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ABSTRACT 

The historic gold rush era and atmospheric deposition in California have 

led to mercury (Hg) contamination in surface waters. The organic form of Hg, 

methylmercury (MeHg), bioaccumulates in the food chain and poses a negative 

health effect for wildlife and humans consuming contaminated fish, seafood, and 

rice. Controlling MeHg production is challenging due to its dependency on 

multiple site-specific and interrelated environmental conditions. In this 

dissertation, I examined the factors contributing to MeHg production, the 

methylation window, in two aquatic environments: Hodges Reservoir (a lake-like 

environment), and Cache Creek Settling Basin, CCSB (a wetland-like 

environment). Additionally, I explored two mercury remediation techniques, a 

hypolimnetic oxygenation system (HOS) and coagulation with metal-based salts. 

In Hodges Reservoir, a hypereutrophic sulfate-rich water supply reservoir located 

in San Diego, CA, field monitoring revealed that before oxygenation, winter 

precipitation and changes in hypolimnion volume mechanistically affected the 

biogeochemistry processes of the reservoir, especially the Hg cycle (Chapter 1). 

During wet years, a spring methylation window opened as precipitation provided 

additional mass of oxygen due to a larger hypolimnion. This maintained mildly 

reduced conditions that enhanced Hg methylation in bottom waters. But during dry 

years, the methylation window closed earlier in the season because of the 
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development of highly reduced conditions favoring demethylation relative to 

methylation, and due to the buildup of sulfide concentration decreasing inorganic 

Hg bioavailability. Following HOS implementation, oxygenation appeared to 

suppress anaerobic bacteria activity responsible for MeHg production, indicating 

the potential usefulness of techniques designed to keep bottom lake water oxidized 

for repressing MeHg production. In CCSB, located in the Sacramento Valley, CA, 

the United States Geological Survey (USGS) studied the use of the coagulants 

ChitoVan™ (organic/shell amino-based), Ferralyte® (ferric-sulfate-based), and 

Ultrion® (polyaluminum chloride-based) to immobilize Hg from Cache Creek into 

the sediment. Bench-scale sediment-water slurry incubations with CCSB soils 

from USGS field experiments demonstrated that organic matter is the main driver 

for MeHg production (Chapter 2). The three different coagulant-treated soils were 

not a source of MeHg under rewetted conditions (standard test). However, under 

elevated organic matter loading (stress test), inorganic Hg could be potentially 

released. In a follow-up experiment using CCSB non-treated soils and water under 

a gradient of algal organic matter (Spirulina powder), the addition of more than 0.1 

g of algal organic matter to 250 ml sediment-water slurries appeared to activate a 

diverse microbial community that led to an ephemeral window of MeHg 

production (Chapter 3). Analysis of dissolved organic matter (DOM) optical 

properties using fluorescence spectroscopy indicated that some regions of the 

DOM (F, B, and FI index) could correlate to the window of MeHg production. 

This suggests that monitoring DOM optical characteristics in the field could hold 

promise in better understanding MeHg production and bioaccumulation in aquatic 

ecosystems. Overall, the outcomes of these studies indicate that oxygenation and 

controlling organic matter loading are viable management strategies to mitigate Hg 

contamination in managed aquatic ecosystems. Note, Appendix includes 

supplementary material and raw data for Chapters 2 and 3. 
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INTRODUCTION  

Freshwater environments provide important ecosystem services for both 

wildlife and humans. Unfortunately, these environments are under severe threat 

with ongoing declines in biodiversity, health, and sustainability (Bogardi et al., 

2020). One of the main causes of this decline is the degradation of water quality, 

driven by demographic growth, economic and agricultural development, 

urbanization, industrialization, land use changes, and climate change. These factors 

contribute to the release of harmful chemical substances to the environment from 

untreated domestic, industrial, and agricultural wastewaters and atmospheric 

emission (Holt, 2000; Tipping et al., 2014; Velthof et al., 2014). Consequently, 

water pollution triggers eutrophication, harmful algal blooms, sedimentation, and 

heavy metals contamination, all of which have adverse impacts on human and 

ecosystem health. Therefore, it is essential to study and restore water quality to 

ensure ecological integrity, biodiversity, and human prosperity.  

In the United States, 21% of lakes are affected by eutrophication due to 

extensive phosphorus and nitrogen loading, while 32% of wetlands suffer from 

degradation due to soil compaction and vegetation removal (Giri, 2021). In 

California, surface water quality is impacted by eutrophication due to agricultural 

fertilizers and urban development (Handler et al., 2006). Runoff after large-scale 

wildfires is also a growing concern (Paul et al., 2022). Climate change projections 

indicate that rising summer temperatures and increased winter precipitation will 

lead to higher external and internal nutrient loading in lakes, exacerbating issues of 

eutrophication and harmful algal blooms (Mosley, 2015). Additionally, the 

historical legacy of arsenic and mercury (Hg) pollution from the gold rush era 

continues to impact surface waters in California. For example, in the Cache Creek 

Watershed, which originates in Clear Lake and flows through the Sacramento 

Valley, 40 abandoned mines are found in the drainage (Sacramento River 

Watershed Program, 2024). As a result, half of the Hg entering the Sacramento 

River system flows from this watershed.  

Mercury as a global pollutant gained the world’s attention after the methyl-

Hg (MeHg) poisoning incidents in Minamata, Japan, and in Iraq in the 1960s and 

1970s (Kessler, 2013). As a result, the 2013 UNEP Minamata Convention on Hg 

was established. The aims of the Convention are to reduce Hg release into the 

environment and to monitor the success of global efforts (Selin et al., 2018). Hg is 

a metal which can exist in the environment in three different states: as a gas 

(Hg(0)), as aqueous forms (inorganic-Hg (IHg), organic MeHg), and as a solid in 

minerals like cinnabar (HgS). The global extent and impact of Hg pollution is due 

to the long-lived gaseous Hg(0) form dispersing in the atmosphere, and the 

microbial methylation of IHg to toxic MeHg (Fig. A) (Sonke et al., 2023). MeHg, 

the organic form of mercury, diffuses into the cells of organisms and binds into 
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proteins, bioaccumulating and biomagnifying in the food chain (Fig. A) (USEPA, 

1997). Negative health effects of MeHg from fish, seafood, and rice exposure 

include neurodevelopment dysfunction and cardiovascular disease (Roman et al. 

2011). In the United States, 90% of Hg intake in the population comes from the 

consumption of shellfish and fish (Selin et al., 2008).  

 

In the environment, Hg is mostly produced by anthropogenic emissions, 

exceeding natural emissions by sevenfold (Sonke et al., 2023). Anthropogenic 

sources include iron and steel industries, cement industries, gold industries, non-

ferrous metal smelting, chloro-alkali industries, and direct Hg production 

industries (Eckley et al., 2021). Once Hg(0) is emitted to the atmosphere, the 

mercury cycle starts (Fig. A). Hg gas can be oxidized to ionic forms of Hg in the 

atmosphere that, through wet and dry deposition, are transported to freshwater 

ecosystems in rainfall and runoff. In the anoxic water column and sediments of 

wetlands, rivers, lakes, and reservoirs, the conversion of IHg to MeHg is the 

primary process of concern (Hsu-Kim et al., 2013; Ullrich et al., 2001). MeHg 

production is associated with a great variety of microorganisms across the full 

environmental oxidation-reduction (redox) potential spectrum (Regnell and 

Watras, 2019; Sonke et al., 2023). MeHg then bioaccumulates into lower trophic 

levels and biomagnifies up the food chain. The net MeHg production that we see in 

the environment is the result of Hg methylation and MeHg demethylation 

processes. MeHg demethylation also occurs in anoxic environments by anaerobic 

bacteria as the result of co-metabolic process which produce IHg and carbon 

dioxide and/or methane (Du et al., 2019; Marvin-DiPasquale et al., 2000). 

Additionally, under oxic conditions, aerobic microorganisms can transform MeHg 

into Hg(0) in a response to an environment detoxification process (Barkay and Gu, 

2022). 

In the end, MeHg production and accumulation in aquatic environments 

depends on several site-specific and interrelated conditions. This complexity of Hg 

cycling presents a great variety of possible treatments (Eckley et al., 2020; 

Pavithra et al., 2023; Wang et al., 2020). Some Hg remediation strategies are based 

on in situ removal and immobilization processes into the sediment, involving 

mechanisms such as adsorption/desorption, coagulation, and oxidation-reduction. 

The major aim of these technologies is to separate Hg from the contaminated area 

and/or avoid the transformation of IHg to the toxic MeHg (Wang et al., 2020). This 

dissertation analyzes two different freshwater aquatic environments, a reservoir 

(Hodges Reservoir) and a wetland-type settling basin (Cache Creek Settling Basin, 

CCSB). In addition to studying the main factors that contributed to MeHg 

production in each aquatic ecosystem, two mercury remediation techniques, 

hypolimnetic oxygenation system (HOS) (Beutel and Horne, 1999) and 

coagulation with metal-based salts (Henneberry et al., 2015), are presented.  
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Chapter 1 is a five-year field study to evaluate the changes in the Hg cycle 

and water quality before and after the implementation of a HOS in Hodges 

Reservoir, San Diego, CA. The study has been published in a special edition of 

Frontiers in Water titled Water Quality in Reservoirs and its Current Challenges 

(Rodal-Morales et al., 2024). Using a monthly collected dataset, I estimated 

hypolimnetic accumulation rates of aqueous pollutants (ammonia, phosphate, iron, 

manganese, and methylmercury) to quantify changes in the water parameters, 

including Hg, produced in the profundal zone during summer thermal 

stratification. In addition, I developed an internal nutrient loading assessment to 

quantify the effects of sediment-water interface processes on eutrophication and as 

an estimation of possible available MeHg for bioaccumulation. Results highlighted 

large-scale factors such as inflow from winter precipitation and oxygen content in 

lake water are key controllers of biogeochemical processes of the lake, especially 

the Hg cycle. Years with high precipitation and a larger volume of reservoir 

opened a methylation window allowing for MeHg production under mildly 

reduced conditions. On the other hand, dry years with low reservoir volume closed 

the methylation window earlier in the season because of the development of highly 

reduced conditions. These conditions favored demethylation relative to 

methylation and promoted the buildup of sulfide concentration which decreased 

inorganic Hg bioavailability. After HOS implementation, oxygenation appeared to 

inhibit anaerobic bacteria activity and the production of MeHg. These results 

highlight that remediation techniques designed to keep bottom water of reservoirs 

oxidized can suppress the activity of anaerobic bacteria responsible for MeHg 

production and its consequently bioaccumulation into species, thereby protecting 

human and wildlife health.  

Chapter 2 involves a series of deoxygenated soil-water slurry laboratory 

incubations to evaluate the potential for three different coagulant-treated soils, 

ChitoVan™ (organic/shell amino-based), Ferralyte® (ferric-sulfate-based), and 

Ultrion® (polyaluminum chloride), used for Hg control in the CCSB, Sacramento 

Valley, CA, to release Hg under rewetted conditions. The experiments, conducted 

over 16 days, indicate that rewetted coagulant-treated soils are not a source of 

MeHg (standard test), but under elevated OM loading (stress test), IHg could be 

potentially released. The stress test, with the addition of algal organic matter 

(AOM), resulted in a short-lived methylation window in coagulate-treated and 

control (no coagulant addition) soils. This suggests that OM is the main driver for 

MeHg production in CCSB. Therefore, the increase in frequency and intensity of 

algal blooms, and their consequent loading and degradation in this wetland-like 

environment, could have significant impacts on the ecosystem by promoting MeHg 

production and bioaccumulation.  

Chapter 3 is built on the findings of Chapter 2, using soil-water slurry 

incubations from CCSB loaded with a gradient in AOM. Results highlight that 

levels above 0.1 g of AOM per ~250 ml of soil-water slurry incubations appeared 

to activate a diverse microbial community that led to an ephemeral production of 
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MeHg, with higher AOM loading leading to higher peak levels of MeHg in soil 

and water. Back-of-the-envelope estimates suggest that this level of AOM loading 

is associated with that experienced in eutrophic to hypereutrophic lakes and 

wetlands. This study also included, in collaboration with the USGS, an assessment 

of the optical properties of dissolved organic matter (DOM) via adsorption spectra 

and fluorescence spectroscopy. AOM addition led to an enrichment in quinoid-like 

moieties, associated with the fluorescence region “F”, microbial source DOM, 

associated with the fluorescence index (FI), and in low molecular weight DOM, as 

indicated by elevated Sag275-295 values. This suggests that AOM addition provided 

labile carbon that promoted the activity of syntrophic microbes, including Hg 

methylators, and enhanced IHg bioavailability. Results showed that the 

methylation window tended to correlate with some fractions of the DOM 

corresponding with optical signals in region F, region B and FI. These findings 

suggest that assessing the optical characteristics of DOM could hold promise in 

monitoring and ultimately predicting when the window for MeHg production and 

bioaccumulation opens in aquatic environments.   
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Fig A. The mercury cycle in aquatic environments showing main mercury species 

(mercury gas, Hg(0), divalent mercury, Hg2+ and methyl mercury, MeHg), and processes 

(deposition and runoff, oxidation-reduction, sedimentation, methylation, bioaccumulation-

biomagnification, sediment resuspension, demethylation, volatilization, and deposition). 

Based on figure developed by Gray (2003).  

 

 

 

 

  

7 



 

1. Hydrology and Oxygen Addition Drive Nutrients, Metals, and 

Methylmercury Cycling in a Hypereutrophic Water Supply 

Reservoir 

1.1 Abstract 

Impaired water quality in mediterranean climate reservoirs is mainly 

associated with eutrophication and internal nutrient loading. To improve water 

quality in hypereutrophic Hodges Reservoir, California, USA, a hypolimnetic 

oxygenation system (HOS), using pure oxygen gas, was implemented in 2020. 

This study encompasses three years of pre-oxygenation data (2017-2019) and two 

years of post-oxygenation data (2020-2021) to understand the cycling of nutrients, 

metals, and mercury in the reservoir. During the wet year of 2017, mildly reduced 

conditions lasted until mid-summer in the enlarged reservoir. Nutrients and metals 

were seen in the hypolimnion including ammonia (~2 mg-N/L), manganese (~0.5 

mg/L), phosphate (~0.5 mg-P/L), and sulfide (~10 mg/L). Production of 

methylmercury (MeHg), an important bioaccumulative toxin, was favored from 

April to June with a hypolimnetic accumulation rate of around 200 ng/m2·d. In 

contrast, the dry year of 2018 exhibited higher hypolimnetic concentrations of 

ammonia (~4 mg-N/L), manganese (~1 mg/L), phosphate (>0.5 mg-P/L), and 

sulfide (>15 mg/L). The rapid onset of highly reduced conditions in 2018 

corresponded with low MeHg hypolimnetic accumulation (~50 ng/m2·d). It seems 

that mildly reduced conditions were associated with higher MeHg accumulation, 

while sulfidic, reduced conditions impaired inorganic mercury bioavailability for 

MeHg production and/or promoted microbial demethylation. Sulfide also appeared 

to act as a sink for iron via FeS precipitation, and potentially for manganese via 

MnS precipitation or manganese coprecipitation with FeS. Mass flux estimates for 

2017-2019 indicate that much of the nutrients that accumulated in the hypolimnion 

moved via turbulent diffusion into the epilimnion at loading rates far exceeding 

thresholds predicting eutrophic conditions. After oxygenation in 2020-2021, the 

reservoir water column was highly oxidized but showed a lack of thermal 

stratification, suggesting reservoir operations in combination with HOS 

implementation inadvertently mixed the water column in this relatively shallow 

reservoir. Post-oxygenation, concentrations of ammonia, phosphate, manganese, 

and mercury in bottom waters all decreased, likely in response to oxidized 

conditions. Oxygenated bottom waters exhibited elevated nitrate, a byproduct of 

ammonia nitrification, and iron, a byproduct of FeS oxidation, indicating a lake-

wide response to oxygenation. 

1.2 Introduction 

Water quality management in water supply reservoirs is a significant topic 

for water security as climate factors and growing populations continue to 

exacerbate pressure on water availability (USEPA, 2023). Eutrophication, and the 

subsequent algae decay that results in deoxygenation of deeper zones, is the main 

concern for productive lakes, especially during periods of stratification. Under 
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these anaerobic conditions, associated with low oxidation-reduction (redox) 

potential, sediments tend to liberate ammonia, manganese, phosphate, iron, and in 

extreme cases, sulfides, degrading raw water quality (Beutel, 2006). In addition, 

internal nutrient loading, in which nutrients accumulate in bottom waters and 

diffuse or mix into the photic zone, can reinforce eutrophication. Simultaneously, 

the accumulation of iron may trigger harmful algal blooms (Leung et al., 2021; 

Molot et al., 2021), while manganese and iron can complicate drinking water 

treatment (Krueger et al., 2020). Anaerobic conditions also promote the activity of 

anaerobic bacteria such as sulfate- and iron-reducing bacteria (SRB, FeRB) that 

produce toxic methylmercury (MeHg) (Watras, 2009). This organic form of 

mercury (Hg) readily bioaccumulates in fish resulting in a health threat to wildlife 

and humans (Mergler et al., 2007). 

Another important factor to consider when studying nutrients and metals 

cycling in reservoirs is the contribution of precipitation and correlated inflow 

modifying the water surface elevation of reservoirs, particularly now that extreme 

hydrological events are increasing in frequency due to climate change. The 

consequences of these changes are variable and dependent on lake depth, surface 

area, mixing regime, and trophic status. In California, climate change predictions 

indicate a higher likelihood of droughts (Goss et al., 2020), but also an increase in 

the strength of atmospheric rivers and associated precipitation events (Mosley, 

2015; Payne et al., 2020). Consequently, extreme droughts can increase the relative 

importance of internal nutrient loading as external loading diminishes, and lower 

water levels increase the mixing of nutrient-rich bottom waters into the photic zone 

(Mosley, 2015). Conversely, high precipitation and runoff from atmospheric rivers 

translate into elevated external nutrient and sediment loading. Changes in water 

surface elevation are also closely related to Hg cycling in reservoirs because more 

frequent wetting and drying of littoral sediment correlates with MeHg levels in 

biota (Seelos et al., 2021; Bigham et al., 2017). Thus, to improve surface water 

treatability, while having the recreational and environmental benefits of a clean 

water reservoir, reservoir managers need to understand nutrients, metals, and Hg 

cycling, and the factors that play a role in their potential management.  

The biogeochemical processes that occur during hypolimnetic 

deoxygenation mostly take place at the sediment-water interface (Fig. 1-1, Table 1-

1). When algae die, sink, and are deposited onto profundal sediment, they are 

decomposed by bacteria consuming dissolved oxygen (DO). Ammonia is produced 

by the mineralization of organic matter (Forsberg, 1989) and accumulates when 

nitrification is inhibited under anoxic conditions (Rysgaard et al., 1994). 

Manganese is also released due to microbial dissolution of manganese-oxides 

(Davison, 1993; Munger, 2016). Phosphate and iron are released from the 

sediment to overlaying water by reductive dissolution of iron-oxides and release of 

associated phosphate (Golterman, 2001; Søndergaard et al., 2003). Finally, sulfide 

is produced by anaerobic microorganisms such as SRB. These anaerobic bacteria 

also produce toxic MeHg (Gilmour et al., 2013), which tends to build up in anoxic 
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bottom waters of lakes and reservoirs (Beutel et al., 2020; Poulin et al., 2023; 

Regnell and Watras, 2019). In addition, inorganic Hg(II) and MeHg can 

accumulate in bottom waters when metal oxides are dissolved and release sorbed 

Hg (Chadwick et al., 2006; Beutel et al., 2020). 

One strategy to limit the accumulation of reduced compounds in bottom 

waters and suppress internal nutrient loading in reservoirs is the addition of pure 

oxygen gas to bottom waters using hypolimnetic oxygenation systems (HOS) 

(Beutel and Horne, 1999; Bierlein et al., 2017; Austin et al., 2019). These 

engineered systems are capable of adding large amounts of DO to the bottom of 

reservoirs (1-100 metric tons/d), while maintaining thermal stratification, with a 

relatively small infrastructure size, energy, and cost (Beutel and Horne, 1999). In 

2020, the City of San Diego (CSD) installed a HOS in Hodges Reservoir, 

California, USA, to enhance the quality and treatability of reservoir water. With 

few management options to lower MeHg levels in fish, water managers are also 

interested in the potential for HOS to suppress the buildup of MeHg in bottom 

waters and lower subsequent bioaccumulation into the aquatic food web (Beutel et 

al., 2020; Eckley et al., 2020). 

The study aimed to assess patterns of nutrients, metals, and Hg cycling, 

over the study period of the years 2017-2021, combining water quality monitoring 

by the University of California Merced (UCM) and CSD. Key objectives and 

working hypothesis of this multi-year study included: 1) to assess impacts of 

interannual variations in precipitation (e.g., wet versus dry years) and hypolimnion 

volume on nutrients, metals, and Hg cycling. During dry years, we hypothesized to 

see shallower and warmer reservoir that favor rapid deoxygenation of bottom 

waters and enhanced accumulation rates of nutrients and metals in the 

hypolimnion; 2) to evaluate, the impacts of HOS operation on conventional water 

quality parameters including nitrogen, phosphorus, iron, and manganese, and on 

the cycling of Hg in the water column. As these compounds are redox-sensitive, 

their accumulation in the hypolimnion was expected to decrease with the oxidized 

conditions after HOS implementation; and 3) to determine accumulation rates of 

nutrients and metals in bottom waters and their subsequent transfer via turbulent 

diffusion from the hypolimnion to the epilimnion (i.e., internal nutrient loading). 

The objective was to quantify the changes in internal nutrient loading after 

oxygenation. We hypothesized that the internal loading would decrease post-

oxygenation, which would translate into water quality improvement.  

1.3 Methods 

1.3.1     Study Site  

Hodges Reservoir, located in Northern San Diego County, California, USA 

is a water supply reservoir for the Santa Fe Irrigation District (SFID) and the San 

Dieguito Water District, which serve around 15,000 people in the region of 

Rancho Santa Fe and Solana Beach. The reservoir also serves as a backup water 

10 



 

source for CSD and San Diego County Authority. In addition, Hodges Reservoir is 

part of a pumped storage system in which water is pumped up to nearby 

Olivenhain Reservoir and released back to Hodges Reservoir to supply power 

during peak electrical demands. Hydropower production is predicated on 

maintaining a reservoir surface elevation of around 89 m above mean sea level 

(amsl). At this elevation, the reservoir has a maximum depth of 19.2 m, a mean 

depth of 6.4 m, and a surface area of 2.3 km2.  

Summertime water temperatures are typically around 25°C in surface waters 

and 16°C in bottom waters. The region has a precipitation season from October to 

March and hot, dry summers typical of a mediterranean climate. Precipitation in 

the watershed feeds inflows that increase the surface water elevation by 2-6 m 

annually in wet years. The trophic state of Hodges Reservoir is categorized as 

hypereutrophic with sulfate-rich waters. The reservoir’s main inflow is the San 

Dieguito River which yields relatively high external nutrient loading from a large 

watershed (641 km2). But during dry summer and fall periods, eutrophication is 

likely driven by internal nutrient loading. Based on past water quality monitoring, 

Hodges Reservoir exhibits poor water quality, including low water transparency 

(Secchi depth < 1 m) and elevated total chlorophyll (chl) levels in surface waters 

(> 60 µg/L) (Beutel et al., 2020). Warmer temperatures in the reservoir, predicted 

by climate change models, will result in longer and stronger thermal stratification, 

which will exacerbate internal nutrient loading and eutrophication (Lee and Biggs 

2015). For Hg, the predominant source is atmospheric deposition resulting in low 

total Hg (THg) levels in sediments typical of California background levels (< 0.05 

µg/g dry weight). Nonetheless, Hodges Reservoir is listed on the Clean Water Act 

Section 303(d) List for elevated levels of Hg in fish (Beutel et al., 2020).  

As is typical for hypereutrophic reservoirs, Hodges Reservoir has an anoxic 

hypolimnion during the warmer months (May-October) and is well mixed during 

winter (November-April) after the fall turnover. Under typical operating conditions 

(water surface elevation of 89 m amsl), the reservoir has a relatively low Osgood 

index (ratio of mean depth in m to square root of surface area in km2) of around 4, 

suggesting it is not strongly thermally stratified during summer and fall (Cooke et 

al., 2013). In fact, the reservoir is known to exhibit polymictic characteristics 

during periods with maximum depths less than 15 m (Lee and Biggs, 2015). We 

also estimated the lake number (LN), a dimensionless parameter indicative of 

mixing potential in lakes and reservoirs based on Robertson and Imberger (1994) 

using rLakeAnalyser function in RStudio. Under typical stratified summer 

conditions, the LN was around 14 with average wind speed (~2.2 m/s) and around 3 

with high wind speed (~4.5 m/s). During fall, LN was around 0.9 with average 

wind speed (~6.2 m/s). LN values indicate moderate stratification strength in 

summer and low stratification strength in the fall when the lake overturns each 

year. Hence nutrients presumably diffuse and/or mix into surface waters during 

summer stratification and fall turnover, supporting algal productivity. 
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To lower internal nutrient loading and improve raw water quality and 

treatability, in March of 2020 the CSD installed a “Speece Cone” HOS with a 

delivery capacity of 6 metric tons/d (Fig. 1-2A) (Horne and Beutel, 2019). This 

delivery rate was determined based on a detailed assessment of sediment oxygen 

demand and water column oxygen demand in the reservoir prior to HOS 

installation (Beutel, 2015). The HOS includes a 49.3 m3 (13,000 gal) on-shore 

liquid oxygen storage tank and an evaporator unit to convert the liquid to gas, and 

a 6 m-tall, submerged cone with a 100-horsepower intake pump secured to the 

bottom of the reservoir at a depth of around 14.5 m. Oxygen gas is released at the 

top of the cone which acts as a counter-current contact chamber, resulting in 

around 95% oxygen transfer efficiency. A 30-m-long pipe diffuser connected to 

the bottom of the cone discharges oxygenated water with elevated DO (~70 mg/L) 

horizontally above the sediments into the hypolimnion all year long. The HOS was 

not installed in the deepest part of the reservoir due to infrastructure constraints 

including limited access to power.  

1.3.2 Field Monitoring 

Field monitoring was carried out from 2017-2021 as a collaborative effort 

between UCM and CSD. The study analyzes four years (2017-2019, 2021) of 

monthly water column data collected by UCM and five years (2017-2021) of 

approximately weekly to monthly water quality data collected by CSD (Table 1-2). 

Water samples were collected at two monitoring stations (Fig. 1-2B). Station A 

was located at the deepest zone of the reservoir (~19 m depth) near the dam, and 

station B (~12 m depth) was located about 2 km upstream close to the pump 

storage connection.  

UCM samples were obtained with a 1.2-l Polytetrafluoropolymer Kemmerer 

sampler every 3 m in depth from the surface to the bottom of the reservoir, 

including an additional near-bottom water sample (~0.5 m from the bottom), from 

March/April to October/November. UCM monitored for ammonia, nitrate, 

phosphate measured as soluble reactive phosphorus (SRP), total phosphorus (TP), 

iron, manganese, sulfate, chloride, sulfide, dissolved organic carbon (DOC), 

MeHg, and THg. Hg sampling used the dirty-clean-hands method 1669 with Hg 

clean Teflon water sampler and 250 ml certified clean bottles (USEPA, 1996). 

Sulfide samples were preserved in the field with zinc acetate and sodium 

hydroxide. In the laboratory, nutrients (ammonia, nitrate, and phosphate), anions 

(sulfate and chloride), and DOC samples were preserved by filtering through 

prewashed 0.45 µm filters and kept inside a freezer. Water samples for unfiltered 

iron and manganese were preserved with nitric acid (1.0%) and refrigerated. THg 

and MeHg samples were preserved with hydrochloric acid (0.4%) and refrigerated. 

Field data also included Secchi depth and chl measurements in samples collected 

at 0, 3, 6, and 9 m depth. Chl samples were filtered onto GFC filters and placed 

inside the freezer for later extraction and analysis.  
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The CSD monitoring included weekly sampling for DO, pH, redox potential, 

and temperature at station B from 2017- 2021, and occasional monitoring at station 

A during the summer months, using a YSI-EX02 multiparameter water quality 

sonde (YSI Corporation, Yellow Springs, OH, USA). Geosmin, a taste and odor 

compound produced by phytoplankton that complicates water treatment, was 

measured weekly at station B, and sporadically at station A, from 2017- 2021. 

