68/ft and 
the cost of labor to replace the porous hose was assumed to be $1/ft for the baseline 
scenario, $0.50 for the maximum benefit scenario, and $2/ft for the minimum benefit 
scenario.  
 
5.2 Treatment operational savings 
 
For the baseline economic analysis scenario, it was known that the first year of HOS 
operations resulted in a total cost savings (including electricity) of $15/MG in the 
reduction in ozone use, $12/MG due to the elimination of hydrogen peroxide use, and 
$3/MG in the reduction in chlorine use, based on the chemical usage for the three years 
prior to the HOS operation in USL (Jung, 2003; Mobley, 2003). Using this data, the 
savings per mg/L reduction for ozone and chlorine and gallon/MG reduction for 
hydrogen peroxide was calculated for use in the minimum and maximum benefit 
scenarios. The volumetric savings for ozone use reduction was found to be $15/(5 mg/L – 
2.75 mg/L) or $6.67 per mg/L. For the minimum benefit scenario, this amounted to a 
total savings of $10.47/MG for ozone use reduction using the maximum value parameter 
in the LCA HOS scenario (3.43 mg/L) and the normal scenario baseline value parameter 
(5 mg/L). For the maximum benefit scenario, this amounted to a total savings of 
$19.60/MG for ozone use reduction using the minimum value parameter in the LCA HOS 
scenario (2.06 mg/L) and the normal scenario baseline value parameter (5 mg/L). The 
volumetric savings for hydrogen peroxide use reduction was found to be $12/MG for a 
1.55 gal/MG reduction or $7.74 per gal/MG. The benefit from reducing hydrogen 
peroxide use was calculated using a different method because the same assumption was 
made as in LCA model, that hydrogen peroxide will not be reimplemented in the HOS 
scenario, but the usage will be varied under the normal operational scenario. Therefore, 
the HOS usage remained fixed at 0 gal/MG and the minimum benefit scenario used the 
minimum value parameter for the normal scenario while the maximum benefit scenario 
used the maximum value parameter for the normal scenario. For the minimum benefit 
scenario, this amounted to a total savings of $8.98/MG for hydrogen peroxide elimination 
using the minimum value parameter for the normal scenario (1.16 gal/MG). For the 
maximum benefit scenario, this amount to a total saving of $14.55/MG for hydrogen 
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peroxide elimination using the maximum value parameter for the normal scenario (1.88 
gal/MG). The volumetric savings for chlorine use reduction was found to be $3/(13.9 
mg/L – 11.4 mg/L) or $1.20 per mg/L. For the minimum benefit scenario, this amounted 
to no net benefit for chlorine treatment using the maximum value parameter in the LCA 
HOS scenario (13.9 mg/L) and the normal scenario baseline value parameter (13.9 
mg/L). For the maximum benefit scenario, this amounted to a total savings of $6.42/MG 
for chlorine use reduction using to the minimum value parameter in the LCA HOS 
scenario (8.55 mg/L) and the normal scenario baseline value parameter (13.9 mg/L). 

 
5.3 HOS oxygen costs 
 
The cost of oxygen used in the economic analysis was based on the cost of oxygen from 
the first year of operations which was $101 (Jung, 2003). The use of oxygen followed the 
same assumptions as the LCA HOS scenario. The LCA HOS scenario baseline parameter 
value was of 1.6 tons per day was used for the baseline economic analysis scenario. The 
LCA HOS scenario minimum parameter value of 0.8 tons per day was used for the 
maximum benefit scenario in the economic analysis and the LCA HOS scenario 
maximum parameter value of 2.0 tons per day was used as the minimum benefit scenario 
for the economic analysis. This amounted to a cost of $162/day for the baseline scenario, 
$202/day for the minimum benefit scenario, and $80.80/day for the maximum benefit 
scenario. 
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