Hydrological data (e.g., rainfall, surface elevation, runoff, discharge) used to 

manage water elevation in Hodges Reservoir were collected monthly by CSD. 

Rainfall data were calculated based on an evaporation pan measurement that was 

scaled to the surface area of the reservoir. CSD also monitored monthly water 

quality in the surface, mid-depth coinciding with a key water outlet at an elevation 

of 83.8 m amsl (compared to typical water surface elevation of ~89 m amsl), and 

bottom waters for ammonia, nitrate, phosphate, iron, and manganese at station B, 

and sporadically at station A, from 2017-2021.  

 

1.3.3 Analytical Methods 

Water quality analyses on UCM samples were performed at the UCM 

Environmental Analytical Laboratory using standard methods (APHA, 2023). 

Dissolved nutrients (ammonia, nitrate, phosphate, TP) were analyzed on a 

LACHAT QuikChem 8500 autoanalyzer using standard colorimetric methods by 

air-segmented continuous-flow absorption spectrophotometry. TP samples were 

digested via acid persulfate digestion before colorimetric analysis for SRP. 

Reporting limits were 0.02 mg-N/L for ammonia, 0.05 mg-N/L for nitrate, and 

0.02 mg-P/L for SRP and TP. Iron and manganese were determined by inductively 

coupled plasma optical emission spectrometry on an Optima 5300 DV ICP-OES 

with a reporting limit of 0.01 mg/L. Sulfate was measured using ion 

chromatography on an Agilent 7500cs mass spectrometer with a reporting limit of 

0.5 mg/L. Sulfide was analyzed by iodometric titration with a reporting limit of 0.4 

mg/L. Chl as total chlorophyll was analyzed using the standard 90% acetone 

extraction method. DOC was measured using the combustion catalytic oxidation 

method on a Shimadzu TOC-V analyzer. THg analysis was performed on a 

MERX-T (Brooks Rand Labs, Seattle, WA, USA) using cold vapor atomic 

fluorescence spectroscopy (CVAFS) based on method 1631 (USEPA, 2002). 

Samples for MeHg analysis were distilled (2 h at 125°C with nitrogen gas flow     

< 50 ml/min) before being measured on a MERX-M (Brooks Rand Labs, Seattle, 

WA, USA) using ethylation, gas chromatography, and CVAFS based on the 

method 1630 (USEPA, 2001). Hg analyses followed strict quality control 

standards including method blanks (<0.1 ng/L), matrix spikes (75-125% range), 

analytical duplicates, and ongoing procedure recovery (75-125% range). Reporting 

limits were 0.2 ng/L for THg and 0.02 ng/L for MeHg. 
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Water quality analyses on CSD samples were performed at the San Diego 

Water Quality Laboratory following standard methods (APHA, 2023). Phosphate 

was measured via ion chromatography with a reporting limit of 0.02 mg-P/L. Total 

ammonia was measured using the phenate colorimetric with a reporting limit of 

0.03 mg-N/L. Nitrate was measured with the NED dihydrochloride colorimetric 

method with a reporting limit of 0.05 mg-N/l. Unfiltered iron and manganese were 

measured on an Agilent 7900 ICP-MS with a reporting limit of 0.01 mg/l for iron 

and 0.2 mg/l for manganese. Geosmin was measured via SM6040D using solid 

phase microextraction and gas chromatography/mass spectrometry with a reporting 

limit of 5 ng/L.  

1.3.4 Data Analysis  

To assess patterns of nutrients and metals accumulation in the hypolimnion 

of Hodges Reservoir, at each sampling station we calculated the rate of areal 

mass accumulation between sampling events, termed the monthly hypolimnetic 

accumulation rate (MHAR) (mg/m2·d) following Equation 1: 

 

𝑴𝑯𝑨𝑹 = 
∆𝑪𝑯∗𝒉𝑯

∆𝒕
     (1) 

 

where ∆CH (g/m3) is the increase or decrease in hypolimnetic mean 

concentration between monthly sampling events, hH (m) is the height of the 

hypolimnion, and ∆t (d) is the time between monthly sampling events. The 

height of the hypolimnion was estimated from the thermocline to the bottom of 

the reservoir at the sampling station. The height of the hypolimnion was typically 

13-14 m at station A and 8-9 m at station B.  

The second part of the data analysis encompassed the application of a 1-D 

model using a mass transport equation based on the heat-accumulation method 

described by Chapra (1997). The lake is modeled as a mixed surface layer 

(epilimnion) overlaying a bottom layer (hypolimnion) separated by a thin 

transitional layer (metalimnion). Compounds released from anoxic sediment (e.g., 

ammonia, phosphate, MeHg) accumulate in the hypolimnion and then move across 

the metalimnion via turbulent diffusion. The flux J (g/m2·d), termed here in the 

context of lake management as “internal nutrient loading,” is estimated as: 

𝑱 = −𝑬𝒕
𝒅𝑪

𝒅𝒙
       (2) 

where dC/dx (mg/L/L) is the concentration gradient across the metalimnion 

estimated as the concentration in the upper hypolimnion minus the concentration in 

the epilimnion, dx (m) is the metalimnion thickness (typically around 2 m), and Et 

(cm2/d) is the vertical diffusion coefficient. We estimated site-specific diffusion 

coefficients for Hodges Reservoir by first estimating the heat exchange coefficient 

(vt, cm/d) based on the observed rate of warming of the hypolimnion as: 

𝒗𝒕 =
𝑽𝒉

 𝑨𝒕∗𝒕𝒔 
𝒍𝒏 (

𝑻𝒆−𝑻𝒉𝒊

𝑻𝒆−𝑻𝒉𝒔
)    (3) 
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where Vh (m
3) is the volume of the hypolimnion, At (m

2) is the area of the 

thermocline, Te (
oC) is the average epilimnion temperature, Thi (

oC) is the 

hypolimnion temperature at the beginning of summer (typically May-June), Ths 

(oC) is the hypolimnion temperature during strong summer stratification (typically 

May to September), and ts (d) is the number of days during the strong stratification. 

The internal nutrient loading for a given month can then be estimated using 

Equation 2 because the vertical diffusion coefficient (Et) is equivalent to the heat 

exchange coefficient (vt) (Equation 3) multiplied by the thickness of the 

metalimnion (dx). 

1.4 Results 

1.4.1 Hydrology 

The water balance in Hodges Reservoir is composed of inflows including 

runoff, direct precipitation, and imported water, and outflows including 

evaporation and withdrawal for potable water delivery and elevation management. 

Consequently, runoff driven by regional precipitation strongly affects the water 

budget. An assessment of annual precipitation near Hodges Reservoir shows an 

overall mean of around 350 mm (1940-1962 and 2010-2020, World Weather 

Online 2023; Western Regional Climate Center, 2023). Years experiencing 

abundant rainfall register precipitation levels above 500 mm, while drier years are 

associated with values below 100 mm per year. Precipitation was 584 mm in 2017, 

130 mm in 2018, 430 mm in 2019, and 160 mm in 2021. Accordingly, in the 

context of this study, we categorized each of these years as wet, dry, average, and 

dry, respectively. Based on hydrologic data from CSD, the water balance in water 

year 2019 (October-September), an average precipitation year, includes runoff of 

11.9 million m3/y, evaporative losses of 3.3 million m3/y, and withdrawal for 

potable water delivery and elevation management of 8.6 million m3/y. Mean 

reservoir volume in 2019 water year was 18,102,026 m3 and water residence time 

was around 1.5 y. In wet 2017 water year, runoff increased to 25.1 million m3/y, 

and water residence time decreased to around 0.9 y. In dry 2018 water year, runoff 

was around 1.1 million m3/y, and water residence time increased to around 16.4 y. 

Regional rainfall and associated runoff also affect the volume of the hypolimnion, 

which was shown in this study to be an important controller of nutrients and metals 

cycling in Hodges Reservoir. A bigger hypolimnion at the beginning of the wet 

year set a higher mass of oxygen to be gradually consumed by respiration 

processes during summer thermal stratification. The hypolimnion volume at the 

end of spring was around 10,087,000 m3 in wet 2017, but only 4,293,000 m3 in dry 

2018.  

During this multi-year study, precipitation and water surface elevation 

showed a wide range of variation. In 2016, rainfall was minimal at around 200 

mm, and water surface elevation was steady at around 89 m amsl (Fig. 1-3). 

Winter of 2016 and spring of 2017 showed elevated precipitation of more than 450 

mm. High precipitation corresponded with significant runoff into the reservoir and 

15 



 

an increase in elevation to 94 m amsl reflected by April. Then, the elevation 

decreased throughout the year, as no external runoff occurred, and water was 

transferred from the reservoir via withdrawals and raw water deliveries. The low 

precipitation and runoff in 2018 combined with continued water releases resulted 

in a steady drop in elevation from around 90 m amsl at the start of the year to 

around 89 m amsl by the end of the year. 2019 had high precipitation during 

February-March (250 mm) and runoff increased the elevation to 93 m amsl. Water 

elevation decreased to 89 m amsl by the end of the year via withdrawals and raw 

water deliveries. 2020 and 2021 had low precipitation and the elevation showed a 

quasi-steady state of around 89 m amsl. 

 

1.4.2 Field Parameters 

From 2017-2019, surface water temperature at stations A and B was around 

14°C at the beginning of the year and warmed up to 25-30°C during the summer 

months (Figs. 1-4 and 1-5). The thermocline formed between 5-7 m depth (14-16 

m above the bottom) at station A and between 3-5 m (7-9 m above the bottom) at 

station B (Fig. 1-4). After stratification, formed during summer, bottom water 

temperature warmed up from 14°C to 18°C (Figs. 1-4 and 1-5). In 2020-2021 after 

HOS implementation, at both stations A and B, there was only a very slight 

thermocline formation, and the entire water column was around 24-25 °C during 

summertime (Figs. 1-4 and 1-5). From 2017-2019, pH at stations A and B 

decreased with depth during the summer months with surface water values 

between 8-9.5 and bottom water values between 7-8 (Fig. 1-4). pH values were 

lower in magnitude and exhibited a less dramatic vertical gradient down the water 

column in 2020-2021. 2018 had the highest summertime pH in surface water (9.3) 

while 2021 had the lowest (8.1).  

From 2017-2019, DO in surface water was 5-9 mg/L during summer months 

at station A. The DO decreased dramatically below the thermocline, going anoxic 

at 4-6 m deep in 2017 and 2018, and at 8 m deep in 2019 (Fig. 1-4). After HOS 

implementation in 2020, DO showed a steady decrease down the water column 

from around 7 mg/L in surface waters to 0 mg/L near the bottom at a depth of 18 

m. In 2021, DO showed no dramatic vertical variation with values of 6 mg/L on 

the surface and 4-5 mg/L in the bottom water. At station B, DO profiles for 2017-

2019 looked similar with surface water values of around 9 mg/L and anoxia below 

5 m deep (Figs. 1-4 and 1-5). After HOS operation in 2020-2021, DO increased to 

around 2 mg/L between a depth of 5-8 m. Then, DO decreased to 0 mg/L below 8 

m deep (Figs. 1-4 and 1-5). Redox potential at both stations A and B during 2017-

2019 was indicative of oxidized conditions (>200 mV) in surface waters and 

reduced conditions (-300 to -350 mV) in bottom waters (Figs. 1-4 and 1-5). After 

the HOS operation in 2020-2021, conditions throughout the water column at 

stations A and B were oxidized (>300 mV) (Figs. 1-4 and 1-5). Redox potential 

showed a decrease in deep water samples near the sediment-water interface, 

especially in 2021 at station B (-10 mV at 12 m) (Fig. 1-4). The yearly patterns at 
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station B showed low redox conditions coincident with anoxia in bottom waters 

from 2017-2019, and elevated redox potential throughout the water column in 

2021 (Fig. 1-5). Finally, Secchi disk transparency typically ranged from 60-100 cm 

in all study years (Table 1-3). 

 

1.4.3 Water Chemistry  

1.4.3.1 Nutrients, Chlorophyll, and Dissolved Organic Carbon 

From 2017-2019 at stations A and B, ammonia concentration progressively 

increased in bottom waters during the summer months peaking at 7-7.5 mg-N/L, 

followed by a decrease in concentration starting in October (0.05 mg-N/L) (Figs. 

1-6 and 1-7). At station B, surface and metalimnion ammonia concentrations were 

low throughout the year (Fig. 1-6A). Nitrate concentrations showed the opposite 

behavior, with levels peaking at the beginning of spring (0.4 mg-N/L at station A; 

3.5-4.5 mg-N/L at station B) and decreasing with the onset of stratification, being 

depleted during the summer months throughout the water column (Figs. 1-6B and 

1-7). In 2020, when oxygenation started, ammonia and nitrate patterns shifted. 

There was no ammonia in bottom waters during summer months, while nitrate 

concentration was low but not depleted (~0.5 mg-N/L) (Fig. 1-7). In 2021, 

ammonia concentration was almost depleted (~0.3 mg-N/L) throughout the water 

column, while nitrate progressively increased in the water column during the 

winter-spring months (Figs. 1-6A-B and 1-7). Peak nitrate concentrations were 

around 1 mg-N/L at station A and 3 mg-N/L at station B. From July to September 

2021, nitrate concentration at stations A and B was low in the surface and 

metalimnion samples but slightly elevated (~0.5 mg-N/L) in bottom water (Figs. 1-

6B and 1-7).  

Phosphorus cycling was consistent for 2017-2019 at station A (Fig. 1-7). 

Phosphate progressively increased in the hypolimnion through the stratified period, 

with higher concentrations at the end of summertime (September-October). During 

these three years, phosphate concentrations were around 0.5 mg-P/L starting at 5 m 

deep to the bottom from May to August. 2018 showed the highest phosphate 

concentration of around 2 mg-P/L in the hypolimnion, followed by 2019 with 1.3 

mg-P/L, and 2017 with 0.8 mg-P/L (Fig. 1-7). TP showed the highest 

concentration (~0.4 mg-P/L) in surface waters (0-5 m) in 2018, compared to 2017 

(0.1 mg-P/L) and 2019 (0.2 mg-P/L), indicating high algae productivity all year 

(Table 1-2, Fig. 1-7). Still, it seems that whole-lake total chl mass, estimated based 

on reservoir bathymetry and chl profiles down the water column from June to 

August, showed higher mass in 2019 (1.03 g/m2) compared to 2018 (0.58 g/m2) 

and 2017 (0.52 g/m2). However, 2018 chl mass was only calculated considering 

June and July months due to missing data so it might be underestimated (Table 1-

3). In the hypolimnion, TP followed the same pattern as phosphate indicating that 

most of the phosphorus present in bottom waters is in the soluble reactive form 

(Fig. 1-7). On the contrary, after oxygenation in 2021, TP and phosphate 
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concentrations were low (<0.2 mg-P/L) during the entire sampling season 

throughout the water column (Fig. 1-7, Table 1-3). DOC concentrations in bottom 

waters did not change dramatically after oxygenation. During 2017 and 2018, 

DOC values were around 9.8 mg/L, whereas in 2021, DOC was slightly lower with 

a concentration of 8.6 mg/L (Table 1-2). Chl levels in surface waters were 

typically 60-150 µg/L in 2017-2019 and 30-40 µg/L in 2021 (Table 1-3). The taste 

and odor compound geosmin appeared to be elevated in 2017-2019 relative to 

2021 after HOS operation (Table 1-3). 

1.4.3.2 Metals 

From 2017-2019, manganese concentration progressively increased in 

bottom waters with the onset of hypolimnetic anoxia, peaking between 0.8-1.8 

mg/L before fall turnover in November when concentrations decreased to around 

0.2 mg/L throughout the water column (Figs. 1-6C and 1-7). Patterns at station B 

from 2017-2019 also showed a vertical increase in concentration down the water 

column (Fig. 1-6C). However, the years showed different patterns of peak 

concentrations in the hypolimnion (Figs. 1-6C and 1-7). In 2017, the peak 

concentration in the hypolimnion (~0.6 mg/L) was in July and August. 2018 peak 

manganese concentration in the bottom waters (~1.2 mg/L) was observed in May-

July and again in September-October. In 2019, peak manganese concentration 

(1.3-1.8 mg/L) was observed in August-September. After oxygenation, manganese 

concentrations were lower in bottom waters (~0.3 mg/L). However, at station A in 

2021, there was a peak manganese concentration of 1 mg/L during May-June (Fig. 

1-7). This was not seen at station B where the highest concentration in the bottom 

waters during 2021 was 0.3 mg/L (Fig. 1-6C). 

Iron behavior was opposite to manganese during the summertime before 

and after oxygenation. From 2017-2019, iron concentration was low throughout 

the water column (0.02 mg/L station A; 0.2 mg/L station B). Iron concentration 

increased in the hypolimnion during May, July, and August and decreased by the 

end of the summer months (Figs. 1-6D and 1-7). 2019 also showed an interesting 

pattern with the highest iron concentration in surface waters at station A in the 

spring (Fig. 1-7). After oxygenation, 2020-2021, iron concentration was elevated 

throughout the water column at both stations, an order of magnitude higher than 

under pre-oxygenation years (0.4 mg/L station A, and 2 mg/L station B) (Figs. 1-

6D and 1-7). In 2021 after oxygenation, iron had two peaks of elevated 

concentration in the water column (Fig. 1-7). The first peak was in the 

hypolimnion in May-June at station A (0.4 mg/L) and in April at station B (0.8 

mg/L). The second peak was at the end of the summer months in the water column 

at station A (0.25 mg/L) and in August in the hypolimnion at station B (0.7-1.8 

mg/L) (Figs. 1-6D and 1-7). 

1.4.3.3 Mercury 

For 2017-2019, patterns of Hg concentration in the hypolimnion at station A 

were different according to the year (Fig. 1-7). The wet year of 2017 had the 
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highest MeHg concentration (>1.5 ng/L) present in bottom waters from May to 

October. THg peak concentration (~6.5 ng/L) happened from September to 

November (Fig. 1-7). On the contrary, the dry year of 2018 had the lowest Hg 

concentration. MeHg (<1 ng/L) was observed in bottom waters only during May 

and June and THg (~2 ng/L) was observed from June to October. In 2019, MeHg 

(~ 3 ng/L) was observed from June to October and THg (~5 ng/L) from August to 

September (Fig. 1-7). After oxygenation in 2021, MeHg was below the reporting 

limit in the bottom waters, while THg concentration throughout the water column 

was around 1 ng/L (Fig. 1-7).  

1.4.4 Internal Loading Dynamics  

We calculated MHAR for ammonia, phosphate, manganese, THg, and MeHg 

at stations A and B for the study period (Fig. 1-8). The highest accumulation rates 

for nutrients and metals were generally seen during the dry year 2018, while the 

highest THg and MeHg accumulation rate was seen during the wet year 2017. 

Focusing on the pre-oxygenation years of 2017-2019, ammonia MHAR showed 

similar patterns in all years with rates increasing as summer progressed. Ammonia 

MHAR typically ranged from 50 to 300 mg/m2·d, but 2018 showed a massive 

accumulation in July on the order of 1,000 mg/m2·d at station A. For phosphate, 

there was a continued accumulation throughout the summer months with values 

ranging from 10-80 mg/m2·d and generally peaking in June/July.  

Manganese seemed to have a progressive accumulation of 30-250 mg/m2·d, 

which generally stopped in June/July, except for 2018 when it stopped in May. 

THg accumulation started in May, with values ranging from 100-400 ng/m2·d, and 

typically exhibited a loss (negative MHAR) during August. 2018 had the lowest 

THg accumulation with values <100 ng/m2·d. MeHg MHAR patterns for 2017-

2019 showed a progressive accumulation that ended in June with values ranging 

from 50-350 mg/m2·d, followed by a loss during July/August, and a small 

accumulation in September. 2018 also had the lowest MeHg accumulation rate 

with only around 50 ng/m2·d during May. In general, the values calculated from 

the MHAR were the same order of magnitude as anoxic fluxes measured in 

chamber experiments with Hodges Reservoir water and sediment conducted 

previously by Beutel et al. (2020).  

Results of the internal loading calculation at station A, which estimated the 

rate of transport of nutrients and metals across the thermocline for 2017-2019, 

showed similar heat exchange coefficients (Vt) (1.2-1.6 cm/d) and vertical 

diffusion coefficient (Et) values (0.003 cm2/s) for all years (Table 1-4). Typical 

vertical diffusion coefficient values for moderately deep systems with mean depths 

of 5-10 m range from 0.003-0.009 cm2/s (Chapra, 1997). The wet year of 2017 

appeared to have the lowest average fluxes of internal loading of phosphate, 

ammonia, and manganese, while the dry year of 2018 had the lowest internal 

loading of MeHg. 2019 had average precipitation during the year but had higher 

internal nutrient loading values compared to the wet year of 2017, except for 
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MeHg. 2017 and 2019 exhibited a loss of nitrate while 2018 showed nitrate 

depletion since June. We present the contrasting patterns of internal loading 

dynamics for June for the wet year, 2017, and the dry year, 2018 (Fig. 1-9). Values 

of MHAR and mass transport to the epilimnion were generally on the same order 

of magnitude, even though the two values were calculated using very different 

approaches. In general, there was double the magnitude of MHAR and internal 

nutrient loading for ammonia and phosphate in 2018 compared to 2017, whereas 

values for MeHg and manganese were higher in 2017 compared to 2018. In 

addition, MeHg showed a higher transport through thermocline in 2017, which was 

associated with higher bioaccumulation into seston and zooplankton (Beutel 

unpublished). Negative values of MHAR and internal nutrient loading for 

manganese and MeHg in 2018 suggest a manganese and MeHg sink in bottom 

waters.  

After oxygenation in 2021, we barely observed any accumulation of 

ammonia, phosphate, manganese, THg, and MeHg based on our MHAR 

assessment (Fig. 1-8). Any accumulation that happened at the beginning of the 

season was followed by loss and a small release in October. Phosphate showed an 

interesting pattern of continuous accumulation (30 mg/m2·d) at station B. But as 

the water column appeared more mixed in 2021, this calls into question the 

appropriateness of applying the MHAR metric, since it assumed accumulation into 

a well-defined hypolimnion. Therefore, we used a whole-lake mass approach 

(McCord et al., 2016) to assess two parameters of interest, TP and MeHg, which 

are relatively conservative on a whole-lake basis. We estimated the whole-lake 

mass of TP and unfiltered MeHg in Hodges Reservoir based on bathymetry and 

concentration down the water column. We compared July 2019, the average 

precipitation year, with July 2021, after oxygenation with relatively mixed 

conditions. 2019 hypolimnetic TP mass of around 4,867 kg (19,026,000 m3 lake 

volume; 1.8 mg/L) volume-weighted mean concentration was higher than the 2021 

whole-lake TP mass of around 2,084 kg (14,262,000 m3; 0.55 mg/L). For MeHg, 

in 2019, hypolimnetic mass of around 2 g (19,026,000 m3; 1.18 µg/m3) volume-

weighted mean concentration was higher than the 2021 whole-lake MeHg mass of 

around 0.6 g (14,262,000 m3; 0.22 µg/m3). 

 

 

1.5 Discussion  

1.5.1 Nitrogen Cycle 

 

At the sediment-water interface of hypereutrophic reservoirs, the nitrogen 

cycle is dominated by mineralization, the formation of ammonium from the 

degradation of organic matter, and denitrification, the microbial transformation of 

nitrate into nitrogen gas (Table 1-1). We can observe these two processes being 

dominant in Hodges Reservoir in 2017-2019. Ammonia progressively accumulated 

in the hypolimnion while nitrate was depleted early in the season as anoxic 
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conditions and redox potential favored these reactions. However, there are some 

differences in the nitrogen cycle during the years before oxygenation. 2017 and 

2019 showed high nitrate concentrations in bottom waters (1-4.5 mg-N/L) at the 

beginning of the season and a progressive ammonia accumulation in the 

hypolimnion (MHAR ~200 mg/m2·d). While 2018 showed low nitrate 

concentration (0.2-2 mg-N/L) in bottom waters at the beginning of the season, and 

higher ammonia MHAR (>250 mg/m2·d) peaking in July (Figs. 1-6, 1-7, and 1-8). 

Differences in nitrogen cycling year to year can be explained by the wet 

versus dry conditions (Fig. 1-3). During the dry year 2018, there was negligible 

runoff resulting in low external nutrient loading and a relatively small lake volume. 

Upon the formation of the thermocline and the relatively small hypolimnion, DO 

was rapidly depleted and redox potential quickly dropped (Figs. 1-4 and 1-5, Table 

1-1). Thus, organic matter degradation promoted high ammonia MHAR (>200 

mg/m2·d) and high internal nutrient loading all year long (Figs. 1-8 and 1-9, Table 

1-4). Nitrate was only seen at the end of the season due to the fall turnover event 

mixing ammonia from bottom water into an oxic water column where the 

nitrification process could occur (Figs. 1-6B and 1-7). Interestingly, high nitrate 

concentration was seen at the beginning of the season of 2019 (Figs. 1-6B and 1-

7). On the contrary, the rain seen at the beginning of the years 2017 and 2019 

brought runoff from the watershed that increased the volume of the reservoir and 

resulted in substantial external nutrient loading (Fig. 1-3). The resulting 

hypolimnion was around two times the volume of the hypolimnion in dry year 

2018, which meant that the hypolimnion started with a much higher mass of 

oxygen. In addition, lake waters had elevated levels of nitrate, a potent oxidant, 

due to the nitrification of large ammonia releases during the previous years, as well 

as elevated levels of nitrate in stormwater inflows (1-2 mg-N/L) (City of San 

Diego, 2021). As a result, bottom water stayed aerobic with elevated redox levels 

for a longer time after stratification, resulting in less internal nutrient loading (Figs. 

1-5 and 1-9, Table 1-4). By poising redox potential above that at which phosphate-

containing iron-oxides in sediment undergo reductive dissolution, nitrate has been 

shown to be a potent inhibitor of sediment phosphorus release in a range of aquatic 

ecosystems (Beutel et al., 2016). 

 

As expected, the nitrogen cycle pattern shifted after oxygenation starting in 

2020. DO concentrations in bottom waters were around 2 mg/L and redox potential 

was > 300 mV (Figs. 1-4 and 1-5). As a result, nitrification, the oxidation of 

ammonium to nitrate, was the dominant reaction (Rysgaard et al., 1994): 

 

2𝑁𝐻4
+ + 3𝑂2  →  2𝑁𝑂2

− + 2𝐻2𝑂 + 4𝐻
+ 

 

and 

 

2𝑁𝑂2
− + 𝑂2  →  2𝑁𝑂3

−  
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Ammonia concentrations stayed low (0.3-0.5 mg-N/L) all year long 

throughout the water column (Figs. 1-6A and 1-7). Nitrate concentrations, between 

1-2 mg-N/L, were seen early in the season in bottom waters and stayed at low 

concentration (0.7 mg-N/L) throughout the water column the rest of the season. As 

there was weaker stratification, nitrate appeared to be mixed throughout the water 

column. However, there was lower nitrate concentration in the water column 

during July to September, which could be associated with higher water 

temperatures enhancing the activity of denitrifying organisms in anoxic sediments, 

and more algae growth in the surface waters (Figs. 1-6B and 1-7). These results 

highlight the paradox of nitrogen cycling in eutrophic lakes: the addition of oxygen 

can indirectly stimulate the anaerobic process of denitrification (nitrate reduction 

to nitrogen gas) by promoting nitrification (ammonia oxidation to nitrate), 

resulting in the net loss of ammonia from the system. This phenomenon of net 

nitrogen loss has also been observed in Camanche Reservoir, California, USA, 

which has been oxygenated with a Speece Cone HOS since the early 1990s 

(Beutel, 2006; Horne and Beutel, 2019).  

The difference in relative concentrations of ammonia and nitrate after 

oxygenation might have repercussions in the phytoplankton taxa seen in Hodges 

Reservoir. Ammonia is normally the preferred compound for algae and bacteria 

because of the smaller energy cost for assimilation, but eukaryotic phytoplankton 

are also able to use nitrate, giving them an advantage under nitrate-rich conditions 

(Harris et al., 2016). In contrast, high ammonia relative to nitrate favors 

cyanobacteria growth, especially non-nitrogen-fixing taxa, as well as the 

production of secondary metabolites such as the common taste and odor compound 

geosmin (Harris et al., 2016). These dynamics appear to be occurring in Hodges 

Reservoir. In 2021, when nitrate concentrations increased and ammonia 

concentration decreased, because of oxygen addition, geosmin measured at station 

B decreased compared to pre-oxygenation years (Fig. 1-6B, Table 1-3). Another 

interesting observation is the apparent drop in nitrate concentrations in the water 

column at stations A and B in the summer of 2021, which appeared to correspond 

with an increase in chl under elevated iron concentration (Figs. 1-6B and 1-6D, 

and 1-7, Table 1-3). The loss of summertime nitrate may be linked to the presence 

of iron since iron is known to facilitate nitrate uptake and stimulate algal 

productivity in some phytoplankton communities (Havens et al., 2012; Ma et al., 

2021; Robertson et al., 2016). 

1.5.2 Manganese and Iron Cycling 

Similar to nitrate and ammonia, manganese and iron had different behaviors 

between dry and wet years, as well as before and after oxygenation. Both 

manganese-oxides and iron-oxides in surficial sediment undergo reductive 

dissolution under reduced conditions, releasing reduced manganese (Mn(II)) and 

iron (Fe(II)) into overlaying water, with manganese-oxides being more susceptible 

to reductive dissolution as redox potential drops (Table 1-1) (Davison, 1993). For 
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pre-oxygenation years, 2017-2019, manganese hypolimnetic accumulation was 

observed in all years, but patterns were different for each year and corresponded to 

the redox status of the system and the hydrology (Figs. 1-4 and 1-8). In the wet 

year 2017, in which hypolimnetic redox potential dropped slowly, modest 

manganese accumulation was observed from May to July resulting in low 

concentration in bottom water. This year also showed a late-season manganese 

flux in September, which could be associated with the abiotic reduction of 

refractory Mn-oxides by sulfide (Böttcher and Thamdrup, 2001; Beutel et al., 

2020), as sulfide (>15 mg/L) was elevated during this period (Fig. 1-8). In contrast, 

in dry year 2018, when redox potential dropped to low levels earlier in the year, 

manganese accumulation was observed only in May (Fig. 1-8). This contrast is 

highlighted in Fig. 1-9 where in June 2017 there was manganese accumulation in 

bottom waters (MHAR of 33 mg/m2·d), whereas in June 2018 there was 

manganese loss (MHAR of -36 mg/m2·d). A negative MHAR (manganese loss 

from the hypolimnion) was also observed later in the stratified season in 2019 (Fig. 

1-8). Two mechanisms could account for this observation. As discussed below, 

iron monosulfide minerals (mackinawite, FeS) likely precipitated under Fe(II)- and 

sulfide-rich conditions and may have scavenged Mn(II) from bottom waters 

(Morse and Luther, 1999). Another possible sink for manganese could be 

precipitation with sulfide forming alabandite (MnS). 

 

𝑀𝑛2+ + 𝐻𝑆− ↔ 𝐻+ +𝑀𝑛𝑆(𝑠) 

 

This mineral is typically not observed in freshwaters due to its relatively high 

solubility product (pKsp ~0.4) (Delfino and Lee, 1968; Davidson, 1993). Solubility 

calculations (pKsp ~2.9) suggest that MnS precipitation may have been favored at 

the end of summer in bottom waters of Hodges Reservoir under highly sulfidic 

(~30 mg/L) and manganese-rich (~1 mg/L) conditions. 

Patterns of iron concentration in the hypolimnion before oxygenation (2017-

2019) were less obvious than for manganese (Fig. 1-6C-D and 1-7). A similar 

pattern of modest and sustained increase in concentration during wet 2017, 

compared to a more intense high concentration during dry 2018, was observed. But 

in all years, iron concentration diminished in the summer. It seems that the high 

sulfide concentrations, a byproduct of SRB activity in the relatively high sulfate 

waters (~200 mg/L) of Hodges Reservoir, favored FeS precipitation in the 

hypolimnion (Balistrieri et al., 1992; Luther et al., 2003; Wolthers et al., 2005) as: 

 

𝐹𝑒2+ + 𝐻𝑆− ↔ 𝐻+ + 𝐹𝑒𝑆(𝑠) 

 

 Typical concentrations of total sulfide (~15 mg/L) and total iron (~0.07 

mg/L) in hypolimnetic water at station A under highly reduced conditions (-200 
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mV) were indicative of FeS precipitation based on the reported solubility product 

for FeS (pKsp ~3) (Beutel, 2000). FeS precipitation was also observed during the 

anoxic phase of laboratory chamber experiments assessing sediment release of 

nutrients and metals in Hodges Reservoir under oxic versus anoxic conditions 

(Beutel et al., 2020). 

Unlike manganese, iron cycling is linked to the internal loading of 

phosphorus since the dissolution of iron-oxides in sediment is commonly 

accompanied by the release of phosphate to overlaying water (Lovley et al., 2004; 

Golterman, 2001; Søndergaard et al., 2003). This linkage is difficult to see in the 

water quality dataset, since summertime hypolimnetic iron concentration is low 

(via FeS precipitation sink) when phosphate concentration is elevated, especially in 

2018 and 2019 (Fig. 1-7). But this linkage between iron and phosphate release is 

more obvious in bottom waters during 2017, when the hypolimnion went anoxic 

more slowly and phosphate and iron concentrations in bottom waters increased 

from around July through August (Fig. 1-7). In all years, elevated phosphate 

concentration was observed late in the season, presumably after more labile iron-

oxides were reduced. This may be the result of abiotic reduction of refractory iron-

oxides by sulfide under the highly sulfidic conditions of bottom waters in the late 

summer (Mitchell and Baldwin, 1998; Zak et al., 2006). It also could be the result 

of the mineralization of decaying algae stimulated by the high rates of internal 

loading in this hypereutrophic reservoir (Forsberg, 1989). To put the magnitude of 

internal loading in context, we estimated annual rates of internal phosphate loading 

for Hodges Reservoir (~18-55 g-P/m2-y). Values were two orders of magnitude 

higher than that predicting a eutrophic trophic status (~0.2 g-P/m2-y) for this 

relatively shallow reservoir (mean depth ~6 m) using the Vollenweider phosphorus 

loading curve (Horne and Goldman, 1993).  

Manganese and iron cycling appeared to change substantially after 

oxygenation. At both stations A and B for 2020-2021, manganese values in bottom 

water no longer showed an increase in concentrations as the season progressed. 

Instead, it showed low and steady concentrations suggesting some continued 

release via reductive dissolution of manganese-oxides, especially early in 2021 at 

station A (Figs. 1-6C and 1-7, Table 1-1). In contrast, iron concentration was 

elevated throughout the water column, but phosphate and TP were low (Figs. 1-6D 

and 1-7). Since iron-oxide reductive dissolution typically results in the co-release 

of iron and phosphate (Golterman, 2001; Søndergaard et al., 2003), there appears 

to be another source of iron in bottom waters. The source of this iron could be the 

oxidation of FeS in surficial sediment. FeS is metastable and elevated DO and 

redox potential at the sediment-water interface can promote FeS dissolution, 

releasing dissolved Fe(II) which would result in Fe(III)-oxides formation (Chen 

and Morris, 1972; Wang et al., 2023). Freshly formed iron-oxides produced by 

Fe(II) oxidation in natural waters tend to exist primarily as colloids (1-100 nm), 

which are resistant to gravitational settling unless they aggregate and become large 

enough to sink (Chikanda et al., 2021). Moreover, iron-oxide colloids can bind 
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with natural organic matter in waters with elevated carbon-to-iron molar ratios 

(>1.6) via bonding to the humic acids (Liao et al., 2017). DOC measured after 

oxygenation in Hodges Reservoir was around 8.5 mg/L, yielding a carbon-to-iron 

ratio of around 20, suggesting inhibition of humic acid/iron-oxide aggregation 

(Table 1-1). This is a possible explanation for the persistent concentrations of iron 

observed in the post-oxygenated water column (Figs. 1-6D and 1-7). The 

mechanism of FeS oxidation forming iron-oxides to the water column, combined 

with the colloid nature of resulting iron-oxides in high DOC waters, could also 

explain elevated iron throughout the water column in the early spring during the 

years before oxygenation, especially in 2018 (Fig. 1-7). 

 

1.5.3 Methylation Window  

MeHg accumulation in aquatic environments is the result of the competition 

of two main cycling processes, Hg methylation and MeHg demethylation (Fig. 1-

1) (Barkay and Gu, 2022). Hg methylation is performed mainly by anaerobic 

microorganisms and thus tends to occur under anaerobic conditions (Ullrich et al., 

2001). But inorganic Hg(II) bioavailability for methylation tends to decrease as 

reducing conditions become more severe (Benoit et al., 1999; Regnell and Watras, 

2019). As a result, Hg methylation occurs at the redox boundary in aquatic 

sediment, which can coincide with SRB activity at the sediment-water interface 

resulting in MeHg formation as a co-metabolic process (Gilmour et al., 2018). 

MeHg demethylation is prevalent under oxidized conditions and performed by 

aerobic prokaryotes using the mer-detoxification pattern under extremely high Hg 

concentrations (Du et al., 2019). It is also performed by some SRB and 

methanogenic microorganisms as a cometabolic process under highly reduced and 

light-deprived conditions in soils and sediments where microbes recognize the 

methyl group in MeHg as a C1 substrate. For SRB, the proposed reaction suggest 

an oxidative demethylation as an overall reaction analogous to acetate oxidation by 

SRB (Marvin-DiPasquale and Oremland, 1998): 

𝐶𝐻3𝐻𝑔
+ + 2𝐻+ + 𝑆𝑂4

2−  ↔ 𝐻𝑆− + 𝐶𝑂2 + 2𝐻2𝑂 + 𝐻𝑔
2+ 

 

For methanogenic archaea the reaction is analogous to monomethylamine or 

methanol degradation where the methyl group is possibly oxidized via the 

periplasmic enzyme (Baesman et al., 2015; Lu et al., 2017): 

 

4𝐶𝐻3𝐻𝑔 + 2𝐻2𝑂 +  4𝐻
+  ↔  3𝐶𝐻4 + 𝐶𝑂2 + 4𝐻2 + 4𝐻𝑔

2+ 

 

As a result of these complex processes, peak MeHg production in aquatic 

ecosystems tends to occur under moderately anaerobic and mildly reduced 

conditions (e.g., manganese reduction), which we call the “methylation window”. 

In Hodges Reservoir, we saw this methylation window at the end of the spring 

season of the wet and average years (2017 and 2019), especially in 2017. MeHg 
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production and accumulation in the hypolimnion happened from May to June 

(Figs. 1-8 and 1-9). It seems that runoff during winter-spring precipitation 

provided more initial mass of oxygen due to a larger hypolimnion, which delayed 

the onset of highly reduced conditions in bottom waters. In addition, the elevated 

nitrate concentration from the previous high-ammonia year, and the extra nitrate 

input from storm runoff, likely helped to buffer redox conditions at around 200 

mV early in the season (Figs. 1-6A-B and 1-7) (Beutel et al., 2016). These 

conditions favored denitrification and microbial manganese-oxides reduction 

during the pre-stratified season. But with the onset of stratified conditions in May, 

mildly reduced conditions (0-100 mV) prevailed in bottom waters that enhanced 

Hg methylation by promoting inorganic Hg(II) bioavailability and SRB activity in 

anoxic profundal sediment. We saw a peak in MeHg accumulation rate (200-300 

ng/m2·d) overlapping with elevated manganese accumulation rate (~230 mg/m2·d), 

a decrease in sulfate concentration, and low sulfide buildup in the water by May 

(Fig. 1-8, Table 1-1), conditions known to stimulate MeHg production in aquatic 

systems (Gilmour et al., 2018). Other studies of Hg cycling have observed this 

synchronicity of elevated manganese and MeHg, suggesting that in aquatic 

ecosystems an increase in dissolved manganese may be the effect of mildly 

reduced conditions that are also suitable for anaerobic microbes able to methylate 

inorganic Hg(II) (Peterson et al. 2023; Alpers et al., 2014; Gill et al., 2008, Balogh 

et al., 2004). 

 

In both years, 2017 and 2019, MeHg showed a negative MeHg accumulation 

rate (loss from bottom waters) late in the stratified season when the hypolimnion 

was highly reduced and sulfidic (Fig. 1-8). Apparently, the methylation window 

closed. Two mechanisms may explain this observation: low Hg(II) bioavailability 

for methylation (Regnell and Watras, 2019) and elevated rates of demethylation 

relative to methylation (Marvin-DiPasquale et al., 2000). Experimental sediment-

water chamber incubations conducted with samples from Hodges Reservoirs by 

Beutel et al. (2020) also observed peak MeHg accumulation rates of around 100-

300 ng/m2·d under mildly reduced conditions. MeHg accumulation rates dropped 

dramatically under highly reduced conditions. Fuhrmann and Beutel (2021) 

showed that methanogens were potent demethylators in reduced sediment from 

Hodges Reservoir, suggesting this mechanism accounts for the observed loss of 

MeHg in the reservoir late in the stratified season. 

In contrast to the wet and average years, during the dry year of 2018, the 

methylation window occurred during a shorter period (Figs. 1-7, 1-8, and 1-9). 

With no stormwater runoff, the hypolimnion was much smaller, and reduced 

conditions in the water column developed earlier in the season (Figs. 1-4 and 1-5). 

As a result of the mechanisms noted above, MeHg accumulation was relatively 

low. A similar pattern of low MeHg accumulation throughout the stratified season, 

due to highly reduced and sulfidic conditions in bottom waters, was observed in 

Twin Lakes, Washington, USA (Beutel et al., 2014). In that lake system, oxygen 

addition to enhancing a stocked cold-water trout fishery unexpectedly led to an 
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increase in Hg uptake into biota. In essence, oxygen addition may have 

inadvertently opened the methylation window, though MeHg uptake into biota was 

lower in years with elevated oxygen input compared to years with lower oxygen 

input.  

 

After oxygenation in 2021, DO concentration (~2 mg/L) and redox (> 300 mV) 

were elevated in bottom waters during the entire sampling season (Figs. 1-4 and 1-

5) and MeHg accumulation was absent (Figs. 1-7 and 1-8). The highly oxidized 

conditions appeared to close the methylation window, likely via inhibition of SRB 

activity, which microbes are obligate anaerobes and key methylators (Gilmour et 

al., 2018). Other potential sinks for MeHg and Hg(II) in surficial sediment include 

sorption to iron- and manganese-oxides, which have large surface areas and high 

capacity to sorb and co-precipitate with Hg species (Inoue and Munemori, 1979; 

Ullrich et al., 2001), and loss via aerobic demethylation (Barkay and Gu, 2022; Du 

et al., 2019). However, because the reservoir appeared to be more mixed after HOS 

operations, the low and constant MeHg concentration in the water column could be 

the result of sediment release followed by mixing and dilution. But whole-lake 

MeHg mass calculations suggest this is not the case (1.18 µg/m3 during July 2019 

versus 0.22 µg/m3 during post-oxygenation July 2021). Thus, it appears that 

oxygenation did indeed suppress the accumulation of MeHg into reservoir waters, 

which presumably could decrease bioaccumulation in aquatic biota as well. 

1.6 Management Considerations 

Study results highlight the role that winter precipitation and changes in 

hypolimnion volume play in mediating nutrients, metals, and Hg cycling in 

Hodges Reservoir. During the wet and average years (2017 and 2019, 

respectively), larger water volume in the reservoir resulted in relatively low 

hypolimnetic concentrations of nutrients and metals but opened a window for high 

MeHg production under mildly reduced conditions. On the contrary, the dry year 

(2018) favored rapid deoxygenation of bottom waters, resulting in higher 

hypolimnetic concentrations of nutrients and metals but a lower accumulation rate 

of MeHg. This change in hypolimnion volume has implications for the reservoir’s 

productivity and MeHg accumulation in biota. After oxygenation, water quality in 

Hodges Reservoir showed substantial drops in water column ammonia, phosphate, 

manganese, and MeHg, but elevated levels of iron and nitrate. Whole-lake TP 

dropped by over half when comparing pre-and post-oxygenation years (July 2019 

vs July 2021). Oxygenation also appears to lower phytoplankton productivity and 

its potential to produce the potent taste and odor compound geosmin. 

Notwithstanding, two observations post-oxygenation merit discussion: first, the 

apparent loss of thermal stratification in post-oxygenation years, and second, the 

ongoing accumulation of some reduced compounds (e.g., manganese and iron) in 

bottom waters despite oxygenation. Based on temperature profiles from 2020 and 

2021 (Figs. 1-4 and 1-5), the reservoir water column appeared to be well-mixed 
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with no thermocline formation. This was unanticipated as cone-based HOS aims to 

maintain thermal stratification to allow for selective withdrawal of bottom waters 

free of phytoplankton and their decay by-products and to support cold-water biota 

in the reservoir and its tailwaters (Beutel and Horne, 1999). Numerous 

oxygenation cones have been used to successfully oxygenate lakes and reservoirs 

in the USA while maintaining stratification, including Newman Lake, Washington 

(max depth ~9.0 m) (Moore et al., 2012), Camanche Reservoir, California (max 

depth ~34.6 m) (Horne and Beutel, 2019; Horne et al., 2019), and in Indian Creek, 

California (max depth ~12.8 m) and Marston Reservoir, Colorado (max depth 

~17.1 m) (Alex Horne, personal correspondence). Three different factors likely 

contributed to the mixing of the water column: the relatively shallow depth of the 

reservoir, the turbulent energy input from a pumped storage hydropower system, 

and the installation of the HOS cone at an intermediate depth (~14.5 m) rather than 

at the deepest point in the reservoir (~19 m).  

The second observation of note was that, while dramatically affecting chemical 

cycling in the reservoir, HOS operation did not always maintain a well-oxygenated 

sediment-water interface throughout the reservoir. Rather, some chemical 

stratification persisted. Elevated levels of manganese and iron were seen early in 

the season in bottom waters during 2020-2021 (Figs. 1-6C-D and 1-7). As it does 

not readily reoxidize to a particulate oxide under aerobic conditions, manganese is 

an especially good tracer of the occurrence of anoxic conditions at the sediment-

water interface (Beutel et al., 2020). Hence, its persistence in bottom waters 

indicates reduced conditions to some extent at the sediment-water interface. 

Hodges Reservoir has relatively high sediment oxygen demand (~2 g/m2·d) and 

during sediment-water chamber experiments, “oxic” sediment chambers still at 

times released nutrients and metals into overlaying water (Beutel et al., 2020). 

Accordingly, it is not surprising to see indications of anoxia at the sediment-water 

interface, even when oxygen is being added. Long-term operation of HOS at other 

sites has shown that sediment oxygen demand tends to decrease with time as the 

historic accumulation of organic matter in sediment is oxidized (Gantzer et al., 

2009, Horne and Beutel, 2019). The same effect can be expected at Hodges 

Reservoir, though because of its extremely productive character it may take a 

relatively long time. Coupled with this decrease in oxygen demand should be an 

ability for oxygen addition to suppressing metals release more readily from 

profundal sediment. 

Article published: Rodal-Morales, N. D., Beutel, M., Fuhrmann, B., Defeo, S., 

Hansen, A. M., Harmon, T., ... and Pasek, J. (2024). Hydrology and oxygen 

addition drive nutrients, metals, and methylmercury cycling in a hypereutrophic 

water supply reservoir. Frontiers in Water, 6. 
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Table 1-1. Thermodynamic sequence for reduction of inorganic substances by 

hydrogen at pH 7.0 and 25°C 

Modified from Schlesinger, W. Second Edition (1997, p234). Calculated from Stumm and 

Morgan (1981, p459) 
b Kcal/mole- e-, assuming coupling to the oxidation reaction;  
1

4
𝐶𝐻2𝑂 +

1

4
𝐻2𝑂 →  

1

4
𝐶𝑂2 +𝐻

+ + 𝑒−, and ΔG= -RTln(K) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reaction Eh (mV) ΔGb 

Reduction of O2 

O2 + 4H+ + 4e-
 ↔ 2H2O 

812 -29.9 

Reduction of NO3
- (denitrification) 

2NO3
-
 + 6H+ + 6e-

 ↔N2 + 2H2O 

747 -28.4 

Reduction of Mn4+ to Mn2+
 

MnO2 + 4H+ + 2e-
 ↔ Mn2+ 2H2O 

526 -23.3 

Reduction of Fe3+ to Fe2+
 

Fe(OH)3 + 3H+ + e-
 ↔  Fe2+ + 2H2O 

-47 -10.1 

Reduction of SO4
2- to H2S 

SO4
2- 

 + 10H+ + 8e-
 ↔H2S  + 4H2O 

-221 -5.9 

Reduction of CO2 to CH4 

CO2 +8H+ + 8e-
 ↔  CH4 + 2H2O 

-244 -5.6 
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Table 1-2. Average bottom water quality at station A and B for pre-oxygenation 

years 2017-2019 and post-oxygenation years 2020-2021.  

Notes: The values represent the average plus/minus standard deviation from May to September 

of the bottom waters. Data from City of San Diego (CSD) and UC Merced (UCM). For UCM 

  2017 2018 2019 2020 2021 

Parameter  A B A B A B A B A B 

Ammonia, 

mg-N/L 

CSD  2.5 

± 

1.2 

 3.2 ± 

2.5 

 3.0 

± 

1.6 

0.22 0.25 

± 

0.17 

0.2 0.13 

± 

0.07 

UCM 1.9 

± 

1.2 

1.9 

± 

0.9 

4.3 ± 

3.1 

2.8 ± 

1.2 

2.4 ± 

1.6 

2.1 

± 

1.2 

  0.05 

± 0.2 

0.01 

± 

0.14 

Nitrate,  

mg-N/L 

CSD  0.1 

± 

0.2 

 0.1 ± 

0.1 

 0.3 

± 

0.3 

0.22 0.51 

± 

0.76 

0.16 0.13 

± 0.1 

UCM 0.1 

± 

0.06 

0.03 ND ND 0.05 

± 

0.02 

0.03 

± 

0.01 

  0.32 

± 0.2 

0.23 

± 0.1 

Phosphate, 

mg-P/L 

CSD  0.8 

± 

0.5 

 0.5 ± 

0.2 

 0.1 

± 

0.04 

0.22 0.39 

± 

0.07 

0.9 0.7 ± 

0.12 

UCM 0.5 

± 

0.1 

0.5 

± 

0.05 

1.0 ± 

0.33 

0.7 ± 

0.1 

0.5 ± 

0.14 

0.8 

± 

0.1 

  0.10 

± 

0.04 

0.13 

± 

0.07 

Iron,  

mg/L 

CSD  0.1 

± 

0.02 

 0.1 ± 

0.03 

 0.1 

± 

0.02 

0.19 0.21 

± 

0.12 

0.1 0.4 ± 

0.3 

UCM 0.1 

± 

0.02 

0.1 

± 

0.02 

0.05 

± 

0.03 

0.04 

± 

0.03 

0.03 

± 

0.01 

0.3 

± 

0.01 

  0.17 

± 

0.09 

0.17 

± 

0.12 

Manganese, 

mg/L 

CSD  0.5 

± 

0.1 

 0.8 ± 

0.2 

 1.1 

± 

0.3 

0.18 0.16 

± 

0.05 

0.31 0.23 

± 

0.09 

UCM 0.5 

± 

0.1 

0.5 

± 

0.08 

0.9 ± 

0.1 

0.6 ± 

0.2 

0.8 ± 

0.3 

0.7 

± 

0.2 

  0.27 

± 0.4 

0.13 

± 0.1 

Total Hg, 

ng/L 

UCM 3.4 

± 

0.9 

3.8 

± 

0.4 

1.4 ± 

0.2 

1.1 ± 

0.2 

2.1 ± 

1.4 

1.7 

± 

0.3 

  0.58 

± 0.3 

0.53 

± 0.3 

Methyl-Hg, 

ng/L 

UCM 1.4 

± 

0.4 

1.5 

± 

0.5 

0.2 ± 

0.07 

0.3 ± 

0.09 

0.4 ± 

0.3 

0.5 

± 

0.2 

  0.04 

± 

0.01 

0.05 

± 

0.01 

Sulfate,  

mg/L 

UCM 162 

± 

13.2 

159 

± 

7.1 

60 ± 

10.5 

65 ± 

8.22 

168 

± 

17.7 

175 

± 

16.1 

  104 

± 

24.3 

140 

± 

86.6 

Sulfide,  

mg/L 

UCM 3.7 

± 

3.9 

2.9 

± 

2.4 

14.6 

± 8.7 

10.3 

± 5.3 

11.5 

± 0.3 

5.4 

± 

4.5 

  ND ND 

DOC,  

mg/L 

UCM 10.4 

± 

0.9 

 9.3 ± 

0.36 

9.7 ± 

0.8 

    8.62 

± 

0.23 
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data, bottom waters are considered the deepest three depths sampled (n ~15). For CSD data, 

bottom waters were collected weekly at station B (n ~20). For CSD data in 2020 and 2021, 

bottom waters were collected one week in July at station A. ND is not detected. DOC is 

dissolved organic carbon. 

 

 

 

 

Table 1-3. Surface water quality during summer months, May to September, for 

pre-oxygenation years 2017-2019 and post-oxygenation year 2021. 

 

 
Notes: Values are means, except for geosmin values which are medians, and sample size is 

noted in parentheses. For chlorophyll and total phosphorus, surface waters represent the 

average from 0-9 m deep at station A, and from 0-6 m deep at station B. For chlorophyll 

mass, before oxygenation was considered 0-9 m, after oxygenation (2021) was considered 

all the water column. ND is not detected.  

 

 

 

 

 

 

 

 

 

 

 

 

 2017 2018 2019 2021 

Parameter A B A B A B A B 

Total Chl,  

µg/L 

61 ± 

19 

(n=5) 

74 ± 16 

(n=5) 

66 ± 

40 

(n=4) 

73 ± 32 

(n=4) 

92 ± 

52 

(n=5) 

145 ± 

101 

(n=5) 

29 ± 

11 

(n=5) 

37 ± 3  

(n=5) 

Total Chl 

mass, g/m2 
0.52 0.58 1.03 0.24 

Total P, 

mg/L 

0.14 

± 

0.03 

(n=5) 

0.15 ± 

0.02 

(n=5) 

0.29 

± 

0.08 

(n=4) 

0.26 ± 

0.02 

(n=4) 

0.21 

± 

0.03 

(n=5) 

0.19 ± 

0.04 

(n=5) 

0.11 

± 

0.02 

(n=5) 

0.11 ± 

0.01 

(n=5) 

Sechi Disk,  

cm 

74 ± 

18 

(n=5) 

 
67 ± 

20 

(n=4) 

62 ± 16 

(n=4) 

110 ± 

99 

(n=5) 

100 ± 

102 

(n=5) 

70 ± 

22 

(n=5) 

 

Geosmin,  

ng/L 
 ND  

(n=9) 
 35 

(n=18) 
 18  

(n=31) 
 ND  

(n=28) 
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Table 1-4. Internal nutrient loading average values for pre-oxygenation years 

2017-2019. 
 

 

Notes: Values calculated using a mass transport equation based on the heat-accumulation 

method described by Chapra (1997); see methods for more details. Values are average of 

monthly rates estimated for May to August (n=4) for 2017 and 2019, and for May to July 

(n=3) for 2018 due to missing sampling date.   

Parameter 2017 2018 2019 

Heat exchange coeff. (Vt), cm/d 1.23 1.39 1.59 

Vertical Diffusion Coefficient (Et), cm2/s 0.0028 0.0030 0.0030 

Phosphate, mg-P/m
2
·d 11 40 61 

Ammonia, mg-N/m
2
·d 53 150 168 

Manganese, mg/m
2
·d 10 38 71 

Nitrate mg-N/m
2
·d -56 0 -27 

Methylmercury, ng/m
2
·d 39 7 16 
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Figure 1-1  Anoxic biogeochemical processes at the sediment-water interface in 

reservoirs. External nutrient loading leads to sediment accumulation and decay of organic 

matter, which can release ammonia (light green) and phosphate (dark green) via 

mineralization. As sediments become mildly reduced metal oxides undergo reductive 

dissolution, resulting in manganese (yellow), iron (white) and phosphate (dark green) 

release. These processes lead to internal nutrient loading. Under reduced conditions sulfide 

is released (dark grey) and can precipitate with iron (light grey). Toxic methylmercury 

(MeHg) (purple) tends to be released under mildly reduced conditions but lost under 

highly reduced conditions.  
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Figure 1-2  (A) Picture of the oxygenation cone on construction barge before being 

submerged (left), and on-shore facilities including liquid oxygen storage tank and 

evaporators (right). Photo credit: City of San Diego. (B) Map of Hodges Reservoir, 

showing the two sampling stations A and B, location of the pumped storage system, and 

location of the hypolimnetic oxygenation system. Contours are every 5 m and mapped 

water surface elevation is of ~91 m. Modified from Beutel et al. (2020). 
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Figure 1-3 Monthly rainfall (blue bars) and surface elevation (red line) in Hodges 

Reservoir from 2016-2021. Data collected monthly by the City of San Diego. Rainfall 

represents calculated values based on an evaporation pan measurement that is scaled to the 

surface area of the reservoir. 

 

 
Figure 1-4 Summer (July or August) profiles at stations A and B from left to right: 

temperature, pH, dissolved oxygen (DO), and redox potential (ORP). Oxygenation 

occurred during 2020 and 2021. Note that in 2018 at station A data were only collected to 

a depth of 12 m.  
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Figure 1-5 Water quality isopleths for temperature (T), dissolved oxygen (DO) and redox 

potential (ORP) at station B during 2017-2019 and 2021. The isopleths were calculated as 

an annual interpolation of weekly data collected by the City of San Diego from January 

through December to a depth of 12 m using RStudio. Note actual elevation of reservoir 

varied between years; see text for details. 

 

Figure 1-6 Water quality parameters of ammonia (A), manganese (B), nitrate + nitrite (C), 

and iron (D) at station B for 2017-2021. Data collected by the City of San Diego from 

January to December at three different depths: surface, bottom, and mid-depth. 
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Figure 1-7. Water quality isopleths at station A, from top to bottom: ammonia, nitrate, 

total phosphorus, phosphate, iron, manganese, methylmercury, and total mercury for 2017- 

2019, and 2021. Data collected monthly by UC Merced at 3-m-deep intervals April 

through November and interpolated to a depth of 20 m using RStudio. Note actual 

elevation of reservoir varied between years; see text for details. 
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Figure 1-8 Monthly Hypolimnetic Accumulation Rate (MHAR), top to bottom: ammonia, 

phosphate, manganese, total mercury, and methylmercury at station A (bright color) and B 

(light color) during 2017, 2018, 2019 and 2021. Data used for the calculation were 

collected monthly by UC Merced at 3-m-deep intervals from April through November.  
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Figure 1-9 Example estimates of hypolimnetic accumulation (dark grey) and mass transfer 

across the thermocline (i.e., internal nutrient loading) (light grey) for the month of June for 

2017 (top) and 2018 (bottom). Units are mg/m2·d except for methylmercury which is 

ng/m2·d. Note reservoir was substantially smaller in volume in 2018. From left to right: 

phosphate, ammonia, nitrate, manganese, and methylmercury. Dashed line represents 

thermocline. Data used for the calculations were collected monthly by UC Merced at 3-m-

deep intervals from April through November.  
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2. MERCURY CYCLING IN COAGULANT-TREATED 

WETLAND SOILS UPON REWETTING: A 

CONTROLLED LABORATORY INCUBATION 

2.1  Abstract 

Negative health effects of methylmercury (MeHg) on wildlife are prime 

factors of concern in the Sacramento-San Joaquin Delta. The Cache Creek Settling 

Basin (CCSB), California, USA, was designed to trap sediment from discharging 

to the Yolo Bypass which ultimately drains into the Delta. Cache Creek drains a 

highly erodible landscape with numerous sources of mercury (Hg) leading to 

elevated Hg loading to downstream habitats. To enhance Hg retention within the 

basin, the United States Geological Survey studied the use of the coagulants 

ChitoVan (organic/shell amino-based), Ferralyte (ferric-sulfate), and Ultrion, 

(polyaluminum-chloride) in CCSB. The present study used lab-scale soil-water 

incubations to assess concerns about the coagulant-treated wetland soils releasing 

absorbed substances and/or enhancing MeHg production after rewetting with and 

without the addition of organic matter (OM). Under rewetted conditions without 

OM added, MeHg levels remained low in water (0.12±0.06 ng/L) and soil 

(1.2±0.04 µg/kg dw) despite coagulant treatment. The incubations reached 

oxidation-reduction potential levels associated with nitrate and manganese 

reduction, conditions not typically associated with Hg methylation. OM addition 

resulted in depressed oxidation reduction potential and a short-lived burst of MeHg 

production peaking at day 4 (32.79±0.05 ng/L in water, and 7.31±0.4 µg/kg dw in 

soil) in coagulant-treated and control soils, followed by a rapid decrease in water 

and soil MeHg after day 4, which occurred before sulfate disappeared on day 8. 

The increase in MeHg was likely due to enhanced microbial activity and increased 

inorganic mercury bioavailability associated with the addition of the OM, whereas 

the decrease was likely due to demethylation being favored under more reducing 

conditions. Sulfide buildup and high molecular weight dissolved OM may have 

also suppressed Hg methylation by decreasing inorganic Hg bioavailability. 

Patterns of inorganic Hg concentration in water mirrored those of MeHg, with 

peak concentrations of 77.5±0.12 ng/L during day 2. Results indicate that rewetted 

coagulant-treated soils are not a source of MeHg, unless under elevated OM 

loading. OM addition appeared to stimulate microbial activity and generate an 

ephemeral window of MeHg production. Thus, managing OM loading could 

potentially limit net MeHg production and bioaccumulation in wetland settings 

like CCSB.  

2.2  Introduction  

Mercury (Hg) is a significant threat to both terrestrial and aquatic 

ecosystems. Key anthropogenic Hg sources include abandoned Hg, gold and silver 

mines, fossil fuels combustion, Hg recycling facilities, and chemical production 

facilities for bleach, plastics, chlor-alkali processes, electronics, and lighting 
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(Eckley et al., 2020). Once Hg is released, it can be transported through the 

atmosphere and deposited on the land and water either as Hg gas or inorganic Hg 

(IHg) forms (Driscoll et al., 2013). Anthropogenic emissions exceed natural 

emission by sevenfold, significantly impacting Hg deposition (Sonke et al., 2023). 

In wetlands, lakes, and reservoirs, the conversion of IHg to methylmercury 

(MeHg) by microorganisms is the primary process of concern (Hsu-Kim et al., 

2013; Ullrich et al., 2001). Because MeHg is a neurotoxin that bioaccumulates and 

biomagnifies in aquatic food webs, it poses a health risk to wildlife and humans. 

Accordingly, over 80% of marine and freshwater fish sampled by the Global Fish 

and Community Mercury Monitoring Project contained elevated Hg concentrations 

based on the U.S. Environmental Protection Agency (USEPA) reference dose 

(Evers et al., 2013). In California, half of rivers and lakes are placed under fish 

consumption advisories (SWRCB, 2017a). Thus, there is a global need to control 

MeHg generation and accumulation in the aquatic ecosystems (Eckley et al., 2020) 

The production and accumulation of MeHg depends on several site-specific 

and interrelated environmental conditions. Two important factors are the activity 

of microbes capable of IHg methylation and the bioavailability of IHg in the 

environment (Peterson et al., 2023; Poulin et al., 2023; Ullrich et al., 2001). Most 

commonly, sulfate-reducing bacteria (SRB) (Campeau and Bartha, 1985; Gilmour 

et al., 1992) and iron-reducing bacteria (FeRB) are associated with MeHg 

production (Fleming et al., 2006; Kerin et al., 2006). However, in freshwater 

ecosystems methylating archaea and microbes across the full environmental 

oxidation-reduction (redox) potential spectrum have been identified with hgcAB 

genes capable of methylating Hg (Regnell and Watras, 2019; Sonke et al., 2023). 

The bioavailability of IHg depends on its association with chemical ligands and its 

partitioning between dissolved and solid phases. MeHg production has been 

associated with dissolved IHg sulfide (HgS) species with neutral charge, 

nanoparticles HgS species, and IHg complexes with thiols (Benoit et al., 2001; 

Graham et al., 2012; Schaefer et al., 2011; Tian et al., 2021; Zhou et al., 2017). 

However, the bioavailability of the Hg-complexes to microbes may differ among 

microbial consortia (Sonke et al., 2023).  

Furthermore, the bioavailability of IHg and the activity of Hg-methylating 

microbes are affected by redox potential, pH, concentrations of sulfate, sulfide, 

iron, and chloride, and the quality and quantity of dissolved organic matter (DOM) 

(Bigham et al., 2016; Frohne et al., 2012). For instance, in the oxic/anoxic 

boundary layer and in anoxic waters with circumneutral pH, obligate anaerobe 

microbes can take up bioavailable IHg and produce MeHg (Frohne et al., 2012; 

Ullrich et al., 2001). Likewise, high DOM content can be associated with high 

methylation rates by stimulating microbial activity via labile organic carbon as an 

electron donor for metabolism (Mazrui et al., 2016; Schuster et al., 2008). DOM 

can also facilitate or inhibit bacterial uptake for Hg methylation by the formation 

of Hg-DOM complexes. For example, IHg bound to low molecular weight thiol-

groups of the DOM are commonly associated with MeHg production, while high 
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molecular weight DOM binding with IHg may inhibit Hg methylation (Miller, 

2006; Ravichandran, 2004). This highlights the crucial role of Hg-DOM 

complexation for Hg transformation and transportation (Wang et al., 2022). 

Consequently, the adsorption of Hg-DOM complexes, including binding to soils 

and sediments through coagulation and flocculation, ion exchange, and adsorption, 

is expected to be the principal mechanism for Hg removal and MeHg production 

control in high DOM ecosystems (Babel et al., 2003; Henneberry et al., 2011).  

The net balance between Hg methylation and MeHg demethylation 

ultimately determines the concentration of MeHg in the environment (Helmrich et 

al., 2022). Soil and sediments of wetlands, lakes, and reservoirs, in addition to 

being suitable for Hg methylation, also serve as hotspots for MeHg demethylation 

(Oremland et al., 1995; Pak and Bartha, 1998). There are two biotic demethylation 

pathways: 1) reductive demethylation by aerobic microorganisms with the mer 

gene system, which may be used to detoxify their environment, and 2) oxidative 

demethylation, an anaerobic co-metabolic process in which SRB and methanogens 

oxidize MeHg to form IHg and carbon dioxide and/or methane (Barkay and Gu, 

2022; Du et al., 2019; Marvin-DiPasquale et al., 2000). Demethylation may also 

occur abiotically in surface waters via photochemical degradation, for which 

terminal products are still not clear (Du et al., 2019; Klapstein and O’Driscoll, 

2018). 

In this context, our study focuses on the Cache Creek Settling Basin (CCSB), 

a wetland like environment in California, USA, used to capture and retain 

sediment in Cache Creek before it discharges into the Yolo Bypass. Cache Creek 

drains an area of naturally elevated Hg soils and wastes from historic mining 

operations. The trapping of the sediment also serves to capture this particulate Hg, 

leading to the CCSB being named in two total maximum daily load (TMDL) 

regulations (Cache Creek, Delta MeHg) to limit Hg transport and its impact on the 

biologically sensitive downstream Sacramento-San Joaquin Delta (California 

Water Boards, 2022). To enhance Hg capture and retention in CCSB, the U.S. 

Geological Survey (USGS), in cooperation with USEPA, assessed the use of 

different coagulants (ChitoVan, an organic/shell amino-based coagulant; Ferralyte, 

a ferric-sulfate-based coagulant; and Ultrion, a polyaluminum chloride-based 

coagulant) at the bench and field scale. Coagulation with metal-based salts, 

through the association with oxyhydroxides-DOM and flocculation, increases 

particle size, resulting in higher settling velocities and better retention of 

suspended material and associated metals (Henneberry et al., 2011; Stumpner et 

al., 2015). Several studies have identified coagulation as a potential management 

practice to improve Hg retention in contaminated wetlands (Henneberry et al., 

2016; Henneberry et al., 2012; Bachand et al., 2019; Diaz Arriaga et al., 2023; Lv 

et al., 2012; Mangold et al., 2014; Weerasooriya et al., 2006). However, Stumpner 

et al. (2015) detected that a portion of the floc can solubilize upon rewetting, 

resulting in MeHg liberation if soil is subjected to dry/wet cycles. Hence, there is 
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some concern about the potential for coagulant-treated wetland soils to liberate 

absorbed substances and increase net Hg-methylation after rewetting in CCSB. 

Our study evaluated the potential for the three coagulant-treated soils, 

sourced from the USGS field experiment, to liberate or produce MeHg under 

rewetted and deoxygenated conditions in comparison to untreated control soil. We 

conducted 16-day laboratory incubations and monitored THg in water, and MeHg 

in water and soil. Additionally, we examined other aqueous compounds including 

manganese, iron, aluminum, sulfate, dissolved organic carbon (DOC), ammonia, 

and phosphate to identify additional environmental concerns and provide insights 

into the underlying Hg-methylation processes. A secondary aim of our study was 

to evaluate the potential of coagulant-treated soils to release MeHg under typical 

Hg-methylating conditions. We performed an additional “stress test” incubation in 

which algal-derived OM (spirulina powder) was added at the beginning of the 

incubation. We hypothesized that ChitoVan- and Ultrion-treated soils would retain 

Hg better under standard rewetting conditions compared to the control soil, 

because of their perceived lack of sensitivity to reducing conditions based on their 

respective chemical compositions. Conversely, we anticipated that upon rewetting 

Ferralyte-treated soil would release more Hg, DOM, and sulfate, to the solution 

phase with the potential to enhance subsequent MeHg production. This 

information is important in confirming that coagulation is an environmentally 

sound management practice to enhance Hg capture in managed aquatic ecosystems 

like CCSB. 

2.3  Methods 

2.3.1  Site Description and Sample Collection  

CCSB, located in the Sacramento Valley, was designed to trap sediment from 

the Cache Creek watershed (Fig. 2-1). While the CCSB is effective at trapping 

particulate Hg, it is a net MeHg source to the Delta (Wood et al., 2010). Samples 

for this study were collected from mesocosms receiving four treatments (3 

different coagulants and one control) located in three replicate groups (A, B, C) 

(Fig. 2-2). The coagulants included ChitoVanTM (Dungeness Environmental, 

Everett, WA, USA), Ferralyte®8131 (NALCO, Naperville, IL, USA), and 

UltrionTM 8186 (NALCO, Naperville, Ill.). One mesocosm (A3-ChitoVan) was lost 

over the course of the field experiment during storm flows. An additional sample 

for ChitoVan was collected from group B to balance the statistical design of the 

incubation data analysis. Soil samples were collected during 2018 and stored 

refrigerated in sealed plastic bags. The bags were subsampled in 2020 and 

transported to UC Merced (UCM) under refrigerated and dark conditions. Water 

for the incubations was collected from Cache Creek at the Rumsey gaging station 

(USGS site 11451800) in May-June of 2021. 
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2.3.2  Soil Characterization 

The soils were homogenized in the UCM lab and passe through a size 10 sieve. 

Then, we collected two subsamples of 50 g of soil in falcon tubes for soil 

characterization. One subsample was shipped to the USGS laboratories to analyze 

for tin-reducible reactive Hg (R-Hg), as well as a limited number of THg and 

MeHg analyses for inter-laboratory quality control comparison. The other 

subsample was analyzed at UCM using standard methods for water content, 

percentage lost on ignition (LOI), total Hg (THg), MeHg, R-Hg with thiol 

extraction method, and total iron, aluminum, and manganese. See supplemental 

material (Table S1) for details of analytical methods.  

 

2.3.3  Incubation Experiments 

The laboratory incubations were divided into two experiments, rewetting under 

nitrogen gas atmosphere conditions, or “standard test”, and rewetting under 

nitrogen gas atmosphere conditions with OM addition (spirulina powder), which 

we called the “stress test.” Food-grade Spirulina was purchased from Micro 

Ingredients brand (Montclair, CA, USA). Spirulina powder was the chosen type of 

OM after testing soil-water systems response to acetate-pyruvate and acetate-

pyruvate-sulfate addition in select soils. Results from these pre-incubations 

showed no MeHg accumulation in water or soil after 10 days, suggesting the 

system might need a more natural and complex source of bioavailable carbon.  

 

The standard test had three incubation sets (groups A, B, C) that included the 

three treated soils and the control soil at six points in time: 0, 1, 2, 4, 8, and 16 

days, with a total of 87 bottles, including 12 randomly selected replicates, and one 

bottle blank (water with no sediment). The stress test had a total of 28 bottles: 24 

bottles (four treatments at six time points) from group C, three random replicates, 

and one bottle blank. The incubation replicates were individual bottles developed 

to assess replicability of experimental incubations. The incubation replicates and 

original incubations typically had a relative percent difference of less than 10% for 

the range of parameters assessed (see Table S2). We also prepared a soil-free 

control incubation (designated W+SP) that included 0.5 g of spirulina powder in 

200 mL of Cache Creek water. Note, spirulina powder was assessed for THg and 

amounted to less than 0.15 ng of Hg being added to the incubation bottle.  

The incubation preparation for both sets of experiments (standard and stress 

test) included 50 g of each treated soil and the control in individual 250 ml Teflon 

bottles. We placed the bottles inside a nitrogen gas atmosphere glove box for two 

days to promote initial deoxygenated conditions. For the stress test experiments, 

0.5 g of spirulina powder was added to the bottles with soil before placing them 

inside the glove box. The spirulina addition was equivalent to approximately twice 

the total OM concentration measured in the soil based on LOI measurements 

(Table 2-1). Cache Creek water was also deoxygenated by bubbling with the 
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nitrogen gas atmosphere of the glove box. After deoxygenation, 200 g of water 

was added to the bottles with soil inside the glove box. The bottles were closed and 

vigorously shaken forming a slurry before taking them outside the glove box. The 

incubation bottles were placed on their side on a shaker table at 150 RPM at room 

temperature (~20 oC) and covered with aluminum foil to mimic dark conditions 

until the sampling day.  

On each sampling day, select bottles were placed in the centrifuge at 12,000 

RPM and 22°C for 40 minutes to separate water from solids. The water and soil of 

each bottle incubation were then destructively sampled. Clean, calibrated probes 

(HACH HQ40d multi meter, HACH MTC10101 ORP probe, Loveland, CO) were 

used to measure pH and redox potential in the supernatant water inside the glove 

box. Redox potential values were converted to the standard hydrogen electrode 

(Eh) following the Nernst equation temperature correction (Nordstrom and Wilde, 

2005). The supernatant water was filtered with pre-combusted 0.3 µm glass-fiber 

filters. For THg and MeHg analysis, 80 ml of water were directly filtered into a 

trace-metals clean fluorinated polyethylene bottle (Nalgene) and preserved with 

trace-metal-free grade hydrochloric acid (0.4% v/v). For DOC characteristics 

assessment, 30 ml of water were filtered directly into 50 ml falcon tubes, 

refrigerated, and shipped on ice within 2-3 days of sampling to the USGS for 

analysis. For the other analytes, 10 ml of filtered water was poured into 15 ml 

falcon tubes. One falcon tube was for iron, aluminum, and manganese, which was 

preserved with 1% v/v of nitric acid, and a second tube was for nutrients and 

anions (no acid addition), which was frozen. Soil samples were frozen and then 

freeze dried for later analysis. 

 

2.3.4  Water and Sediment Analyses  

While briefly described here, see Table S1 and Table S2 in Appendix for 

details of analytical methods, including detection limits and quality control 

metrics. Water samples from both experiments were analyzed for filtered THg and 

MeHg, total metals (iron, aluminum, and manganese), nutrients (ammonia, nitrate 

plus nitrite, and phosphate), anions (sulfate and chloride), and DOC characteristics 

(DOC, SUVA254). THg analysis was performed on a MERX-T (Brooks Rand 

Instruments, Seattle, WA, USA) using cold vapor atomic fluorescence 

spectroscopy (CVAFS) based on the method 1631 (USEPA, 1994). Samples for 

MeHg analysis were distilled (2 h at 125°C with nitrogen gas flow of less than 50 

ml/min) before being measured on a MERX-M (Brooks Rand Instruments, Seattle, 

WA, USA) using ethylation, gas chromatography and CVAFS based on the 

method 1630 (USEPA, 1998). Hg analyses followed strict quality control 

standards including method blanks, matrix spikes (MS/MSD), analytical 

duplicates, and ongoing procedure recovery (OPR). Average MS/MSD and OPR 

samples were inside 75-125% range, and the method blanks were <0.1 ng/L. 

Batches that did not meet these criteria were rerun and/or flagged. We analyzed 
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metals using inductively coupled plasma optical emission spectrometry (ICP-OES) 

on an Optima 5300 DV (USEPA,1994). Nutrients were analyzed on a LACHAT 

QuikChem 8500 autoanalyzer using standard colorimetric methods by                  

air-segmented continuous-flow absorption spectrophotometry (Antweiler et al., 

1996). Phosphate was measured as soluble reactive phosphorus via reagent 

addition to filtered water samples. Anions were measured at the USGS Microbial 

Biogeochemistry Laboratory (Earth System Processes Division, Menlo Park, CA) 

via ion chromatography (USEPA, 1993). DOC and optical properties analyses 

were analyzed at the USGS Organic Matter Research Laboratory (Sacramento, 

CA). Total DOC concentration was measured using high-temperature combustion 

total organic carbon analyzer (Model TOC-VCHS; Shimadzu Scientific 

Instruments, Columbia, Maryland) according to USEPA method 415.3 (Potter and 

Wimsatt, 2009). Optical properties characterization was performed on an 

Aqualog® Spectrofluorometer (Horiba Scientific, Edison, New Jersey) using 

methods outlined in Hansen et al. (2016).  

For soils, THg before incubation experiments was analyzed on a Milestone 

Direct Mercury Autoanalyzer (DMA 80) via thermal decomposition, 

amalgamation, and atomic absorption spectrometry, based on method 7473 on dry 

weight basis (USEPA 2007). MeHg analysis of soil was performed before 

incubation experiments, and in standard and stress tests. MeHg was extracted from 

~0.2 g of homogenized, freeze-dried soil followed by digestion with 2.5 ml of 25% 

KOH in methanol (USEPA, 1996). Micro-aliquots of digestant were then analyzed 

for MeHg in water as detailed above, excluding the distillation step. THg and 

MeHg soil analyses also followed strict quality control standards including method 

blanks, MS/MSD, analytical duplicates, certified reference material checks, and 

OPRs. Inter-laboratory comparisons of soil characterization between UCM and the 

USGS Microbial Biogeochemistry Laboratory (Earth System Processes Division, 

Menlo Park, CA) yielded a relative percent difference of 14.8% (n = 4) for soil 

THg, and 1.4% (n = 4) for soil MeHg. “Reactive” Hg (R-Hg) in soil before 

incubation experiments was measured at the USGS Microbial Biogeochemistry 

Laboratory (Earth System Processes Division, Menlo Park, CA) following the 

USGS tin reduction of Hg(II) method (Marvin-DiPasquale and Flanders, 2007). 

We also analyzed R-Hg at UCM following the thiol extraction method by the 

addition of 1 mM of glutathione in 1 g of soil and 10 ml of Cache Creek water 

during 30 min (Ticknor et al., 2015). Total acid extractable iron (FeTAE), 

manganese (MnTAE) and aluminum (AlTAE) were measured in 0.25 g of freeze-

dried soil using microwave digestion (Method 3052) in acid (concentrated HNO3 

and HCl) followed by filtration and ICP-OES analysis as noted above (USEPA, 

1996). Measurement of soil-extractable iron was measured in a two-step sequential 

extraction based on the USGS method (Marvin-DiPasquale, 2020). The acid 

extractable iron (FeAE) fraction (0.5 M HCl) targeted dissolved and surface-bound 

Fe(II) and Fe(III), and amorphous Fe(III) hydroxides. The citrate/dithionite-

extractable iron (FeDE) fraction targeted major iron-oxide minerals and amorphous 

iron-silicates, but not crystalline silicate minerals. From the same extraction fluids 
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measured for total Fe, we measured aluminum (AlAE) and manganese (MnAE) in 

the acid extractable and dithionite-extractable (AlDE, MnDE) fractions by ICP-OES. 

Results are presented in dry weight basis as the least square mean ± standard error 

of the three mesocosms and treatments, including the control (mean, n = 11) in 

Table 2-1. 

      

2.3.5  Statistical Analysis  

Statistical analyses were developed in RStudio (version 4.3.3). When 

necessary to meet the assumptions of normality, concentrations/masses were log-

transformed before applying the models. For statistical analysis purposes, 

ChitoVan data included two incubations groups labeled as B, since A samples 

were not available. Soil characterization statistical analyses used the statistical 

packages for Linear Mixed Effects (LME) model (nlme, lme4 and lmerTest) with 

the method of restricted maximum likelihood (REML). For the model, we 

designated Treatments (control, ChitoVan, Ferralyte, Ultrion) and mesocosms 

Groups (A, B, C) as fixed effects. Mesocosm Groups were also considered as 

random effects to account for variability in the soil. Significant differences were 

compared using one-way analysis of variance type II (ANOVA) with a 

significance level set at p < 0.05. Additional Tukey honestly significant difference 

pairwise post-hoc test (Tukey HSD) results were determined using package 

emmeans for Treatments, Groups, and Treatments x Groups as correlated factors 

with a p <0.05. The initial conditions statistical comparison between standard and 

stress test during day 0 and soil or Cache Creek water from characterization 

analysis used the Welch two sample t-test comparing the means with n=4.  

Data from the standard test, in which treatments were run in triplicate, were 

analyzed using LME model with the method of REML. In this analysis, 

Treatments and Days were fixed effects and were also treated as correlated fixed 

factors (Treatments x Days). In addition, to account for variability, mesocosm 

Groups were designated as random effects. To determine significant differences 

among the multiple compounds analyzed, results were compared using one-way 

analysis of variance type III (ANOVA) with a significance level set at p < 0.001. 

Least square means were estimated using lsm() function with a confidence interval 

of 95% and degrees of freedom estimated with method Satterthwaite. 

For the stress test comparison (one incubation set prepared with mesocosm 

group C) against standard test group C, we used the LME model with the method 

of REML. The model included Test (standard and stress), Treatments, Days of 

incubation, and Test x Day as fixed factors. As Treatment in the standard 

incubation demonstrated minor differences, we included this variable also as the 

random effect. Least square means were estimated using lsm() function with a 

confidence interval of 95% and degrees of freedom estimated with method 
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Satterthwaite. To compare the significant difference, we used one-way analysis of 

variance type III (ANOVA) with a significance level set at p < 0.001. Additional 

Tukey HSD results were determined for Test x Day, as correlated factors, with a p 

<0.05. The interaction term helped evaluate any significant interaction between 

day and stress test incubation not always seen in the standard test.  

2.4  Results  

2.4.1    Soil Characterization 

During the soil characterization, soils showed no statistical difference 

among mesocosm groups or treatments (Table 2-1). Soils had a mean water 

content of 15.9 ± 3.3% (mean plus/minus standard error, n = 11) and a LOI of 

0.52% ± 0.06. THg concentration was 299 ± 23.7 µg/kg and MeHg was 2.19 ± 

0.26 µg/kg, with MeHg representing on average 0.72% of THg. Tin extractable 

“reactive” Hg averaged 10.3 ± 1.0 µg/kg, while glutathione extractable “reactive” 

Hg averaged 14.5 ± 3.1 µg/kg. This suggests that 3-7% of THg in the soil is 

potentially bioavailable, but the high variability in the glutathione extractable 

“reactive” Hg complicates the interpretation of the metric. Total iron (FeTAE) in 

microwaved, acid-digested samples averaged 39.5 ± 5.7 g/kg. Acid-extractable Fe 

(FeAE) averaged 4.5 ± 0.2 g/kg and citrate-dithionite-extractable Fe (FeDE) 

averaged 11.8 ± 0.4 g/kg. The average value for AlTAE was 30.8 ± 0.9 g/kg soil, 

AlAE was 1.9 ± 0.09 g/kg, and AlDE was 1.6 ± 0.1 g. Finally, total manganese 

(MnTAE) showed average values of 0.95 ± 0.06 g/kg, with 0.43 ± 0.03 g/kg for 

MnAE and 0.48 ± 0.04 g/kg for MnDE. Ultrion-treated soils and Ferralyte-treated 

soils did not show an enrichment in any of the aluminum fractions or iron 

fractions, respectively, compared to control soils. This was to be expected as the 

dosing rates for the coagulants were a fraction of background levels measured in 

soils.  

 2.4.2  Incubation Experiments 

2.4.2.1  Inorganic Mercury and Methylmercury  

For the standard incubation, Hg in solution (Fig. 2-3) and Hg in the solid 

phase (Fig. 2-4), generally did not show any dramatic changes during the standard 

incubation (Table 2-3 and S3). During day 0, water MeHg concentration was 

higher (0.16 ± 0.04 ng/L, n = 4) compared to levels measured in filtered Cache 

Creek water used for the incubations (0.06 ± 0.02 ng/L, n = 3), though the 

differences were not significant (t(4)= -2.08, p=0.11) (Table 2-2). MeHg 

concentration in solution (Fig. 2-3A) decreased during the 16 days (F5,46 =7.03, p < 

0.001, Table 2-3), especially from day 0 to 4 (from 0.12 ± 0.04 ng/L to 0.041 ± 

0.04) (Table S3). For IHg in the solution phase, during day 0, concentrations were 

statistically significantly higher (13.2 ± 0.03, n = 4) than filtered Cache Creek 

water (average of 4.95±1.4 ng/L, n = 4) used to make the slurries (t(6)= -4.63, 
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p=0.01, n = 4) (Table 2-2). Over the course of the standard incubation, IHg in the 

water (Fig. 2-3B) decreased with incubation time (F5,46 =10.12, p < 0.001, Table 2-

3) and the changes in concentration were significant in day 1, and 4 to 16, 

decreasing from 12.38 ± 0.71 on day 0 to 6.41 ± 0.71 on day 16 (Table S3). IHg 

concentration in water was also significantly different among treatments (F5,46 = 

3.05, p < 0.04, Table 2-3), with the control being higher (10.06 ± 0.59 ng/L) than 

the coagulant treatments (Table S3). In addition, group C (F2,46 = 14.11, p < 0.001, 

Table 2-3) resulted in lower IHg in water concentration with 6.31 ± 0.71 ng/L 

compared to the other two groups, A and B (Table S3).  

Also in the standard test, MeHg:THg ratio (Fig. 2-3C) showed significant 

differences among treatments, groups, and days (Table 2-3). MeHg:THg ratio 

values increased after day 4 (F5,46 = 5.26, p < 0.001, Table 2-3), and the differences 

in MeHg:THg ratio were statistically significantly higher in group C and in the 

control soil (0.01 ± 0.01) (Table S3). Finally, % MeHg mass in solution of the total 

MeHg mass (soil plus water) (Fig. 2-3D) in the incubations typically accounted for 

only 0.02±0.005% (Fig. 3-3D). The % mass of MeHg solution decreased with 

incubation time (F5,46 = 4.43, p < 0.01, Table 2-3) with 0.072 ± 0.03% on day 0 to 

0.031 ± 0.03% on day 16 (Table S3). For the soil phase, MeHg concentration in 

treatments and the control at day 0 (1.10 ± 0.03 µg/kg dw, n = 4) was lower than 

values measured during the soil characterization (2.32 ± 0.03 µg/kg dw, n = 3) 

prior to the experiment (t(5)= 8.9, p=0.0003) (Table 2-2). MeHg mass in soil (Fig. 

3-4A) did not show a statistically significant difference among treatments, group, 

days, nor interaction during the 16-day incubation (Table 2-3, Table S3). However, 

the Log kd value (L/kg) (Fig. 2-4B) increased with incubation time (F5,46 = 5.00, p 

< 0.001, Table 3-3) with higher values during day 4 and 16 (4.22 ± 0.02) (Table 

S3). 

Compared to the standard test, Hg cycling showed significant differences in 

the stress test, with the addition of OM to the soils and water with incubation time 

(Fig. 2-3E-H, Table 2-4). IHg and MeHg in water through incubation days were 

three orders of magnitude greater than those observed in the rewetting incubation 

(F33 = 13.58, p < 0.001; F33 = 95.36, p < 0.001; respectively, Table 2-4, S6). 

Additionally, MeHg (0.26± 0.13) and IHg (17.99±0.05) concentrations in water 

during day 0 were significantly higher compared to Cache Creek water 

characterization (t(4)= -4.02, p=0.01, and t(6)= -4.39, p=0.008, respectively) (Table 

2-2). In general, MeHg and IHg concentrations in solution increased rapidly in the 

first two to four days of incubation (Table S7), peaking at around 33.8±0.13 ng/L 

for MeHg at day 4 and 77.5±0.12 ng/L for IHg (107.5±0.13 ng/L for THg) at day 2 

(Fig. 2-3E-F, Table S6, S7). The increase was short-lived as MeHg and IHg 

concentrations started to decrease after day 2 to 4, approaching the initial 

concentrations by day 8 (Fig. 2-3E-F; Table S6, S7). Following day 8, MeHg and 

IHg concentrations decreased more slowly, although changes in concentration 

between day 8 and 16 were not significant (Table S7). The treated soils seem to 

show higher concentrations of IHg in water compared to the control, particularly 
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for the Ferralyte treatment, during day 1 to 2 of the incubation. However, as the 

incubations did not have a replication set, the statistical analysis was not possible. 

MeHg:THg ratio in water increased after day 1 to 0.36±0.03 by day 4, coincidental 

with the accumulation of relatively high concentrations of MeHg in water, then 

decreased to 0.28±0.03 on day 8, and remained quasi-steady for the remainder of 

the incubation (Fig. 2-3G, Table S6, S7). Lastly, %MeHg in water of total MeHg 

mass in incubation showed a significant temporal pattern peaking at 2.04±0.02% 

on day 2, decreasing by day 16 to 0.88±0.02% (Fig. 2-3H, Table S6, S7).   

In the soil of the stress test, MeHg mass (Fig. 2-4C) followed a similar 

pattern as in the water with significant differences with incubation time compared 

to the standard test (F33 = 3.89, p < 0.001, Table S6, S7). Initial (day 0) MeHg 

concentration in soil (3.45±0.04 µg/kg dw) was higher (t(4)= -4.51, p=0.01) than 

values measured during the soil characterization (2.31±0.02 µg/kg dw), as well as 

those observed in the soil in the initial standard test incubations (1.10±0.01 µg/kg 

dw) on day 0 (t(4)= -8.86, p=0.0006) (Table 2-2). MeHg in the soil had a significant 

increase by day 4 to a concentration of 7.31±0.4 µg/kg (Table S6). Then, the 

concentration significantly decreased to 3.12±0.4 µg/kg through day 16, returning 

to near initial conditions (Table S6, S7). The log MeHg kd value (L/kg) 

significantly dropped from 4.12±0.08 to 2.47±0.08 on the first two days when 

MeHg concentration in water significantly increased (Fig. 2-4D, Table S6, S7). 

Values then leveled off at 3.01±0.08 after day 8 as water MeHg decreased relative 

to soil MeHg (Table S6, S7).  

2.4.2.2  Aqueous Parameters: Redox Potential, pH, Manganese, 

and Sulfate 

Redox potential, pH, manganese, and sulfate were monitored as primary 

indicators of microbial activity in the incubations (Fig. 2-5). In the standard 

incubation, the decrease in redox potential (Eh) (Fig. 2-5A) was significant (F5,46 = 

4.76, p < 0.01, Table 2-5), over the 16-day period, especially for day 4, decreasing 

from 330 ± 0.49 mV at day 0 to 51.4 ± 0.5 mV at day 4 (Table S4). On the 

contrary, changes in pH were not significant (Table 2-5), decreasing from 8.24 ± 

0.004 on day 0 to 7.84 ± 0.01 on day 16 (Table S4). Manganese (Fig. 2-3C) 

increased steadily over time (F5,46 =21.27, p< 0.0001, Table 2-5), changing from 

0.14 ± 0.05 mg/L on day 4 to 1.26 ± 1.46 mg/L on day 16 (Table S4). Manganese 

concentration in ChitoVanTM treatment was lower (1.14 ± 0.47) compared to the 

other treatments (F3,72 =30.17, p < 0.0001) (Table 2-5, S4). Sulfate (Fig. 3D) 

concentration changes were not significant throughout the experiment (Table 2-5) 

with concentrations in the range of 81 ± 0.2 mg/L to 206 ± 0.2 mg/L (Table S4). 

For the stress test incubation, OM addition led to the same general patterns 

for Eh (F33 = 90.97, p < 0.001), pH (F33 = 28.53, p < 0.001), and manganese (F33 = 

43.62, p < 0.001), but a greater magnitude than the standard incubation without 

OM addition (Fig. 2-5E-H; Table 2-6). Eh decreased from 247±8.92 mV at day 0 
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to –75.3±8.92 mV by day 8 when it leveled out (no statistical differences) (Fig 2-

3E; Table 2-6, S8, S9). pH decreased from 8.06 ± 0.03 on day 0 to 6.9 ± 0.03 by 

day 4 when it leveled out for the remainder of the incubation (Fig. 2-3F, Table S8, 

S9 ). In contrast to the incubation without OM added, Mn concentrations in the 

stress test significantly increased from day 2 (Table S8) and reached 4.74±0.19 

mg/L by day 4 before leveling out for the remainder of the incubation (Fig. 2-3G, 

Table S8, S9). Sulfate concentration, contrary to the standard test (F33 = 272.6, p < 

0.001, Table 2-6), significantly decreased from 170.7±1.04 at day 2 to 109.9±1.04 

mg/L by day 4 reaching levels below detection on day 8 (Fig. 32-H; Table S8, S9).  

  2.4.2.3  Aqueous Parameters: Metals, Nutrients, and Dissolved 

Organic Carbon  

Supporting aqueous parameters were also assessed including iron, 

aluminum, ammonia, nitrate, and phosphate (Fig. 2-6), and DOC and SUVA (Fig. 

2-7). In the standard incubation, the concentration of iron in the solution phase 

(Fig. 2-6A) remained relatively consistent but differences by treatments were 

statistically significant (F3,72 = 3.44, p < 0.05, Table 2-5). Iron concentration in 

Ferralyte treatment was higher (0.15 ± 0.03 mg/L) compared to the other 

coagulant-treated soils and the control (Table S5). Aluminum concentration (Fig. 

2-6B) also remained low through the experiment, but differences in treatments 

(F3,72 = 16.12, p < 0.00001) and days (F5,72 = 19.27, p < 0.00001) were significant 

(Table 2-5). In the soil with ChitoVan, aluminum concentration was higher (0.11 ± 

0.06 mg/L) during day 4 compared to the other treatments (Table S5). Ammonia 

concentrations (Fig. 2-6C) increased through incubation time for all treatments 

(F5,46 = 19.27, p < 0.00001, Table 2-5), particularly during the initial eight days of 

the incubation (F5,46 = 16.12, p < 0.00001, Table 2-5) from 0.18 ± 0.10 mg-N/L to 

2.63 ± 0.10 mg-N/L (Table S5). But the shell-based ChitoVan-treated soil 

displayed the most elevated ammonia concentration 2.71 ± 0.09 mg-N/L (Table 

S5). Nitrate (Fig. 2-6D) decreased throughout incubation time (F5,46 = 9.44, p < 

0.00001, Table 2-5), particularly significant by day 8 (2.86 ± 0.24 mg-N/L on day 

0 to 2.51 ± 0.24 mg-N/L on day 8) (Table S5). Finally, phosphate concentration 

(Fig 2-6E) was relatively stable throughout the incubation; however, phosphate 

concentration differed among treatments (F3,72 =15.52, p < 0.00001, Table 2-5) 

with ChitoVan (1.01 ± 0.08 mg-P/L) and Ultrion (0.9 ± 0.08 mg-P/L) treatments 

significantly higher (Table S5). 

When OM was added to the incubations, iron concentrations increased 

compared to the standard incubation (F33 =3.75, p < 0.05, Table 2-6). (Fig. 2-4F). 

Iron increased from 0.10±0.29 mg/L on day 1 to 2.05±0.29 mg/L on day 4 (Table 

2-6, S10, S11). Then, iron concentrations decreased to 1.59±0.29 mg/L on day 8 

and had no significant changes by the end of the incubation (Table S10, S11). 

Among treatments, Ferralyte and Ultrion iron concentrations seemed to be higher 

than ChitoVan and the control, however, due to the small sample size we could not 

determine statistical significance or a significant drop from day 8 to 16 (Table 2-
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6).  For total aluminum (F33 =14.84, p < 0.001, Table 2-6, S10, S11), the treated 

soils and the control showed a significant increase in concentration, from 

0.02±0.02 mg/L on day 4 to 0.13±0.02 mg/L on day 8 compared to the standard 

test (Fig. 2-4G, Table S10 and S11). For ammonia, compared to the standard test, 

the concentration increased steadily from day 0 to 16 (F33 =6.03, p < 0.001, Table 

2-6, S11). Ammonia concentration increased from 0.9±0.02 mg-N/L on day 0 to 

73.7 ±0.02 mg-N/L on day 16 (Fig 2-4H, Table S10, S11). Nitrate disappeared 

after day one in all the treatments, similar to the standard incubation (Fig. 2-4I, 

Table 2-6). Phosphate concentrations increased steadily starting day 1 through day 

8, compared to the standard test (F33 =7.81, p < 0.001, Table 2-6, S10). 

Concentrations at day 1 were 1.77±0.9 mg-P/L and increased to 8.73±0.9 mg-P/L 

by day 16 (Fig. 2-4J, Table S10, and S11). ChitoVan-treated soil seemed to have a 

higher increase throughout the incubation.  

Results for DOC (Fig. 2-5A) in the standard incubation showed 

concentrations at around 9.56 mg/L to 18.81 mg/L during day 0 (Table S5) with 

significant differences among treatments (F3,72 = 16.72, p < 0.001) and group (F2,72 

= 2.21, p < 0.001) (Table 2-5). The control treatment showed higher values (15.64 

± 2.1 mg/L) compared to the coagulant-treated soils, as well as in group B and C 

(Table S5). DOC concentration also appeared to differ among days, but these 

results were not statistically significant (F3,72 = 2.21, p= 0.06, Table 2-5). For 

SUVA254 (Fig. 2-5B), values increased from 0.31 ± 0.03 on day 0 to 0.35 ± 0.03 on 

day 16 suggesting a pattern, but differences were not significant (Table 2-5 and 

Table S5). In the stress test incubation, DOC concentrations at day 0 were double 

(48.07±13.6 mg/L) compared to the standard test at day 0 (11.15±13.6 mg/L) (F33 

= 19.35, p= 0.001, Table 2-6, S10, S11). DOC increased from day 0 to 8, peaking 

at 266.63±13.6 mg/L, then decreased after day 8 to around 84.84±13.6 mg/L for all 

treatments (Fig. 5C, Table S10, S11). The SUVA254 values were similar 

(1.45±0.04 L/mg-C·m) at day 0 for the stress test and standard test incubations, the 

differences were significant after day 2 (F33 = 19.97, p= <0.001) (Fig. 2-5D; Table 

2-6, S10, S11). SUVA254 values dropped on day 2 (0.91±0.04 L/mg-C·m), 

increased on day 4 (1.16±0.04 L/mg-C·m), and dropped again on day 8 (0.86±0.04 

L/mg-C·m) (Table S10 and S11).    

2.5  Discussion   

2.5.1   Rewetting Effect 

Contrary to previous studies that show reflooded conditions in soils 

enhanced MeHg production (Stumpner et al., 2015; Ullrich et al., 2001), the 

standard incubation showed no net MeHg accumulation after rewetting in any of 

the treated soils (ChitoVan, Ferralyte, and Ultrion) or the control after 16 days 

(Table 2-3). However, we saw ammonia accumulation in water throughout the 

incubation, likely due to OM degradation, while nitrate concentration decreased, 

suggesting microbial denitrification (Table 2-5, S5; Fig.2-6 C-D). In addition, 
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water accumulated manganese starting in day 2, likely driven by microbially-

mediated reductive dissolution of manganese oxides (Davison, 1993) (Table 2-5, 

S4; Fig. 2-5C). These results indicate that conditions were not sufficiently reduced 

to favor iron or sulfate reduction, suspected by the lack of iron accumulation and 

sulfate consumption (Table 2-5, S4, S5; Fig. 2-5D and 2-6A), which are typically 

associated with high methylation rates. Instead, the system was slightly lowered 

from its initial redox state and maintained conditions typically associated with 

nitrate and manganese reduction (Fig. 2-5A, Table S4): 

Reduction of NO3
- (denitrification) 

4𝑁𝑂3
− + 16𝐻+ + 2𝐶𝐻2𝑂 ↔ 2𝑁2 + 10𝐻2𝑂 +  2𝐶𝑂2 

Reduction of Mn4+ to Mn2+ 

4𝑀𝑛𝑂2 + 8𝐻
+ + 2𝐶𝐻2𝑂 ↔ 4𝑀𝑛

2+ +  2𝐶𝑂2 + 6𝐻2𝑂 

The fact that soils were in an initially aerated, with elevated levels of 

oxidized redox-sensitive manganese and iron (FeDE ~30% and MnDE ~52%, Table 

2-1), likely combined with low levels of labile OM, a key driver of IHg 

methylation (Beulig et al., 2018; Eckley et al., 2021; Ravichandran, 2004), 

suppressed the activity of SRB, which have long been considered as the main Hg-

methylator organisms (Compeau and Bartha, 1985). 

There has been a growing interest in the apparent synergy between nitrate 

and manganese reduction and MeHg accumulation in aquatic systems, and the 

possibility that nitrate and manganese-reducing organisms may methylate IHg 

(Alpers et al., 2014; Balogh et al., 2004; Beutel et al., 2020; Sonke et al., 2023). 

Despite the identification of nitrate reducers with the hgcA+ genes in multiple 

studies, direct implications in MeHg production have not been established in 

freshwater environments (Bridou et al., 2018; Peterson et al., 2023; Sonke et al., 

2023). However, a possible overlapping of anaerobic microbial processes, such 

manganese reduction with sulfate reduction, was also acknowledged as potentially 

responsible for these correlations. In this incubation study, the accumulation of 

manganese, presumably the result of microbial manganese oxide reduction, and the 

loss of nitrate, as the result of denitrification, did not correspond with MeHg 

accumulation, suggesting in CCSB the linkage is not causal (Fig. S1). Other 

studies have shown the importance of FeRB as main contributors of IHg 

methylation during mildly redox conditions (Fleming et al., 2006). FeRB mediated 

rates for Hg methylation appear to be higher in iron-rich systems with labile 

carbon, low sulfate concentration, and under nonacidic pH (Warner et al., 2003). In 

our standard incubations FeRB appear to be inactive (Fig. 2-6A, Table S5), even 

with the high Fe concentration in the soil, since redox potential (205±1.58 mV) 

was above levels that facilitate high rates of iron reduction (and possible Hg 
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methylation) (Table S4, Fig. 2-5A) (Tuner and Patrick, 1968; Madigan and 

Martinko, 2006).  

While there was not a substantial increase in MeHg concentration in the 

standard test experiment, MeHg and IHg in water showed a pattern of initial 

accumulation followed by loss. The patterns were consistent for the control and the 

coagulant-treated soils (Fig. 2-3A-B, Table 2-3, S3). This observation was also 

seen in the increase in MeHg:THg ratio and in the downward trend in the %MeHg 

in the water (as percentage of total mass of MeHg in soil and water in experimental 

bottle) (Fig 2-3C-D, Table 2-3, S3). During the initial Hg release to water, IHg 

concentration in the water is lower in the soils treated with the coagulants 

compared to the control, suggesting enhanced Hg sorption capacity to the soils 

treated with coagulates (Table 2-3 and S3). Additionally, ChitoVan-treated soil 

showed statistically significant higher levels of ammonia in water throughout the 

incubation in comparison to the control soil and the other treatments (Table 2-5, 

Fig. 2-6B). Higher ammonia concentration (3.64±0.16 mg/L) after day 8 of the 

incubation for ChitoVan-treated soil is likely due to ChitoVan’s amine-rich 

composition which includes partial deacetylation of chitin from shells of shrimp 

and other crustaceans (Table S5). Interestingly, soils treated with aluminum-based 

Ultrion and iron-based Ferralyte did not show an obvious pattern of aluminum or 

iron release, not even an initial flush to water, compared to the other treated-soils 

and the control, likely due to the low solubility of aluminum hydroxides and 

Fe(III) at circumneutral pH. Still, Ferralyte differences among treatments were 

significant (Table 2-5 and Table S5). 

2.5.2 Key Drivers of Mercury Cycling  

Organic matter quantity and quality (composition) are key controllers of Hg 

cycling in aquatic ecosystems (Frohne et al., 2012). Several studies report a 

positive correlation between high MeHg concentrations and methylation rates with 

high OM concentration in aquatic systems (Bigham et al., 2017; Cossa et al., 2014; 

Gagnon et al., 1997; Ullrich et al., 2001). In addition, studies have shown that soils 

enriched with algal organic carbon, besides increasing methylation rates, can affect 

IHg speciation via the release of aromatic, low molecular weight thiols and 

forming bioavailable Hg-thiol complexes (Peterson et al., 2023; Wang et al., 

2023). In our stress test experiment, the addition of OM appeared to stimulate 

microbial growth, leading to alterations in environmental conditions that promoted 

MeHg production. Over the course of the first 8 days of incubation, DOC 

accumulated, and SUVA254 values decreased (Fig. 2-7 C-D, Table 2-5), suggesting 

OM degradation from particulate to dissolved form with preferential loss of the 

oxidized, aromatic groups possibly fueling microbial activity (Kellerman et al., 

2015; Weishaar et al., 2003). Simultaneously, redox potential had rapid and 

prominent drop indicative of the microbial activity (Fig. 2-5A, Table 2-5, S8). 

Moreover, the incubations exhibited the accumulation of other compounds 

associated with anaerobic microbial processes including ammonia, manganese, 
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phosphate, iron, and the depletion of nitrate (Fig. 2-5G and Fig. 2-6F-J, Table 2-5, 

S9, S11). Of note is the apparent phosphate release from ChitoVan by the end of 

the incubation (Fig. 2-4J). A recent review reported high phosphate adsorption 

capacity for chitosan-based adsorbents/coagulants, but the study noted that 

desorption patterns are not well characterized (Wujcicki and Kluzczka, 2023). Our 

results suggest that ChitoVan may release phosphate to surrounding water under 

highly reduced conditions. Further, MeHg in water and soil had an immediate 

increase, peaking in concentration during days 2 to 4 as seen with the increase in 

MeHg:THg ratio (Fig. 2-6G, Table 2-4, S6, S7). Interestingly, during peak 

production, redox conditions measured in the incubation water were moderately 

reduced (97±8.92 to 1.34±8.92 mV), higher than values typically associated with 

activity of SRB (Jones and Ingle, 2005) (Table S8).  

 High concentrations of MeHg observed with OM stimulation in the stress 

test incubations could be attributed to the heterogeneity of redox conditions and/or 

the activity of multiple Hg-methylating microbes. Redox potential could have been 

lower inside aggregates facilitating SRB activity. Studies in wetland soils report 

redox processes occurring spatially at the microscale and mesoscale, even when 

the macroscale redox potential indicates a tendency away from such processes 

(Alewell et al., 2006; Lacroix et al., 2023). In the stress test incubation, the 

relatively lower, but significant (Table S9), sulfate concentration during day 2 and 

4 suggests some SRB activity despite the redox potential indicating conditions 

favorable for nitrate and manganese reduction (Fig. 2-3H, Table S8, S9). An 

increase in labile OM may have also enhanced multiple biogeochemistry cycles, in 

turn stimulating multiple Hg-methylating bacteria such as FeRB (Ebinghaus et al., 

1994; Fleming et al., 2006). This idea is supported by the fact that iron 

concentration in water, an indicator of FeRB activity (Davidson, 1993), had a 

significant increase from day 1 to 4 (Fig. 2-6F, Table S11), coincidentally with the 

rapid rise in water and soil MeHg (Fig. 2-3E and 2-4C, Table 2-5, S7). In addition, 

studies have shown that iron reducers capable of reducing manganese are also Hg-

methylators (Bravo et al., 2018; Peterson et al., 2023). Finally, FeRB and SRB 

could also contribute to MeHg production via direct interspecies electron transfer 

between these microorganisms in anaerobic environments. This could suggest that 

in CCSB soils, SRB may rely on FeRB to degrade more complex organic 

substrates to more biodegradable fractions, thereby enhancing SRB activity and the 

production of MeHg (Shi et al., 2016; Yu et al., 2018). Additionally, interactions 

of SRB with methanogens, as redox potential dropped, could have also contributed 

to the rise in MeHg. Laboratory research has demonstrated that the interaction of 

these two organisms increases potential Hg-methylation rates by a factor of 2 to 9 

compared to monocultures under low sulfate concentrations (Yu et al., 2018).  

Another factor that could contribute to the increase in MeHg concentration 

under mildly reducing conditions, at least for the water phase, is the reductive 

dissolution of manganese and iron oxides releasing associated MeHg-DOM (Cossa 

et al., 2014; Cossa and Gobeil, 2000). Manganese accumulation was significant 
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started between days 1 to 2, while iron significant accumulation started between 

days 1 to 4, both concurrent with MeHg buildup in water, day 0 to 4 (Fig. 4G, 3F, 

and 4C, Table 7, S8, and S10). This process could also account for some of the 

increase in water IHg concentration during the first two days of incubation (Fig. 

3F, Table 6). Although most of the Hg is associated to the soil OM, some Hg-

DOM complexes could also be bound with iron- and manganese-hydroxides and 

clays. Iron and manganese oxides have large surface areas and high capacity to 

absorb and co-precipitate with Hg-DOM, and to release them during their redox 

sensitive dissolution (Ullrich, 2001). Clays may also play a role as they have high 

specific surface area, great adsorption properties for Hg-DOM, and a large 

potential for ion exchange (Gorski et al., 2013). The release of Hg-DOM 

complexes from oxyhydroxides and clays may have also favored the increase in 

IHg bioavailability and promoted MeHg production in the incubations.  

 

2.5.2   Ephemeral Methylation Window  

MeHg production in the stress test incubation was short-lived, highlighting 

the ephemeral nature of MeHg in aquatic sediments (Fig. 2-3E, 2-4C) (Hintelmann 

et al., 2000). After day 4, MeHg concentration in water and soil decreased (Table 

2-4, S6, S7) while still having favorable conditions for MeHg production, 

including reduced conditions, neutral pH, and ample sulfate (sulfate was not 

depleted until day 8) (Table S8, S9). From day 8 to 16, changes in MeHg 

concentration and mass were not significant (Table 2-4, S7). This can be 

interpreted as the system approaching a quasi-steady state, as seen in other water 

and sediment incubations (Compeau and Bartha, 1985; Ullrich et al., 2001).  

The fact that MeHg decreased in both water and soil, as well as the increase 

in the log kd value, indicate that there was a true loss mechanism, as opposed to 

sorption/desorption processes exchanging MeHg between water and soil phases 

(Fig. 2-6E-G, Table 2-4, S7). When redox conditions in soil-water systems are 

reduced to potentials favorable for MeHg demethylation, microbial demethylation 

can overtake methylation resulting in a negative net MeHg production (Marvin-

DiPasquale et al., 2000; Ullrich et al., 2001). In the stress test incubations, when 

conditions were more oxidized, IHg could be bioavailable, but Hg-methylators like 

FeRB and SRB had low activity. As redox potential dropped in the presence of 

ubiquitous iron oxides in soils and moderate sulfate concentrations in water, FeRB 

and SRB became active. This resulted in a “methylation window” for net MeHg 

production under mildly reduced conditions in the early days of the stress test 

incubation. Then, as redox potential continued to decrease, the buildup in sulfide 

concentration, from high SRB activity, and possibly high molecular-weight DOM 

could induce low IHg bioavailability via the formation of less bioavailable charged 

Hg-S complexes and Hg-polysulfide complexes (Poulin et al., 2017; Ullrich et al., 

2001; Zhang et al., 2012). Subsequently, the oxidative pattern for MeHg 
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demethylation could have been favored by certain SRB, FeRB and some 

methanogens as conditions in the incubation continued to shift towards highly 

reduced, closing the methylation window (Barkay and Gu, 2022; Fuhrman et al., 

2021; Ullrich et al., 2001).  

Sulfur species are deeply correlated to SRB activity and IHg 

bioavailability, thereby limiting or enhancing MeHg production (Ullrich et al., 

2001). In the stress test incubation, from day 0 to 8, sulfate was available to 

stimulate SRB activity, which likely produced MeHg (Figs. 2-3E, 2-4C, and 2-5H, 

Table 2-4 and 2-6). However, as MeHg accumulation started to decrease in water 

and soil after day 4, and sulfate concentrations remained relatively high 

(109.95±1.04 mg/L at day 4) (Table 2-4, 2-6, S7, and S9). It appears that sulfate 

limitation was not the main mechanism driving the observed decrease in MeHg 

concentration. Sulfate concentrations of less than around 0.1 mM (~10 mg/L) are 

generally required to limit SRB activity (Ingvorsen et al., 1981; Ullrich et al., 

2001), and such limiting concentrations were not observed in water until around 

day 8 (Fig. 2-3H, Table 2-6). Nevertheless, the presence of sulfide, a byproduct of 

SRB activity, may have had an important effect on Hg methylation by inhibiting 

IHg bioavailability. This could explain the decrease in MeHg after day 4 in water 

and soil (Fig. 2-3E and 2-4C, Table 2-6 and S9). The decrease in IHg 

bioavailability could be the result of IHg forming negatively charged disulfide 

complexes unable to cross bacteria cell membranes (Hsu-Kim et al., 2013; Liem-

Nguyen et al., 2017; Regnell and Watras, 2019; Slowey and Brown, 2007). IHg 

can also precipitate with sulfide producing metacinnabar (β-HgS(s)) resulting in a 

sink for IHg (Poulin et al., 2017):  

𝐻𝑔2+ + 𝐻𝑆− ↔ 𝐻𝑔𝑆(𝑠)   Log k: -38.6 

This β-HgS(s) sink could explain the decrease of IHg in water in the stress 

test incubation after day 4 (Fig. 2-3F; Table 2-4, S6, and S7). Results from 

PhreeqC 3.6.2 calculations (LLNL database) suggest a very low sulfide 

concentration (6.1 x 10
-6 mg/L) needed for β-HgS(s) precipitation, considering the 

redox conditions and the concentrations of iron, sulfate, chloride, ammonia, 

manganese, and IHg in incubation experiments and general water chemistry 

(calcium, and bicarbonate concentrations) of Cache Creek watershed (Rytuba et 

al., 2015, USGS Rumsey station). Thus, β-HgS(s) precipitation could be a factor 

that decreased IHg bioavailability and suppressed MeHg production.  

The decrease in iron accumulation in water for Ferralyte-and-Ultrion-

treated soils (Fig. 2-6F), starting after around day 6 (Table 2-6, S11), could be also 

attributed to the presence of sulfide, as iron can be lost from water via precipitation 

with sulfide as mackinawite (FeSm): 

𝐹𝑒2+ + 𝐻𝑆− ↔ 𝐻+ + 𝐹𝑒𝑆(𝑠) 
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Reported solubility products for FeSm show a pKsp of 2.6-3.8, indicating a 

high affinity between iron and sulfide (Beutel et al., 2020; Cook, 1984; Murray, 

1995; Slowey and Brown, 2007). PhreeqC 3.6.2 calculation (LLNL database) 

indicates that a low sulfide concentration (0.069 mg/L) was needed for FeSm 

precipitation in the incubations (Cache Creek alkalinity data from USGS Rumsey 

Station). Indeed, an observed lack of obvious sulfide smell (intense putrid odor 

may have masked sulfide odor) in the incubations suggests that, even with sulfate 

depletion, sulfide levels remained low. Hence, the decrease in iron concentration in 

the incubations could also be attributed to other processes, such as Fe(II) sorbing 

back to the soil oxides and clays possibly associated with DOM (Catruillet et al., 

2016; Gu et al., 2019; Zhu et al., 2018). DOC concentrations exhibited a similar 

decline to iron after day 8, suggesting some sorption into the soil (Fig. 2-7C, Table 

2-6, S11). Additionally, another plausible explanation could be the precipitation of 

iron and phosphate as vivianite (Heiberg et al., 2012; Rothe et al., 2016). 

Phosphate concentrations (5-15 mg/L) towards the end of the incubation support 

the possibility of vivianite precipitation with relatively high iron concentrations (1 

mg/L) (Fig. 2-6F and 2-6J). Calculations with PhreeqC 3.6.2 yield a vivianite 

saturation index (SI) of 1.2 (Cache Creek alkalinity data from USGS Rumsey 

Station). SI (log activity/equilibrium constant) values higher than 0 indicate a 

thermodynamic tendency for precipitation.  

2HPO42- + 3Fe2+ + 8H2O ↔  Fe3(PO4)2(H2O)8 + 2H+        Log k: -4.7 

Another possible mechanism for the decrease in MeHg concentration under 

sulfidic conditions is a proposed demethylation pathway via the abiotic formation 

of volatile dimethylmercury (DMeHg) (Barkay and Gu, 2022). Marine systems 

with high MeHg to sulfide ratio can favor the formation of DMeHg (Jonsson et al., 

2016; Kanzler et al., 2018; Ullrich et al., 2001). Some experimental data indicates 

that this reaction may also occur in freshwater systems under high MeHg 

concentrations, promoting the loss of MeHg from this system (Kanzler et al., 

2018). MeHg can apparently react with sulfide to form bis(methylmercuric) sulfide 

(DMeHg-S). This compound can then degrade into HgS and DMeHg, which is lost 

from the aqueous phase via volatilization. The stress test incubation appeared to 

follow the criteria for potential abiotic demethylation, including high MeHg to 

sulfide ratio and anoxic conditions. Despite the need for further research on 

freshwater ecosystems, Kanzler et al. (2018) argue that the loss of MeHg from 

aquatic systems, often attributed to microbial process, may be primarily abiotic in 

nature.  

2.5.3   Initial Changes in Soil Methylmercury 

While not a focus of this study, there appeared to be short-term changes in 

soil MeHg concentration at the very start of our experimental incubations (Table 2-

2). In the standard test incubation, MeHg in soil at day 0 was lower compared to 

initial soil characterization, 1.10± 0.03 µg/kg dw versus 2.32± 0.03 µg/kg dw (t(5)= 
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8.9, p=0.0003,). On the contrary, during the stress test incubation, MeHg in soil 

was higher, 3.45±0.04 µg/kg dw compared to the standard test, 2.32±0.03 µg/kg 

dw (t(4)= -4.51, p=0.01). Note that “day 0” incubations were not technically 

sampled until around 2 hours after the initial mixing of soil and water, and in the 

case of the stress test also the addition of spirulina OM. Mass balance 

considerations indicate that these changes in soil concentration were not related to 

gain or loss from the water phase, or through the addition of OM with low THg 

concentration (~0.3 µg/kg dw). In addition, incubations were managed under low 

light conditions precluding photo-related reactions. These rapid changes suggest a 

rapid abiotic process. In the standard incubation, a possible loss mechanism for 

MeHg in the soil was the solubilization of colloids with high affinity for Hg, 

including MeHg, which were inadvertently captured on filters during sample 

filtration. Studies show that colloids play an important role in regulating 

freshwater partitioning of both IHg and MeHg, especially in Eh ranges from 0-300 

mV (Babiarz et al., 2001; Gfeller et al., 2021; Z. Wang et al., 2021). The apparent 

production of MeHg in the stress test incubations may be related to OM addition 

and solubilization. Humic compounds in DOM can promote abiotic formation of 

MeHg from IHg (Celo et al., 2005; Weber, 1993), particularly the hydrophobic 

basic component in fresh algal-derived DOM (Liang et al., 2024). This suggests a 

causal link between OM addition and MeHg production upon rewetting in the 

stress test incubation. Initial rewetted conditions in the stress test with bioavailable 

DOM and IHg may have also stimulated activity of aerobic/facultative bacteria 

capable of aerobic methylation as a hypothesized IHg detoxification process (Cao 

et al., 2021; Xiang et al., 2020). 

2.6.  Conclusions  

Soil-Water laboratory incubations in this study aimed to assess whether 

coagulant-treated soils produced or released MeHg under rewetted, deoxygenated 

conditions. This was a concern because coagulant-treated soils could release 

previously sorbed Hg-DOM complexes after being rewetted. In addition, Ferralyte-

treated soil containing sulfate and iron could potentially stimulate Hg methylation. 

However, the incubations showed little net MeHg release or production with redox 

potential indicative of mildly reduced conditions (nitrate and manganese reduction) 

over 16 days. Upon rewetting, the coagulant-treated soils showed better sorption 

capacity than the control soil, with lower concentrations of IHg in the water phase. 

However, ChitoVan-treated soil released higher levels of ammonia and phosphate, 

which could have implications for algae production and water quality.  

The stress test incubations showed that the addition of OM at a 

concentration of around twice that of native soils appeared to stimulate anaerobic 

bacterial activity, including FeRB and SRB, producing MeHg up to day 4. The 

pattern was consistent in both coagulant-treated and control soils, suggesting there 

is not a clear enactment of the coagulant treatments on MeHg production. Initial 

IHg bioavailability was not the main issue determining MeHg production as it 
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seems that up to 7% (~21 µg/kg) of the THg in the soil was potentially 

bioavailable and reactive (based on RHg measurements, Table 2-1), which would 

have been equivalent to 5.2 µg/L of THg in the water phase (considering 200 ml of 

water and 50 g of soil). This suggests that the supply and catabolism of labile 

carbon was a key limiting factor for microbial Hg-methylation activity, as 

suspected in other studies (Beuling et al., 2018; Peterson et al., 2023).  

After day 4, the methylation window closed demonstrating that MeHg 

production in closed aquatic sediments loaded with OM is short-lived. Low redox 

conditions and sulfide accumulation likely decreased Hg methylation and possibly 

enhanced MeHg demethylation, as seen with MeHg concentration decreasing from 

the water and soil phase. Moreover, low bioavailability of IHg, possibly caused by 

β-HgS(s) precipitation and/or formation of high molecular weight Hg-DOM 

complexes under sulfidic conditions, could have also suppressed the production of 

MeHg. In addition, a possible abiotic demethylation pattern could have also 

contributed to the decrease in MeHg via the formation of HgS and volatile 

DMeHg. Hence, it seems that under OM loading, CCSB soils could generate a 

potential concern for MeHg release, whether or not they are treated with the three 

coagulants. In the end, results suggest that managing OM loading to CCSB could 

limit net MeHg production and bioaccumulation. 
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Table 2-1. Cache Creek Settling Basin Soil Characterization 

 Control Chitovan Ferralyte Ultrion Tukey 

HSD 

Water Content (%) 17.2±2.25 14.8±2.25 14.5±2.25 17.1±2.25 ns 

Wet:Dry ratio (g wet/g dry) 1.2±0.06 1.2±0.06 1.2±0.06 1.3±0.06 ns 

LOI % 0.5±0.06 0.6±0.06 0.5±0.06 0.5±0.06 ns 

MeHg (µg/kg)  2.32±0.14 2.23±0.14 2.02±0.14 2.22±0.14 ns 

THg (µg/kg)  286±9.89 298±9.89 311±9.89 299±9.89 ns 

Thiol-RHg (µg/kg)  28±2.67 24±2.67 25±2.67 28±2.67 ns 

RHg (µg/kg)  10±1.06 9±1.06 11±1.06 11±1.06 ns 

FeTAE (g-Fe/kg)  38±1.12 41±1.12 38±1.12 41±1.12 ns 

FeAE (g-Fe/kg)  4±0.12 5±0.12 4±0.12 5±0.12 ns 

FeDE (g-Fe/kg)  12±1.09 12±1.09 11±1.09 12±1.09 ns 

AlTAE (g-Al/kg)  33±1.07 30±1.07 30±1.07 30±1.07 ns 

AlAE (g-Al/kg) 2.0±1.09 1.7±1.09 1.8±1.09 2.0±1.09 ns 

AlDE (g-Al/kg)  1.6±0.12 1.6±0.12 1.4±0.12 1.6±0.12 ns 

MnTAE (g-Mn/kg)  0.9±0.06 1.0±0.06 0.9±0.06 1.0±0.06 ns 

MnTAE (g-Mn/kg) 0.4±0.16 0.4±0.16 0.4±0.16 0.5±0.16 ns 

MnDE (g-Mn/kg)  0.4±0.07 0.5±0.07 0.5±0.07 0.5±0.08 ns 

Notes: Values are least square means ± standard error of study sites A, B, and C. Results 

are presented in dry weight basis. “Reactive” Hg (R-Hg) in soil following the USGS tin 

reduction of Hg(II) method. Thiol-RHg was measured following the thiol (glutathione) 

extraction method. Iron (Fe), manganese (Mn), and aluminum (Al) fractions were 

analyzed after microwave digestion with ICP-OES. (Fe, Al, Mn)TAE: Total metal in 

concentrated acid  (HNO3 + HCl); (Fe, Al, Mn)AE: Acid-extractable metal (0.5 M HCl); 

and (Fe, Al, Mn)DE: Citrate/dithionite-extractable metal. Tukey’s honestly significant 

difference (Tukey HSD) pairwise post hoc test results are included. ns indicates the 

treatments (control, ChitoVan, Ferralyte, Ultrion) and groups (A, B, C) do not differ 

among them.  
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Table 2-2. Comparison of mercury parameters during initial conditions 

 Standard 

Test 

Stress Test Cache Creek 

Soil 

Cache Creek 

water 

MeHg water, ng/L 0.16 ± 0.04 0.26±0.13  0.06 ±0.02 

Inorganic 

mercury water, 

ng/L 

9.21±0.05 17.99±0.05 

 

4.95±1.4 

MeHg soil, µg/kg 

dw 
1.10±0.01 3.45±0.04 2.31±0.02 

 

Note: Values are standard means ± standard error of study sites, for the standard test, and 

treatments, for the stress test.    
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Table 2-3. Standard test incubation significant determinants for mercury 

parameters estimated using ANOVA. 

Parameter N Variable dF F-statistic P-value 

MeHg water 3 Treatment 46 1.67 0.19 

5 Day 46 7.03 <0.001 

2 Group 46 0.22 0.81 

15 Treatment x 

Day 

46 1.15 0.34 

IHg water 3 Treatment 46 3.05 0.04 

5 Day 46 10.12 <0.001 

2 Group 46 14.11 <0.001 

15 Treatment x 

Day 

46 0.19 0.99 

MeHg: THg 

water 

3 Treatment 72 2.07 0.02 

5 Day 72 2.39 0.05 

2 Group 72 5.26 0.01 

15 Treatment x 

Day 

72 2.26 0.08 

% MeHg 

solution of 

total MeHg 

mass in 

incubation 

3 Treatment 72 0.97 0.41 

5 Day 72 4.43 0.002 

2 Group 72 1.52 1.00 

15 Treatment x 

Day 

72 1.27 0.65 

MeHg soil 

3 Treatment 46 1.82 0.16 

5 Day 46 1.09 0.37 

2 Group 46 1.31 0.28 

15 Treatment x 

Day 

46 0.93 0.54 

Log Kd 

(soil/water) 

3 Treatment 46 0.58 0.63 

5 Day 46 5.00 <0.001 

2 Group 46 0.29 0.75 

18 Treatment x 

Day 

46 1.26 0.26 

Notes: Statistical results to compare the different mercury water/soil parameters measured 

between the coagulant-treated soils (ChitoVan, Ferralyte, Ultrion) and the control soil, and 

among groups (A, B, C) and days of incubation (0, 1, 2, 4, 8, 16). Table shows the 

individual linear mixed effect model fit by REML where Treatment, Group, and 

Treatment x Day were fixed variables, and the Group was also the random effect. 

ANOVA was estimated with Satterhwaite’s method with p < 0.05 using RStudio. Values 

in bold are statistically significant. 
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Table 2-4. Stress Test compared to Standard Test significant determinants for 

mercury parameters estimated using ANOVA. 

Parameter Type N Df F Prob>F 

MeHg water Test 1 33 2959.01 <0.001 
 Day 5 33 83.59 <0.001 
 Treatment 3 0 0.7 1 
 Test:Day 5 33 95.36 <0.001 

IHg water Test 1 33 514.65 <0.001 
 Day 5 33 48.47 <0.001 
 Treatment 3 0 0.618 1 
 Test:Day 5 33 13.58 <0.001 

MeHg:THg Test 1 33 1.76 <0.001 
 Day 5 33 14.07 <0.001 
 Treatment 3 33 0.93 0.43 
 Test:Day 5 33 6.88 <0.001 

%MeHg-

solution Test 1 33 567.14 <0.001 
 Day 5 33 67.11 <0.001 
 Treatment 3 33 1.88 0.15 
 Test:Day 5 33 68.73 <0.001 

Soil MeHg Test 1 33 266.56 <0.001 
 Day 5 33 8.27 <0.001 
 Treatment 3 0 0.19 1 
 Test:Day 5 33 3.89 <0.001 

Log Kd Test 1 33 851.78 <0.001 
 Day 5 33 28.75 <0.001 

 Treatment 3 0 1.4 0.99 

  Test:Day 5 33 42.94 <0.001 

Notes: Statistical results to compare the different mercury water/soil parameters measured 

between the tests (stress test and standard test) among treatments (control, ChitoVan, 

Ferralyte, Ultrion) and days of incubation (0, 1, 2, 4, 8, 16). Stress test included mesocosm 

group C with spirulina organic matter addition. The standard test included the results only 

from mesocosm group C. Table shows the individual linear mixed effect model fit by 

REML per parameter where Treatment, Test, Day and Test x Day were fixed variables. 

Treatment was also the random effect due to the low variability response during the 

previous standard test statistical analysis. ANOVA was estimated with Satterhwaite’s 

method with p < 0.001 using RStudio. Interpretation of the Test x Day term indicates that 

there was a significant interaction between day and stress test incubation not always seen 

in the standard test, thus each test had a different “day” effect.  
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Table 2-5. Standard test incubation significant determinants for aqueous 

parameters estimated using ANOVA. 

Parameter N Variable dF F-statistic P-value 

Redox 

potential 

3 Treatment 46 0.0005 0.99 

5 Day 46 4.76 <0.001 

2 Group 46 0.42 0.657 

15 Treatment x 

Day 

46 0.002 1.00 

pH 

3 Treatment 46 0.44 0.72 

5 Day 46 6.58 0.06 

2 Group 46 0.56 0.57 

15 Treatment x 

Day 

46 0.39 0.97 

Manganese 

3 Treatment 72 30.1761 <0.001 

5 Day 72 21.72 <0.001 

2 Group 72 4.45 0.06 

15 Treatment x 

Day 

72 1.53 0.11 

Sulfate 

3 Treatment 72 1.08 0.36 

5 Day 72 1.41 0.23 

2 Group 72 0.70 0.49 

15 Treatment x 

Day 

72 1.27 0.24 

Iron 

3 Treatment 72 3.44 0.04 

5 Day 72 0.91 0.48 

2 Group 72 0.27 0.84 

15 Treatment x 

Day 

72 1.34 0.20 

Aluminum 

3 Treatment 46 16.12 <0.001 

5 Day 46 19.27 <0.001 

2 Group 0 0.09 1.00 

15 Treatment x 

Day 

46 0.43 0.96 

Ammonia 

3 Treatment 46 19.27 <0.001 

5 Day 46 16.12 <0.001 

2 Group 46 3.43 0.04 

15 Treatment x 

Day 

46 1.44 0.16 

Nitrate 

3 Treatment 46 1.69 0.18 

5 Day 46 9.44 <0.001 

2 Group 46 1.46 0.24 

15 Treatment x 

Day 

46 0.42 0.96 

 

Phosphate 

3 Treatment 72 15.51 <0.001 

5 Day 72 1.21 0.32 

2 Group 72 3.19 0.05 

15 Treatment x 

Day 

72 0.49 0.93 
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DOC 

3 Treatment 72 16.72 <0.001 

5 Day 72 2.21 0.06 

2 Group 72 32.45 <0.001 

15 Treatment x 

Day 

72 0.61 0.85 

Notes: Statistical results to compare the different aqueous parameters measured between 

the coagulant-treated soils (ChitoVan, Ferralyte, Ultrion) and the control soil, and among 

groups (A, B, C) and days of incubation (0, 1, 2, 4, 8, 16). Table shows the individual 

linear mixed effect model fit by REML where Treatment, Group, and Treatment x Day 

were fixed variables, and the Group was also the random effect. For SUVA254 values, the 

model was inconclusive. ANOVA was estimated with Satterhwaite’s method with p < 

0.05 using RStudio. Values in bold are statistically significant. 
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Table 2-6. Stress Test compared to Standard Test significant determinants for 

aqueous parameters estimated using ANOVA. 

Parameter Type N Df F 
Prob>

F 
Parameter Type N Df F 

Prob>

F 

Redox 

Potential 
Test 1 33 

186.

6 
<0.001 Ammonia Test 1 33 

459.

7 
<0.001 

 Day 5 33 61.1 <0.001  Day 5 33 3.9 <0.001 

 Treatme

nt 
3 0 0.4 0.7531  Treat

ment 
3 33 23.2 0.01 

 Test:Da

y 
5 33 90.9 <0.001  Test:D

ay 
5 33 6.0 <0.001 

pH Test 1 33 
786.

8 
<0.001 Nitrate Test 1 33 3.3 0.076 

 Day 5 33 
195.

0 
<0.001  Day 5 33 4.6 0.0027 

 Treatme

nt 
3 0 5.28 1  Treat

ment 
3 0 1.3 0.289 

 Test:Da

y 
5 33 28.5 <0.001   

Test:D

ay 
5 33 0.9 0.4939 

Manganese Test 1 33 
531.

1 
<0.001 Phosphate Test 1 33 

364.

3 
<0.001 

 Day 5 33 68.5 <0.001  Day 5 33 8.7 <0.001 

 Treatme

nt 
3 33 1.1 0.37  Treat

ment 
3 33 4.2 0.01 

 Test:Da

y 
5 33 43.6 <0.001   

Test:D

ay 
5 33 7.8 <0.001 

Sulfate Test 1 33 
879.

6 
<0.001 DOC Test 1 33 

228.

4 
<0.001 

 Day 5 33 
296.

2 
<0.001  Day 5 33 

19.3

3 
<0.001 

 Treatme

nt 
3 0 26.9 1  Treat

ment 
3 33 2.2 0.09 

  
Test:Da

y 
5 33 

272.

6 
<0.001   

Test:D

ay 
5 33 19.3 <0.001 

Iron Test 1 33 24.9 <0.001 SUVA Test 1 33 
215.

3 
<0.001 

 Day 5 33 3.92 0.006  Day 5 33 13.2 <0.001 

 Treatme

nt 
3 33 0.83 0.49 

 

Treat

ment 
3 0 1.9 1 

 Test:Da

y 
5 33 3.7 0.0085   

Test:D

ay 
5 33 16.9 <0.001 

Aluminum Test 1 33 4.8 <0.001       
 Day 5 33 2.8 <0.001       

 Treatme

nt 
3 0 0.7 1 

      

  
Test:Da

y 
5 33 

14.8

4 
<0.001 

      
 Notes: Statistical results to compare the different aqueous parameters measured between 

the tests (stress test and standard test) among treatments (control, ChitoVan, Ferralyte, 

Ultrion) and days of incubation (0, 1, 2, 4, 8, 16). Stress test included mesocosm group C 

with spirulina organic matter addition. The standard test included the results only from 
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mesocosm group C. Table shows the individual linear mixed effect model fit by REML 

per parameter where Treatment, Test, Day and Test x Day were fixed variables. Treatment 

was also the random effect due to the low variability response during the previous 

standard test statistical analysis. ANOVA was estimated with Satterhwaite’s method with 

p < 0.01 using RStudio. Interpretation of the interaction term indicates that there was a 

significant interaction between day and stress test incubation not always seen in the 

standard incubation. Interpretation of the interaction term indicates that there was a 

significant interaction between day and stress test incubation not always seen in the 

standard test, thus each test had a different “day” effect.  
 

 

 

Figure 2-1 Map of the location of Cache Creek Settling Basin showing Cache Creek 

watershed, the major mercury points sources, and the connection of the Yolo Bypass with 

the Sacramento-San Joaquin Delta. Modified from De Parsia and others (2019). 
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Figure 2-2 Map showing Cache Creek Settling Basing study site and mesocosm locations 

A, B and C. Numbers represent the different coagulants with 2: the control, 3: Chitovan 

coagulant, 4: Ferralyte, and 5: Ultrion (compliments of J. Fleck, USGS). 
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Figure 2-3 Mercury and methylmercury in water. Left side, standard test with control and 

three coagulant treatments (ChitoVan, Ferralyte and Ultrion) replicated at three stations 

(A, B and C). Error bars are plus/minus one standard error of triplicate incubations. Right 

side, stress test with spirulina organic matter (SP) addition in control soil for station C and 

a water+SP control. From top to bottom: methylmercury concentration, inorganic mercury 

concentration, ratio of methylmercury to total mercury, and percentage of methylmercury 

in water relative to methylmercury in water plus sediment. Note difference in vertical 

scale for all figures.  
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Figure 2-4 Methylmercury (MeHg) in soil. Left side, standard test with mean values from 

control and three coagulant treatments (ChitoVan, Ferralyte and Ultrion) replicated at 

three stations (A, B and C). Error bars are plus/minus one standard error of triplicate 

incubations. Right side, stress test with spirulina organic matter addition in control soil for 

station C. From top to bottom: methylmercury mass in soil (dw: dry weight) and log 

methylmercury Kd value (log of methylmercury soil concentration divided by water 

concentration). 
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Figure 2-5 Primary aqueous parameters. Left side, standard test with mean values from 

control and three coagulant treatments (ChitoVan, Ferralyte and Ultrion) replicated at 

three stations (A, B and C). Error bars are plus/minus one standard error of triplicate 

incubations. Right side, stress test with spirulina organic matter (SP) addition in control 

soil for station C and a water+SP control. From top to bottom: redox potential (Eh), pH, 

manganese, and sulfate.  
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Figure 2-6 Supporting aqueous parameters. Left side, standard test with mean values from 

control and three coagulant treatments (ChitoVan, Ferralyte and Ultrion) replicated at 

three stations (A, B and C). Error bars are plus/minus one standard error of triplicate 

incubations. Right side, stress test with spirulina organic matter addition in control soil for 

station C. From top to bottom: iron (total), aluminum (total), ammonia (as N), nitrate (as 

N), and phosphate (as P). Note difference in vertical scale for iron, ammonia, and 

phosphate. 
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Figure 2-7 Dissolved organic carbon (DOC) concentration (top) and SUVA254 (bottom). 

Left side, standard test with control and three coagulant treatments (ChitoVan, Ferralyte 

and Ultrion) replicated at three stations (A, B and C) mean values. Error bars are 

plus/minus one standard error of triplicate incubations. To facilitate statistical analysis, 

ChitoVan data includes two B incubations since A samples were not available. Right side, 

stress test with spirulina organic matter addition in control soil for station C. Note 

difference in vertical scale for DOC.  
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3. ALGAL ORGANIC MATTER ADDITION OPENS 

EPHEMERAL MERCURY METHYLATION WINDOW IN 

MILDLY MERCURY-CONTAMINATED SOILS 

3.1  Abstract 

Dissolved organic matter (DOM) plays a significant role in the mercury (Hg) 

cycle by mediating biogeochemical processes within aquatic ecosystems. 

However, the specific effects of DOM composition on Hg methylation are not 

entirely understood. As anthropogenic pollution and climate change exacerbate 

water quality degradation, DOM loading in the form of algae growth in surface 

waters is increasing, which could potentially promote methylmercury (MeHg) 

production and its bioaccumulation in biota. To study the effects of algal organic 

matter loading on the Hg cycle in mildly contaminated wetland soils (total Hg ~0.3 

mg/kg dry weight), we added spirulina powder over a concentration range (0.025 

g, 0.05 g, 0.1 g, 0.2 g, and 0.4 g) to 250 ml lab-scale soil-water incubations. We 

analyzed total Hg and MeHg in water and soil and characterized DOM in water 

using adsorption and fluorescence spectroscopy. The addition of a gradient in 

spirulina organic matter (SpOM) stimulated a gradient in microbial activity. At 

high SpOM addition (> 0.1 g), microbial activity increased substantially and 

generated specific DOM optical signatures. The Hg “methylation window” 

appeared to open due to an increase in quinoid-like moieties and microbial-sourced 

DOM, which likely provided labile carbon for microbial activity and growth. This 

microbial growth may have favored synergistic activity of iron- and sulfate-

reducing bacteria and other non-Hg-methylating microbes. In addition, the 

enrichment of low-molecular-weight DOM appears to have promoted IHg 

bioavailability. Peak MeHg accumulation in soil (~5 µg/kg) and water (~30 ng/L) 

was observed at days 2 and 4. However, the methylation window was short-lived, 

with MeHg levels decreasing in water and soil after day 4, indicating the 

dominance of MeHg demethylation over Hg methylation. Changes in DOM optical 

properties and increasingly reduced conditions are possible indicators of this shift 

in the microbial community. Additionally, a decrease in Hg methylation rates 

could be associated with lower IHg bioavailability by the formation of larger HgS-

DOM complexes. Results suggest that there is a threshold in algal DOM loading at 

which an ephemeral Hg methylation window may open at the sediment-water 

interface of aquatic ecosystems. Findings suggest that the optical properties of 

DOM could be useful indicators of MeHg production in aquatic ecosystems, 

providing valuable insights into Hg cycling. 

3.2 Introduction 

The transformation of inorganic mercury (IHg) to methylmercury (MeHg) in 

aquatic environments is a major concern worldwide (Driscoll et al., 2013; Hsu-

Kim et al., 2013). MeHg binds to proteins bioaccumulating into upper trophic 

levels where it possess a significant health threat for wildlife and humans that 
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consume contaminated prey (Chetelat et al., 2020). IHg transformations and MeHg 

bioaccumulation in inland waters are associated with wetlands, rivers, reservoirs, 

and lakes, where consumption of Hg-contaminated fish is the major MeHg 

exposure route (Bravo et al., 2018). Most of the IHg input into these ecosystems 

originates from over 500 years of anthropogenic emissions (Amos et al., 2013; 

Sonke et al., 2023). Despite global efforts to decrease mercury (Hg) emissions 

(i.e., the Minamata Convention), MeHg bioaccumulation in fish is still a problem. 

The main reason is that MeHg concentration does not directly correlate to the 

amount of IHg in the ecosystem; low levels of environmental Hg pollution can still 

result in elevated Hg levels in biota (Ullrich et al., 2001). In fact, the net MeHg 

concentration in the environment is the result of the balance between two 

processes, Hg methylation and MeHg demethylation (Helmrich et al., 2022). Hg 

methylation, produced mainly by anaerobic bacteria, depends on multiple 

biogeochemical conditions, including oxidation-reduction (redox) potential, pH, 

sulfate concentration, organic matter, microbial activity, and IHg bioavailability, 

many of which are undergoing alterations due to climate change ( Bigham et al., 

2016; Peterson et al., 2023; Sonke et al., 2023; Ullrich et al., 2001; Poulin et al., 

2023). Biotic MeHg demethylation is performed by aerobic microorganisms with 

the mer gene system, possibly to detoxify their environment, and by anaerobic 

microbes such as SRB and methanogens as a result of co-metabolic processes 

(Barkay and Gu, 2022; Lu et al., 2017;  Marvin-DiPasquale and Oremland, 1998). 

 

Among the biogeochemical conditions influencing MeHg production, 

methylation rates are largely dependent on the activity of Hg-methylating bacteria 

and IHg bioavailability for methylation (Ullrich et al., 2001; Poulin et al., 2023). 

Both are strongly related to the size and chemical speciation of dissolved and 

particulate organic matter (DOM, POM) (He et al., 2019; Liem-Nguyen et al. 

2016). In a recent study using different types of sediments, the < 0.5 µm size 

fraction of glutathione-Hg and of two-coordinated-thiol-Hg contributed the most 

leachable and potentially bioavailable pool of Hg (Xu et al., 2021). Hg uptake 

(passive permeation, active transport pathways or carbon metabolism) and 

methylation rates appeared to vary with different microbial strains (Tang et al., 

2020). MeHg is produced by archaea and bacteria across the redox spectra with the 

hgcAB genes (Parks et al., 2013; Regnell and Watras, 2019; Sonke et al., 2023). 

Particularly, MeHg has been associated with sulfate-reducing bacteria (SRB) and 

iron-reducing bacteria (FeRB) ( Campeau and Bartha, 1985; Gilmour et al., 1992; 

Fleming et al., 2006). In mildly anoxic and sulfidic soils and porewaters, there is a 

positive correlation between DOM content and SRB activity, as DOM contributes 

to microbial growth and activity of heterotrophic methylating microorganisms 

(Graham et al., 2012; Li et al., 2019). Specifically, low-molecular-weight (LMW) 

DOM composed of proteins, sugars, and starches tends to be especially 

bioavailable for microbial metabolism, thereby accelerating Hg methylation rates, 

compared to larger DOM molecules (Bravo et al., 2018; Eckley et al., 2021). 
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Additionally, autochthonous DOM (e.g., algal biomass) is more bioavailable as an 

electron donor for Hg methylators compared to allochthonous DOM (e.g., 

terrestrial stems and leaves) (Liem-Nguyen et al. 2016).   

IHg bioavailability, DOM has a dual role as it influences IHg speciation 

and IHg desorption-dissolution kinetics (Jonsson et al., 2016; Liem-Nguyen et 

al. 2016). From the IHg pool, the known bioavailable aqueous species for Hg-

methylating microbes are the neutral and amorphous Hg-sulfide (HgS) complexes. 

These include HgS-DOM polynuclear clusters (0.5− 2µm), nanoparticulate (<0.5 

µm) HgS (HgSNP), nanoparticulate metacinnabar (β-HgS(s)), and LMW Hg-thiol 

complexes (Benoit et al., 2001; Graham et al., 2012; Schaefer et al., 2011; Tian et 

al., 2021; Zhou et al., 2017). Likewise, recently formed Hg-DOM complexes may 

be more bioavailable for microbes than aged Hg-DOM complexes that tend to be 

more stable or crystalline (Miller, 2006). In addition, the stimulatory effects of 

DOM on MeHg production are also attributed to the dissolution of HgS minerals, 

resulting in the formation of bioavailable nanoscale β-HgS(s) (Graham et al., 2013; 

Waples et al., 2005). Once MeHg is formed, DOM can facilitate its transport and 

solubility through complexation, enhancing MeHg bioaccumulation by moving 

MeHg-DOM complexes to biologically-active surface waters (Marvin-DiPasquale 

et al., 2009; Ravichandran, 2004). DOM can also decrease IHg bioavailability by 

inhibiting the aggregation of bioavailable β-HgS(s) (Gerbig et al., 2011; Graham et 

al., 2013). Moreover, the association of IHg with high-molecular-weight DOM can 

impede microbial methylation, as the complexes are too large to cross the bacterial 

cell membranes (Miller, 2006; Ravichandran, 2004). Humic and fulvic acid 

fractions of DOM can also decrease IHg bioavailability by photochemically 

reducing IHg to volatile elemental Hg(0) in the presence of reactive oxygen 

species generated by solar radiation (Driscoll et al., 2013). In addition, optical 

signatures indicative of DOM type show that specific DOM composition can affect 

MeHg photodegradation (Fleck et al., 2014). 

Nutrient loading and warmer temperatures, associated with increased 

human activities and climate change, have resulted in widespread eutrophication 

and elevated DOM loading of aquatic ecosystems (Lambert et al., 2022). Seasonal 

anoxia, harmful algae blooms, and fresh organic matter decomposition appear to 

have enhanced MeHg production and subsequent bioaccumulation in some 

freshwater aquatic ecosystems (Noh et al., 2018). As a consequence in recent 

years, the impact of algal-derived organic matter (AOM) on Hg cycling in aquatic 

ecosystems has received greater attention (Catalán et al., 2021; Lei et al., 2019; Y. 

Wang et al., 2022; Wu et al., 2022). In a comparative experiment between organic 

matter types, AOM enhanced methylation rates by 1 to 2 orders of magnitude 

compared to terrestrial organic matter (Wu et al., 2022). Other authors suggest that 

AOM may enhance or decrease IHg bioavailability by influencing the dissolution 

and aggregation processes, structural order, and surface properties of HgSNP 

(Wang et al., 2022). In addition, proteins and aminoacids (such as tyrosine, 

tryptophan) in AOM have been associated with promoting in situ Hg methylation 
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(Zhao et al., 2017) and higher Hg methylation rates (Lescord et al., 2018; Wu et 

al., 2024). With the complex nature of Hg cycling and DOM, information 

regarding the implications of DOM characteristics and composition on MeHg 

production in aquatic ecosystems merits further research (Fleck et al., 2014; Wu et 

al., 2024). 

To study the effects of AOM on the Hg cycle, we applied a range of spirulina 

organic matter loading (0.025 g, 0.05 g, 0.1 g, 0.2 g and 0.4 g to 250 ml bottles) to 

16-day laboratory incubations. The microcosm included water from Cache Creek 

and soil from Cache Creek Settling Basin (CCSB), Sacramento, California, USA. 

The experiment builds upon previous efforts by the United States Geological 

Survey (USGS) in CCSB to enhance Hg capture and retention through the 

application of coagulants (De Parsia et al., 2019; Rodal-Morales, in preparation). 

Previous results highlighted the importance of DOM in enhancing Hg methylation 

in CCSB soils (Rodal-Morales et al., in preparation). During this incubation 

experiment, we analyzed total Hg (THg) and other parameters in water, MeHg in 

soil and water, and characterized the quality of DOM using adsorption spectra and 

fluorescence spectroscopy. These techniques have proven to be effective in 

assessing DOM characteristics in various aquatic environments (Carstea et al., 

2020; Downing et al., 2009; Hansen, 2019) and could provide insight into the 

relationship between DOM composition, microbial activity, and IHg 

bioavailability (Cui et al., 2022; Fleck et al., 2014). For this study, our two aims 

were: 1) to evaluate if there is a threshold at which AOM loading stimulates MeHg 

production, and 2) to measure optical characteristics of incubation water to 

qualitatively assess microbial AOM degradation and its relationship with the 

MeHg cycle.  

3.3  Methods 

3.3.1 Study Site 

CCSB, located in the Sacramento Valley, California, USA was designed to 

control sediment deposition from the Cache Creek watershed before being 

transported to the Yolo Bypass and the ecologically sensitive Sacramento-San 

Joaquin Delta. The Cache Creek watershed drains an area of naturally elevated Hg 

soils, including hydrothermal activity and active mineral springs and deposits, and 

wastes derived from historical Hg and gold mines (Higgins and Kamman, 2010). 

While trapping significant amounts of particulate Hg, the CCSB is a source of 

MeHg production, releasing an estimated 160 g of MeHg annually to the Yolo 

Bypass (Marvin-DiPasquale et al., 2009). Thus, this wetland-like environment is 

appropriate for the study of environmental factors that influence IHg methylation. 

For this laboratory study, we used soil samples from the southeast region in CCSB 

previously collected by the USGS in 2018 (De Parsia et al., 2019; Rodal-Morales, 

in preparation) and water samples collected by the USGS from Cache Creek at 

Rumsey USGS index station during May of 2022. At UC Merced, we 

homogenized the soil samples with a size 10 sieve and filtered the water using 
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GF/F filters. Collected soils were in an oxidized state with elevated levels of 

redox-sensitive manganese (~52%) and iron (~30%). Water content of soil was 

around 16% and loss on ignition around 0.6%. THg concentrations in CCSB soil 

and Cache Creek water were 299 µg/kg and 1.1 ng/L, respectively. Initial MeHg 

concentrations in CCSB soil and Cache Creek water were 2.14 µg/kg and 0.06 

ng/L, respectively (Table 3-1). See Rodal-Morales et al. (in preparation) for more 

details on the study site and soil characterization. 

3.3.2 Spirulina Powder 

Spirulina powder from Micro Ingredients brand (Montclair, California, 

USA) was the form of AOM used for the incubations. Spirulina is a photosynthetic 

bacterium, from the group Cyanobacteria Prochlorales, also known as green blue 

algae. Chemical analysis notes that spirulina is made up of 60 to 70% proteins, 

13% carbohydrates, and 4 to 7% lipids (Ali and Saleh, 2012). Spirulina typically 

contains around 1% calcium, phosphorus, potassium, and sodium, as well as trace 

amounts of naturally sulfur compounds, especially sulfate (Ali and Saleh, 2012; 

Ashworth, 2024).  

3.3.3 Incubation Design and Sampling 

The microcosm experiment was designed to measure MeHg concentrations 

in water and soil under five different AOM loadings over a 16-day anaerobic 

laboratory incubation. Spirulina organic matter (SpOM) was added at 0.025 g, 0.05 

g, 0.1 g, 0.2 g, and 0.4 g to 250 ml Teflon bottles mixed with 50 g of CCSB soil 

and 200 g of Cache Creek filtered water. The upper limit loading was informed 

based on the “Stress-test” (0.5 g f SpOM) from previous incubation experiments in 

collaboration with the USGS which showed MeHg production (Rodal-Morales, in 

preparation). The addition of 0.5 g f SpOM was equivalent to approximately twice 

the total OM concentration measured in the soil based on LOI measurements 

(Table 3-1). The preparation included a deoxygenation step where the bottles (with 

the soil and spirulina) were placed inside a glove box flushed with nitrogen gas for 

two days. We also bubbled Cache Creek water with the nitrogen atmosphere of the 

glove box during the same time. After two days inside the glove box, we added the 

water to the bottles with soil and SpOM and heavily shook them. Then, the slurry 

incubation bottles were placed on their side on a shaker table at 150 RPM at room 

temperature (~21°C) and covered with aluminum foil until sampling. The bottles 

were destructively sampled for water THg, water and soil MeHg, and other water 

quality parameters (iron, aluminum, manganese, ammonia, nitrate, phosphate, 

sulfate, chloride), and dissolved organic carbon (DOC) characteristics at six time 

points (0, 1, 2, 4, 8, and 16 days). The incubations included a control, CCSB soil 

with no SpOM, six randomly selected replicates, and two Cache Creek water 

blanks. This set up resulted in a total of 46 bottles. The incubation replicates, 

developed to assess the replicability of the experimental mesocosms, typically had 

a relative percent difference of around 14% for the range of parameters assessed.  
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When sampling, we placed the selected bottles in the centrifuge at 12,000 

RPM and 22°C for 40 minutes to separate water from soil. Then, we measured pH 

and redox potential using clean and calibrated probes (HACH HQ40d multi meter, 

HACH MTC10101 ORP probe, Loveland, CO) inside the glove box. Redox 

potential values were converted to the hydrogen electrode (Eh) following the 

Nernst equation temperature correction (Nordstrom and Wilde, 2005). Finally, we 

filtered the supernatant water through pre-combusted 0.3 µm glass-fiber filters and 

preserved it for later analysis. The preservation included acid addition and fridge 

storage, including 0.4% by volume trace-metals grade hydrochloric acid for THg 

and MeHg and 1% by volume trace-metals grade nitric acid for iron, aluminum, 

and manganese. For ammonia, nitrate, phosphate, sulfate, and chloride, samples 

were frozen. DOC samples for optical measurements were refrigerated and shipped 

on ice within 2-3 days of sampling to the USGS for analysis. Soil samples were 

frozen and later freeze-dried for further analyses. 

 

3.3.4 Analyses  

The water analyses included THg and MeHg, total metals (iron and 

manganese), nutrients (ammonia, nitrate plus nitrite, and phosphate), anions 

(sulfate and chloride), and DOC characteristics (DOC concentration and optical 

properties). We analyzed THg analyzed using cold vapor atomic fluorescence 

spectroscopy (CVAFS) based on the method USEPA 1631 on a MERX-T (Brooks 

Rand Labs, Seattle, WA, USA) (USEPA, 1994). MeHg water samples were 

distilled (2 h at 125°C with nitrogen gas flow < 50 ml/min) before being measured 

on a MERX-M (Brooks Rand Labs, Seattle, WA, USA) using ethylation, gas 

chromatography, and CVAFS according to the method USEPA 1630 (USEPA, 

1998). In all incubations, IHg concentration in water was estimated as THg 

concentration minus MeHg concentration. For soil, MeHg was extracted from ~0.2 

g of homogenized, freeze-dried soil followed by digestion with 2.5 ml of 25% 

KOH in methanol (USEPA, 1996). Digestant was then analyzed for MeHg in 

water as detailed above. Two soil samples were sent for inter-lab MeHg analysis 

comparison to Brooks Brand Laboratory (Seattle, Washington, USA). The relative 

percent difference for the UC Merced and Brooks Rand Laboratory MeHg soil 

analyses was 16.7% (n = 2). Hg analyses followed strict quality control standards 

including method blanks (<0.1 ng/L), matrix spikes (75-125% range), analytical 

duplicates, and ongoing procedure recovery (75-125% range). Reporting limits 

were 0.2 ng/L for THg and 0.02 ng/L for MeHg. Batches that did not meet quality 

control criteria were rerun or flagged (See Appendix). We analyzed metals using 

inductively coupled plasma optical emission spectrometry (ICP-OES) on an 

Optima 5300 DV with a reporting limit of 0.01 mg/L (USEPA,1994). Nutrients 

were analyzed on a LACHAT QuikChem 8500 autoanalyzer using standard 

colorimetric methods by air-segmented continuous-flow absorption 
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spectrophotometry (Antweiler et al., 1996). Reporting limits were 0.02 mg-N/L for 

ammonia and nitrate and 0.02 mg-P/L for phosphate (analyzed as soluble reactive 

phosphate). Anions were measured using ion chromatography on a Dionex ICS-

2000 following the method USEPA 300.1 with a reporting limit of 0.4 mg/L 

(USEPA, 1997).  

DOM composition was evaluated using derivations of absorbance and 

fluorescence properties analyzed at the USGS Organic Matter Research Laboratory 

(Sacramento, California, USA). DOM optical properties are related to the light 

sensitive (chromophoric) portions of the DOM pool that absorb or fluoresce in the 

ultraviolet and visible spectra. Spectral absorbance (A) was measured at 1 nm 

increments between 200 and 750 nm in a 0.01 m quartz cuvette using a CARY-300 

spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). Independent 

spectral slopes were calculated for multiple wavelength ranges using a non-linear 

least-squares curve fitting technique for each spectral range (Boss and Zaneveld, 

2003; Del Vecchio and Blough, 2002) using MatLab R2008a (MathWorks, Natick, 

Massachusetts, USA). Fluorescence was measured using a SPEX Fluoromax-4 

spectrofluorometer equipped with a 150 W Xenon lamp (Horiba Jobin Yvon, NJ, 

USA) at excitation wavelengths (ex) of 200 nm to 440 nm at 10 nm increments and 

emission wavelengths (em) of 300 nm to 600 nm at 5 nm increments on room 

temperature (25°C) in a 1 cm quartz cell. Results are reported in Raman-

normalized fluorescent units (RU) (Gu and Kenny, 2009). Individual diagnostics 

regions such as F and B, and other DOM compositional indicators like the 

fluorescence index (FI) and humic index (HI), were identified according to 

previous efforts (Table S6). DOC concentration was measured using high-

temperature combustion total organic carbon analyzer (Model TOC-VCHS; 

Shimadzu Scientific Instruments, Columbia, Maryland) according to USEPA 

Method 415.3 (Potter and Wimsatt, 2005). There appeared to be DOC 

contamination in some samples, making DOC concentration results somewhat 

uncertain. However, an assessment of DOC concentration versus absorbance 

showed that the contamination appeared to be a simple organic solvent (e.g., 

methanol) which did not have a significant absorbance or fluorescence signature. 

Thus, we concluded that the DOC optical characteristics of the collected dataset 

were valid. In addition, as we were mostly interested in the quality and optical 

characteristics of the DOM, the lack of complete DOC concentration dataset did 

not undermine the overall experiment.   

3.4 Results  

3.4.1 Aqueous Parameters: redox potential, pH, manganese, and 

sulfate  

In general, there was a negative gradient in redox potential, indicative of 

more reduced conditions, as the amount of spirulina addition increased in the 

incubations (Fig. 3-1A). At the beginning of the experiment, the incubations with 

0.025 g, 0.05 and 0.1 g SpOM, as well as the control, started at a higher redox 
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potential (400 mV). In contrast, the incubations with 0.2 and 0.4 g SpOM at day 0 

(~2 hours after soil flooding) started with a lower redox potential (250 mV). 

Looking at the redox potential temporal patterns, the control showed minimal 

variations after day 4, stabilizing at 300 mV. For the incubations with 0.025 and 

0.05 g SpOM, the redox potential dropped to 150 mV by day 16. For the 

incubation with 0.1 g SpOM, redox potential decreased to -200 mV in 8 days. The 

redox potential for the incubations with 0.2 and 0.4 g SpOM dropped from 250 

mV to -250 mV during the first 4 days. Interestingly, for the 0.2 and 0.1 g SpOM 

treatments, there was an increase in redox potential from day 8 to 16, reaching -

100 mV. On the contrary, the incubation with 0.4 g SpOM showed a continuous 

value of -200 mV by the end of the experiment. For pH (Fig. 3-1B), values showed 

a more prominent drop with higher SpOM addition. pH levels started at 7.5 to 8 

and dropped to more circumneutral conditions (7 to 6.8) in all samples. The 

incubations with 0.1 and 0.2 g SpOM showed higher pH values (~7.9) at day 0 

compared to the rest of the treatments. The control had a continued drop in pH 

after day 4 while the incubations with SpOM addition showed the main drop in pH 

during the first 2 days.  

Manganese concentration increased progressively with the addition of 

SpOM (Fig. 3-1C). In the control, the continuous accumulation started on day 4 

reaching a concentration of 1.4 mg/L by day 16. Incubations with 0.025 and 0.5 g 

SpOM showed manganese accumulation after day 2, with peak concentrations of 2 

to 3 mg/L at day 16. For the incubations with 0.1 and 0.2 g SpOM, manganese 

accumulation started on day 1 and reached peak concentrations of around 3.5 mg/L 

on day 8. Manganese concentrations remained relatively steady for the rest of the 

incubation period. Lastly, for the incubation with 0.4 g SpOM, manganese 

accumulation started on day 1 and peaked at 5.2 mg/L on day 4, then dropped to 

4.7 mg/L by day 16. For iron (Fig. 3-1D), accumulation started on day 2 only for 

the incubations with 0.1, 0.2, and 0.4 g of SpOM, which coincided with lower 

redox conditions. In the incubation with 0.1 g SpOM, iron was continuously 

released after day 4, with a final concentration of 1.7 mg/L at day 16. The 

incubations with 0.2 g and 0.4 g of SpOM addition showed similar behavior, a 

progressive release of iron starting at day 2, followed by a decrease in 

concentration after day 8 to around 1.4 mg/L by the end of the incubation.  

Results for sulfate (Fig. 3-1E) showed minimal changes in concentration 

for the control, 0.025, 0.05, and 0.1 g SpOM addition with values ranging from 60 

to 140 mg/L. However, for the 0.2 and 0.4 g SpOM incubations, there was a 

continuous decrease in concentration after day 4, with sulfate being depleted by 

day 16. Finally, phosphate (Fig. 3-1F) showed a quasi-steady concentration for the 

control and a gradient in accumulation at day 4 for the different SpOM treatments. 

Phosphate concentration showed a dramatic increment for 0.1 and 0.2 g SpOM 

addition. On the contrary, for the 0.4 g SpOM addition, phosphate concentration 

decreased back to initial conditions. While some DOC concentration data appeared 

compromised, data from this study and a related study (Rodal-Morales, in 
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preparation) indicate that DOC in water was 10-20 mg/L in control incubations 

and 200-300 mg/L in incubations with 0.4 g SpOM addition. Intermediate SpOM 

additions likely had concentrations between these extremes. DOC concentration 

showed a general trend of increasing from days 0 to 8 and then decreasing from 

days 8 to 16 (Fig. S6).  

 

3.4.2 Mercury and Methylmercury in water and soil 

Overall, there was no Hg accumulation in the water and soil phase for the 

control, 0.025 and 0.05 g SpOM incubations (Fig. 3-2). Patterns of Hg 

accumulation for the 0.2 and 0.4 g of SpOM incubations were similar but differed 

in magnitude and accumulation day. Both treatments showed a short-lived Hg 

accumulation which returned to initial conditions by day 16. Starting with MeHg 

in water (Fig. 3-2A), for the 0.2 g SpOM incubation MeHg peaked on day 4 at 14 

ng/L then decreased to initial conditions by day 16. For the 0.4 g SpOM addition, 

MeHg concentration had a rapid increase, peaking at 27 ng/L on day 4, then 

steadily decreasing to 2.7 ng/L by day 16. For water IHg (Fig. 3-2B), the 0.1 g 

SpOM addition appeared to be slightly enriched to around 24 ng/L after day 8. For 

the 0.2 g SpOM addition, IHg peaked on day 1 at 47 ng/L then steadily decreased 

to background levels. The 0.4 g SpOM addition peaked at 90 ng/L on day 2, 

sharply decreased to 27 ng/L by day 8, and slowly declined to 15 ng/L by day 16. 

The %MeHg in water (Fig. 3-2C) ranged from 0.05 to 2.3% during MeHg 

accumulation in early days of the 0.2 and 0.4 g SpOM addition. The MeHg to IHg 

ratio followed the same pattern as MeHg in water showing values of around 0.1 to 

0.5 for the incubations with more SpOM addition (0.2 g and 0.4 g) (Fig. 3-2D).  

In soil, MeHg mass mostly followed the same behavior as MeHg 

concentration in water (Fig. 3-2E). There was no variation in MeHg mass for the 

control and the incubations with 0.025 and 0.05 g SpOM addition. The 0.1 g 

SpOM incubation showed a minimal increase in soil MeHg mass to 1.6 ug/kg, 

returning to initial conditions by day 8. For the 0.2 g of SpOM incubation, there 

was a continuous increase in soil MeHg after day 1, peaking at 3 ug/kg during day 

4, then steadily decreasing to around 1 ug/kg by day 16. For the 0.4 g SpOM 

incubation, MeHg in the soil had a continuous increase during the first four days to 

5.4 µg/kg, then a steady decline to initial conditions by day 16. Finally, MeHg log 

Kd (soil/water) (Fig. 3-2F) was steady at around 4 for the control, 0.025, and 0.05 g 

SpOM incubations. The 0.1 g SpOM incubation demonstrated a small change in 

log Kd from 4 to 3.3 by day 4, then returned to initial conditions by day 8. For 0.2 

and 0.4 g SpOM incubations, log Kd dropped from 4 to around 2.5 during the first 

day, for both incubations, as MeHg concentration in water increased. Log Kd 

steadily increased to around 3.5 in the 0.2 g SpOM addition and 2.9 in the 0.4 g 

SpOM addition by day 16.   
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3.4.3 Optical Characterization of Dissolved Organic Matter  

Patterns of DOM optical properties also showed a gradient in 

measurements related to the gradient in SpOM addition (Fig. 3-3 and 3-4). 

Fluorescence intensity measurements in region F (Flr_F), previously referred as 

FDOM (Fig. 3-3A), is reportedly related to quinoid-like DOM, which are 

functional active groups in humic substances normally not associated with labile 

carbon (Downing et al., 2009). Region F fluorescence intensity was higher at day 0 

in microcosms with higher SpOM addition. For example, the day 0 value was 2.5 

RU for the control addition and 30 RU for the 0.2- 0.4 g SpOM addition (Fig. 3-3A 

and 3-4). All treatments showed a general pattern of decreasing in fluorescence 

region F as a function of incubation time, returning close to background conditions 

(~2 RU) by day 8 (Fig. 3-3A). The fluorescence in B region (Flr_B) is related to 

amino acids-, protein-, and phenols-like DOM (Coble, 1996, 1990; Stedmon et al., 

2003), normally associated with tyrosine, a highly bioavailable fraction of DOM 

(Weishaar et al., 2003). Region B fluorescence intensity interestingly showed an 

increase from day 0 to 4 only for the incubations with 0.2 (61 RFU) and 0.4 g (150 

RFU) SpOM addition (Fig. 3-3B and 3-4). Most of the increase in fluorescence for 

these high SpOM treatments happened during day 1 to 2. The fluorescence index 

(FI) (Fig. 3-3C) allows to identify the source or type of the DOM pool. Values 

higher than 1.8 are normally related to bacterially derived DOM, while values 

lower than 1.4 are associated to terrestrial derived DOM (Cory et al., 2010). FI at 

day 0 increased with increasing SpOM addition, from 1.7 in the control to 3 in the 

0.4 g SpOM treatments (Fig. 3-3C and 3-4). FI followed a similar decrement 

pattern to the fluorescence region F, returning to background (control) conditions 

by day 8. Finally, the spectral slope (Sag275-295) is reportedly an indicator of DOM 

with high molecular weight (< 0.01) or LMW (> 0.02) (Blough and Del Vecchio, 

2002; Helms et al., 2008). LMW DOC is of especial interests because it tends to be 

more labile for microbes and can enhance IHg bioavailability. The most obvious 

patterns were seen for the 0.1, 0.2, and 0.4 g SpOM additions, with an initial 

increase between days 1 to 2, followed by a decrease to a steady value around day 

8 (Fig. 3-3D). For these three treatments, both the peak and the final steady state 

value of Sag275-295 was higher with higher SpOM addition. The most dramatic 

pattern was for the 0.4 g SOM addition, which peaked at 0.035 on day 1, then 

steadily dropped to 0.026 by day 8. For the description of the other fluorescence 

parameters analyzed see Appendix section (Table S7, Fig.S2).  

3.5 Discussion 

3.5.1 Algal Organic Matter Stimulates Microbial Activity  

The addition of SpOM appears to have notably increased the presence of 

quinoid- and protein-like moieties, which likely had the potential to be 

metabolized by heterotrophs. Within the initial 2 h following the mixing of water, 

soil, and AOM (day 0), there was evidence of SpOM solubilization, indicated by 

relative differences in optical properties in incubation water with higher SpOM 
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addition. The incubations were gradually enriched in regions indicative of 

microbial/algal DOM sources (FI index and region N) and in protein-like 

components of DOM (regions B and T), recognized as bioavailable substrates for 

microbial growth (Cammack et al., 2004; Fleck et al., 2014). Interestingly, there 

was also a gradual enrichment in humic- and fulvic-like DOM compounds 

(fluorescence regions A, C, M, and D), especially in the quinoid-like DOM moiety 

(region F), with high SpOM addition (Fig 3-3, 3-4, S2, Table S2). Humic-like 

substances (CH aromatics and OH polysaccharides) were also identified in an 

AOM characterization study with the common cyanobacteria Microcystis and red 

tide dinoflgellate Alexandrium tamarense (Villacorte et al., 2015). Considering the 

aliphatic and reduced nature of AOM (Villacorte et al., 2015; Wu et al., 2024), 

another possible explanation for the humic-like DOM enrichment after SpOM 

addition in our incubations could be the presence of fully reduced quinones-like 

moieties, detectable as aromatic carbon, thus having a humic-like DOM response 

(Cory and Mcknight, 2005). 

The observed changes in optical properties as the incubation progressed 

suggest a stimulation of microbial activity. Labile organic matter plays a crucial 

role in the biogeochemical cycles as electron donor for microbial reactions (Bravo 

et al., 2017; Lei et al., 2019). As SpOM dissolved, the release of small carbon 

compounds (LMW DOM), as suggested by Sag275-295 enrichment (Fig. 3-3D), 

likely fueled the growth and activity of multiple types of microbes, possibly 

including syntrophs and heterotrophs (Eckley et al., 2021; Peterson et al., 2023; 

Zhu et al., 2024). Interestingly, these bacteria appeared to consume the quinoid-

like DOM (fluorescence region F) and the microbial-source DOM (FI index) over 

the course of incubation (Fig. 3-3A), despite these indicators not being 

traditionally associated with the most bioavailable forms of carbon as the protein-

like DOM (fluorescence region B and T). However, quinones could enhance 

electron transfer within the lipid bilayer of bacteria cell membranes (Rich and 

Marecha; 2012), potentially facilitating microbial reactions, such as denitrification 

(Aranda-Tamaura et al., 2007). In addition, Lescord et al. (2018) showed that 

biotic MeHg production was related to the amount of microbial-based OM (FI 

index), as seen in our incubations. On the other hand, the unexpected enrichment 

in tyrosine-like DOM (region B) with incubation time may result from active 

heterotrophs releasing extracellular byproducts during their biosynthesis and 

growth (Fig. 3-3B) (Cammack et al., 2004, Zhu et al., 2024). Hernes et al. (2009) 

showed this region could represent more than tyrosine-like DOM component and 

could be an indicator of an OM degradation byproduct. Moreover, the decrease in 

fluorescence values in the humic-like regions through time could be attributed to 

microbial activity breaking the SpOM components into simpler molecules 

(Tranvik, 1988), as suggested by the decrease in the HIX index (Fig. 3-4 and S2, 

Table S7).  

Other signals of microbial activity in the incubations (Fig. 3-1) included the 

drop in pH and redox potential (from oxidized to reduced conditions), 
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accumulation (manganese, iron) or loss (nitrate, sulfate) of aqueous parameters 

indicative of microbial reduction, and indicators of organic matter mineralization 

including accumulation of ammonia and phosphate (Davidson, 1993; Henze et al., 

1995; Reineke, 2001; Rysgaard et al., 1994). For example, the control showed 

minimal changes by the end of the incubation, with redox conditions reaching 

levels associated with manganese and nitrate reduction. This was accompanied 

with modest ammonia (~1 mg/L) and manganese (~1 mg/L) accumulation, and 

nitrate depletion likely driven by denitrification processes (Fig. 3-1). But at SpOM 

addition of 0.1 g and above, the incubations had drastic redox potential decreases 

and the changes in aqueous parameters were more evident. We saw iron 

accumulation (>1 mg/L), likely due to microbial reduction of iron oxides, and the 

probable co-release of sorbed phosphate, reaching concentrations of 3.9 mg-P/L 

(Davidson, 1993). Additionally, a decrease in fulvic-like DOM coincided with the 

release of iron into the water (Fig. S2). Studies shown that fulvic acids could 

enhance the microbial reductive dissolution of iron oxides by FeRB, accelerating 

reduced iron release, as seen after day 2 in our incubations (Song et al., 2023). The 

highest addition of SpOM (0.2 and 0.4 g) showed a burst of microbial activity and 

reached highly reduced conditions likely associated with SRB activity, as indicated 

by the decrease in sulfate concentration (Fig. 3-1).  

It was in these two high AOM treatments where MeHg was also observed 

(Fig. 3-2). High amounts of SpOM appeared to stimulate the activity of Hg-

methylating microbes. Several studies have reported a positive correlation between 

high MeHg concentrations and methylation rates with high OM concentration 

(Bigham et al., 2017; Cossa & Gobeil, 2000; Gagnon et al., 1997; Ullrich et al., 

2001). Particularly, AOM has been identified as a significant electron donor for 

microbial metabolisms, enhancing Hg methylation (Herrero Ortega et al., 2018; 

Wang et al., 2023; Zhao et al., 2021). In the 0.2 and 0.4 g treatments, MeHg started 

accumulating on day 1, when the system was associated to mildly reduced 

conditions (100 mV). But peak MeHg accumulation in soil and water occurred 

during day 2 and 4, with depressed redox potential (-200 mV) associated with 

FeRB and SRB activity (Fig. 3-1A) (Marvin-DiPasquale et al., 2014; Reineke, 

2001).  

3.5.2 Ephemeral Methylation Window 

In natural environments, the net production of MeHg is the result of both 

Hg methylation and MeHg demethylation processes, leading in many cases to a 

short-lived net MeHg accumulation (Hintelmann et al., 2000), or as we called it, 

the methylation window (Fig. 3-2, 3-5). It seems that in our experimental 

incubations with elevated SpOM addition, we had an ephemeral methylation 

window from days 0 to 4, which was followed by a decline in both soil and water 

from day 4 to 8. MeHg production was mostly associated with the soil phase (Fig. 

3-2F). For instance, during peak MeHg production only 2% of the MeHg was 

observed in water (Fig. 2C), demonstrating MeHg’s high affinity to the soil phase 

(Hintelmann et al., 2004). Additionally, Hg and DOM optical properties patterns 
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suggest that the system was reaching to a new quasi-steady condition under the 

anoxic conditions by the end of the incubation.  

Below we discuss a conceptual model of these observed dynamics (Fig. 3-

5) within a framework of three stages of MeHg production including. Stage I: 

Opening the methylation window; Stage II: Closing the methylation window; and 

Stage III: Anoxic quasi-steady conditions. 

3.5.2.1 Stage I: Opening the Methylation Window 

In the incubations with elevated SpOM loading (>0.1 g), MeHg 

accumulated in both soil and water, suggesting the methylation window opened 

from day 1 to 4. Multiple factors could contribute to its opening, including SpOM 

dissolution, desorption processes, and microbial activity (Fig. 3-5). Withing the 

first 24 h, it is possible that solid-phase Hg (MeHg and IHg) from CCSB soil 

(POM) was liberated to the aqueous phase by binding to dissolved organic ligands 

following the dissolution of SpOM. 

 

𝐻𝑔2+ − 𝑃𝑂𝑀 →  𝐻𝑔2+ +−𝐷𝑂𝑀 

𝑀𝑒𝐻𝑔 − 𝑃𝑂𝑀 →  𝑀𝑒𝐻𝑔 + −𝐷𝑂𝑀 

 

 Dissolved organic ligands originated from soil organic carbon are 

recognized for acting like carriers, facilitating the mobilization of heavy metals, 

including Hg, in sediment-water systems (Zeng et al., 2024). Dissolution of the 

SpOM appeared to enrich the aqueous phase with LMW DOM, suggested by the 

increase in Sag275-295 values early in the incubation (Fig. 3-3D). In conjunction, 

desorption processes associated to the reductive dissolution of manganese oxides, 

iron oxides, and clays might have also released Hg-DOM complexes to the 

aqueous phase (Gagnon et al., 1997; Cossa & Gobeil, 2000). Manganese started 

accumulating during day 0-1 and iron started accumulating around day 2, both 

coinciding with MeHg and IHg buildup (Fig. 1C-D, 2). The release of IHg-DOM 

by these processes, possibly associated to LMW thiols (R-SH-), like cysteine (R-

SHcys), and even humic acids (La) into the water phase may have also increased 

IHg bioavailability and helped opening the methylation window early in the 

incubations. Some examples of the possible reactions occurring during the first 

two hours in the incubations are: 
 

𝑅 − 𝑆𝐻− + 𝐻𝑔2+ → 𝐻𝑔 − 𝑅 − 𝑆𝐻+ 

Log k 25.8-32.2      (Haitzer et al., 2002) 

 

𝑅 − 𝑆𝐻𝑐𝑦𝑠 + 𝐻𝑔
2+ → 𝐻𝑔 − 𝑅 − 𝑆𝐻𝑐𝑦𝑠

+ 

Log k 14.4      (Ravichandran 2004)   

 

𝐿𝑎 + 𝐻𝑔2+ → 𝐻𝑔 − 𝐿𝑎2+ 

Log k 3.6        (Tipping, 2007) 
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Another factor contributing to the opening of the methylation window was 

the increased activity of multiple microbial communities due to the rise in labile 

carbon resulting from the dissolution of SpOM. (Fig. 3-5). The enrichment in 

fluorescence region F (quinoid-like DOM) and FI index (showing microbial source 

DOM), followed by their decline, coincided with the changes in water parameters 

and MeHg buildup during the incubation, suggesting microbes used this type of 

DOM as substrate (Fig. 3-1, 3-2 and 3-3A and 3-3C). Sag275-295 values also 

decreasing after day 1 could indicate microbial activity consuming labile carbon 

(LMW DOM) (Fig. 3-3D). Hg-thiol complexes could be rapidly utilized by SRB, 

likely increasing the Hg methylation rates (Regnell and Watras, 2019). 

𝑆𝑂4
2− + 𝐻𝑔 − 𝑅 − 𝑆𝐻+

𝑆𝑅𝐵
→   𝐻𝑆2− + 𝐻2𝑂 + 𝐻𝐶𝑂3

− +𝑀𝑒𝐻𝑔 

Additionally, the progressive increase in fluorescence region B, as region F 

and FI index were decreasing, could be interpreted as microbes releasing a 

byproduct component during their biosynthesis and growth (Laspidou and 

Rittmann, 2002; Zhu et al., 2024) (Fig. 3-3B).  

The enrichment in microbial communities likely increased Hg methylators, 

such as FeRB and SRB, which contributed to the opening of the methylation 

window. Previous studies have observed that AOM stimulates the growth and 

abundance of Hg-methylating microbes (Lei et al., 2019; Mazrui et al., 2016; Zhu 

et al., 2024). In the high SpOM incubations, iron concentration increased and 

sulfate concentration decreased during MeHg production suggesting the activity of 

FeRB and SRB, two main Hg-methylating microbes (Compeau & Bartha, 1984; 

Fleming et al., 2006; Marvin-DiPasquale et al., 2014). A simultaneous activity of 

FeRB and SRB early in the incubations, when the bulk redox conditions were 

favorable for nitrate and manganese reduction, could be explained firstly, by 

heterogeneity of redox conditions inside micro aggregates (Alewell et al., 2006; 

Lacroix et al., 2023). Secondly, studies have shown that syntropy between 

microbial species is important for Hg methylation, including typical non-

methylators with Hg methylators (Bae et al., 2014; Xu et al., 2019; Yu et al., 2018; 

Zhou et al., 2022). For example, FeRB and SRB through direct exchange of 

electrons could contribute to MeHg production (Shi et al., 2016). This suggests 

that in CCSB, SRB may depend on various organisms, including FeRB, to break 

down complex organic substrates to more biodegradable fractions, leading to the 

production of MeHg (Shi et al., 2016; Yu et al., 2018; Zhou et al., 2022).  

3.5.2.2 Stage II: Closing the Methylation Window 

Following day 4, despite favorable methylation conditions (elevated sulfate 

and DOC, and circumneutral pH), the methylation window closed as the rate of 

MeHg demethylation increased over the rate of Hg methylation. MeHg levels in 

both soil and water, and the MeHg:THg ratio decreased indicating a true loss 

mechanism in our soil-water system (Fig. 3-2). Two factors might have contributed 
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to its closing, MeHg demethylation by microbes and a decrease in IHg 

bioavailability (Fig. 3-5). MeHg demethylation can overtake Hg methylation when 

redox potential is reduced to conditions favorable for microbial demethylation, in 

the absence of photolytic demethylation (Marvin-DiPasquale et al., 2000; Ullrich 

et al., 2001). As redox potential continued to drop in the incubations (-250 mV on 

day 4), the oxidative pattern for MeHg demethylation could have been favored by 

certain types of fermentative microbes, in addition to SRB and FeRB (Bridou et 

al., 2010). DOM optical properties also suggest a shift in microbial activity after 

day 4 as the change in fluorescence flattened out in region F and ceased increasing 

in region B (Zhu et al., 2024). Then, a presumed buildup in sulfide concentration, 

from high SRB activity, could have led to low IHg bioavailability via the 

formation of less bioavailable charged Hg-S complexes and Hg-polysulfide 

complexes with DOM (Hsu-Kim et al., 2013; Poulin et al., 2017; Ullrich et al., 

2001; Jay et al., 2000):  

𝐻𝑔2+ + 𝐻𝑆−  → 𝐻𝑔𝑆𝐻+     Log k 22.3 

 

𝐻𝑔2+ +  2𝐻𝑆−  → 𝐻𝑔(𝑆𝐻)2     Log k 40.37 

 

These complexes cannot permeate bacteria cell membranes (Liem-Nguyen 

et al., 2017; Regnell and Watras, 2019), leading to a decrease in IHg 

bioavailability, and consequently a decline in Hg methylation rates in the 

incubations. Moreover, IHg can precipitate with sulfide producing metacinnabar 

(β-HgS(s)) resulting in a sink for bioavailable IHg (Poulin et al., 2017). PhreeqC 

3.6.2 calculations (LLML database) using data from day 4 suggest a sulfide 

concentration of 1.64x10-5 mg/L would result in  HgS precipitation (Cache Creek 

alkalinity data from USGS Rumsey Station). This β-HgS(s) sink could explain the 

dramatic decrease in water IHg after day 2 (Fig. 3-2B).  

3.5.2.3 Stage III: Anoxic quasi-steady state 

During the last 8 days of the incubation, optical and Hg-related parameters 

approached a quasi-steady state returning to values close to the control incubation 

by day 18 (Fig. 3-5). Similar results of incubations reaching a quasi-steady state 

were seen in other studies of Hg cycling in aquatic sediment (Compeau and 

Bartha, 1985; Ullrich et al., 2001). DOM optical properties, during this anoxic, 

low-redox-potential period, suggest a transition to low microbial activity as the 

primary organic substrates were being depleted. This apparent substrate depletion 

could be indicated by relatively steady fluorescent signal in regions F, FI and B 

after day 8. For the Hg cycle, it is likely that low MeHg demethylation processes, 

carried by SRB and possibly methanogens, were still occurring (Barkay et al., 

2003; Fuhrmann et al., 2021). This is indicated by the ongoing decrease of MeHg 

in water and soil phase, as well as stable redox potential values (-300 mV) 

associated with methanogenesis production (Reineke, 2001). The depletion of 

sulfate in the highest SpOM loaded incubations also suggests suppressed SRB 

activity sometime between day 8 to 16. 
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In addition, IHg bioavailability likely remained low due to SRB activity 

producing sulfide, which as noted above, can bind with IHg (Poulin et al., 2017; 

Regnell and Watras, 2019). During this stage, we saw indirect evidence for sulfide 

production. For example, in the 0.2 and 0.4 g SpOM incubations, Fe concentration 

in water dropped after day 8 (Fig. 3-4D). A potential sink for Fe is precipitation 

with sulfide as mackinawite (FeSm), a common process in lakes with anoxic 

bottom waters (Davison, 1993). Reported solubility products for FeSm show a 

pKsp of 2.6-3.8, indicating a high affinity between iron and sulfide (Beutel et al., 

2020; Cook, 1984; Murray, 1995; Slowey and Brown, 2007). PhreeqC 3.6.2 

calculations (LLML database) suggest that FeSm precipitation could occur with a 

sulfide concentration of 0.07 mg/L in the presence of around 2.5 mg/L of iron 

observed during day 8 of incubation (Cache Creek alkalinity data from USGS 

Rumsey Station). 

3.6 Environmental Considerations  

In CCSB soils, the addition of AOM at elevated loading was a key 

stimulator of MeHg production. Initial SpOM degradation likely increased labile 

carbon, as indicated by initially elevated fluorescence in region F (quinoid like-

DOM), FI index (microbial source DOM), and Sag275-295 (an indicator of LMW 

DOM). This bioavailable carbon appears to have enhanced both microbial 

activities, including Hg methylators, and potentially IHg bioavailability as well. 

The stimulated microbial activity possibly facilitated syntrophic interactions 

between non-Hg-methylating and Hg-methylating microbes. These interactions 

appeared to be especially important between FeRB and SRB, which could have 

prompted substantial MeHg production early in the incubations. After day 4, the 

incubations transitioned to more reduced conditions, resulting in MeHg 

demethylation overpowering Hg methylation. This was evidenced by the decline in 

soil and water MeHg and in the shift in DOM optical properties, including slower 

drops in region F fluorescence and FI index and ceased accumulation in region B 

fluorescence between day 4 and 8. After day 8, most of the DOM optical 

properties and the Hg cycle were transitioning to an anoxic quasi-steady state due 

to an apparent decrease in microbial activity attributed to the depletion of the main 

substrate regions (FI index and F). Hence, optical properties of DOM appear to 

correspond to the opening and closing of the methylation window, which are 

driven by contrasting patterns of microbial activity and IHg bioavailability. Interest 

in developing real-time in situ monitoring of DOM optical properties via 

fluorescence spectroscopy is growing (Jaffé et al., 2008; Lescord et al., 2018, 

Fleck et al., 2014). Our work suggests that these efforts could provide valuable 

supporting data to better understand the Hg cycling in aquatic ecosystems.  

With human activities and climate change modifying hydrologic 

conditions, promoting nutrient enrichment, and increasing water temperature, the 

occurrence of algal blooms in lakes, rivers, and wetlands are becoming more 

frequent (Cheng et al., 2019; Dodd and Smith, 2016; Refsnider et al., 2021).  
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Our study suggests that excessive external loading of AOM, and/or 

nutrients that stimulate algal growth, to wetlands with mild Hg contamination 

could enhance MeHg production. While scaling our experiment to an actual 

wetland sediment-water environment is challenging, we attempt to do so here to 

better understand what levels of AOM may support MeHg production in wetland 

systems. Our experiments showed that the addition of >0.1 g SpOM (~0.05 g-C) 

crossed a threshold for Hg methylation, with MeHg production increasing 

substantially with increasing AOM addition. Considering the areal scale of the 

microcosm (~10 cm2), this is roughly equivalent to an AOM areal carbon loading 

of 50 g-C/m2. Carbon fixation rates by phytoplankton in shallow eutrophic lakes 

can reach 0.5-1 g-C/m3·h (Horne and Goldman, 1994). Assuming a carbon fixation 

rate of 0.5 g-C/m3·h, a 1-m-deep water column, and a 12-hour period of 

photosynthesis, yields an areal carbon fixation rate of 6 g-C/m2. This indicates our 

estimated loading of 50 g-C/m2 is the carbon-equivalent of an intense algae 

“bloom” spanning around 12 days. Thus, our >0.1 g SpOM loading rates appear 

high in magnitude compared to what might be expected in a wetland setting. 

However, wetlands are complex systems that include multiple sources of organic 

matter loading including external loading, planktonic algae growth, periphyton 

growth, litter from growing macrophytes, bottom detritus and surficial sediments 

(Kadlec and Wallace, 2008). A typical standing stock of carbon in a densely 

vegetated eutrophic wetland is on the order of 300 g-C/m2. In this context, the 

SpOM loading rate of 50 g-C/m2 is not so extreme, though the difference in carbon 

quality available to support microbial processes (e.g., low quality macrophyte litter 

versus high quality AOM) needs to be acknowledged.  

Finally, a unique characteristic of our study was that the incubations were a 

closed system. These systems under one-time OM loading showed a short-lived 

methylation window followed by a transition to an anoxic quasi-steady state with 

regards to Hg-related water and sediment quality parameters. However, this might 

not be a realistic model of natural wetlands, which can have sediment-water 

interface conditions that oscillate between aerobic and anaerobic conditions 

depending on patterns of hydrology, nutrient loading and autochthonous and 

allochthonous productivity. These environmental variations might open the 

methylation window on multiple occasions, favoring recurrent pulses of MeHg 

uptake in biota. For example, studies adjacent to the CCSB in the Yolo Bypass 

showed that seasonal wetlands and permanently flooded wetlands have different 

MeHg cycling behaviors driven by hydrological dynamics (Windham-Myers et al., 

2018). Seasonally flooded wetlands produce high MeHg during and after the 

growing season regulated by the availability of labile carbon that controls 

microbial Hg methylation, apparently demonstrating a pulsed pattern of Hg uptake 

into biota. Conversely, permanently flooded wetlands exhibited less annual MeHg 

production, which was attributed to higher MeHg degradation rates and limited 

IHg bioavailability. This is an analog to our closed system incubations, which after 

an initial burst of MeHg production exhibited an extended anoxic period with a 

closed methylation window. Furthermore, studies by Tanner et al. (2018) 
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suggested that enhancing aerobic conditions in wetlands could restrict the activity 

of Hg-methylating microbes, maintaining a closed methylation window. The status 

of dissolved oxygen and redox conditions in aquatic ecosystem are well-

recognized factors affecting many aspects of water quality. As detailed in our 

study, oxidized versus reduced conditions were driving indicators for the 

methylation window, where mildly reduced conditions seemed to open the 

methylation window allowing the activity of multiple methylating microbes. In 

contrast, highly reduced conditions appeared to close it by favoring MeHg-

demethylating microbes. 
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 Table 3-1. Cache Creek Settling Basin Soil Characteristics in a dry weight basis 

Water content % 15.9 ± 3.3 

LOI % 0.55 ± 0.6 

Total Mercury, ug/kg 299 ± 23.7 

Methyl Mercury, ug/kg 2.14 ± 0.26 

Reactive Mercury, ug/kg 10.3 ± 1 

Total Iron units, g-Fe/kg 40 ± 5.7 

Total Manganese units, g-Mn/kg 0.94 ± 0.6 

Total Aluminum units, g-Al/kg 30.6 ± 0.9 

Values are mean and standard deviation (n=11) of soil samples across the study site. 
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Figure 3-1 Variation in Eh, pH, and aqueous concentrations with incubation time and 

gradient in spirulina organic matter additions (0.025 g, 0.05 g, 0.1 g, 0.2 g, 0.4 g, and 

control). A) oxidation-reduction potential (Eh), B) pH, C) manganese, D) iron, E) sulfate, 

and F) phosphate concentrations in water. 
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Figure 3-2 Mercury and methylmercury in water and soil with incubation time with the 

gradient in spirulina organic matter additions, 0.025 g, 0.05 g, 0.1 g, 0.2 g, 0.4 g, and the 

control. A) Methylmercury (MeHg) in water, B) Inorganic mercury, IHg (total Hg minus 

MeHg) in water, C) %MeHg in water (MeHg in water divided by MeHg water plus MeHg 

soil), D) MeHg:IHg ratio in water, E) Soil MeHg, and F) Partitioning coefficient, Log Kd, 

for MeHg in soil relative to water with Kd units of L/Kg. 

 

 

123 

 



 

 

 

 

Figure 3-3 Dissolved organic matter (DOM) optical properties with incubation time and 

gradient in spirulina organic matter additions (0.025 g, 0.05 g, 0.1 g, 0.2 g, and 0.4 g, and 

control). A) Fluorescence in region F (Flr_F, RU), quinoid-like DOM, B) Fluorescence in 

region B (Flr_B, RU), a byproduct of microbial activity, C) Fluorescence Index (FI), 

indicative of microbial DOM source (>1.8), and D) SS(275-295), indicative of low molecular 

weight DOM (>0.02). 
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Figure 3-4 Changes in the excitation-emission matrix (EEM) fluorescence intensity 

spectra at day 0, 2, 4, and 8 for the control incubation (top) and the 0.2 g of spirulina  
organic matter addition (bottom). Colors blue to red indicate lower to higher fluorescence 

intensities. Select named regions and areas used for calculating indicators are labeled in 

figures on the left. See Table S1 for description and Table S2 for interpretations of named 

regions. 
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Figure 3-5 Conceptual model for the production on methyl mercury (MeHg) with the 

addition of spirulina organic matter with key aspects studied including water quality, 

dissolved organic matter (DOM) optical properties, and the mechanisms behind the 

mercury cycle. Top figure presents relative water concentration trends: % MeHg of the 

total mercury in soil-water system as an indicator of net MeHg production; and 

manganese, iron, and sulfate as indicators of oxidation-reduction potential status. Bottom 

figure represents select DOM optical properties including region B as an indicator of a 

microbial activity byproduct; fluorescence index (FI) and fluorescence region F as 

indicators of labile carbon (substrate) type, microbial source DOM and quinoid-like DOM, 

respectively; and Sag275-295 as an indicator of LMW DOM. The intensity of key 

mechanisms is shown in the middle and includes microbial activity in blue, and Hg 

methylation in pink, and MeHg demethylation in purple. H: high, M: medium, L: low. 

Stage I (day 0 to 4): Opening the Methylation Window. SpOM addition leads to high 

microbial activity with drop in F and FI and increase in B and increases inorganic mercury 

bioavailability of Hg-LMW DOM with a spike in Sag275-295, opening the methylation 

window. Main substrate for microbial activity appeared to be quinoid-like DOM and 

microbial source DOM, region F and FI, respectively. Multiple microbial communities 

and syntropy interactions were enhanced, including multiple Hg-methylating organisms 

including iron-reducing (increase in iron) and sulfate-reducing (drop in sulfate) bacteria.  

Stage II (day 4 to 8): Closing the Methylation Window. Transition to high MeHg 

demethylation rates with a decrease in net MeHg production. This is caused by reduced 

conditions favoring the activity of MeHg-demethylating microbes (high). Changes in the 

DOM properties might suggest the shift in microbial communities with a steeper slope in 

the substrate F and FI regions and ceased accumulation in fluorescence region B. IHg 

bioavailability is possibly affected by sulfide build up and DOM, forming Hg-S and Hg-

DOM complexes decreasing Hg methylators activity. 

Stage III (day 8 to 16): Anoxic quasi-steady state. This period represents high MeHg 

demethylation rates at the beginning and the transition of the incubations system to a new 

quasi-steady state where the microbial activity is limited due to a depletion of substrate 

and sulfate. Iron and mercury are probably complexing/precipitating with sulfide and 

DOM and returning to the soil phase. 
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APPENDIX 

 
Table S1a. Cache Creek Settling Basin quality assurance and quality control data from the multiple analyzes developed for the 

standard and stress text incubation in chapter 2  

 
Analyte Matrix MD

L 

MDL (final 

units) 

RL RL (final 

units) 

DU

P 

RD 

(%) 

DU

P N 

DUP 

USG

S-

UCM 

RD 

(%) 

DUP 

USG

S-

UCM 

N 

OPR Mean 

Recovery(

%) 

OP

R N 

MS 

Mean 

Recover

y (%) 

M

S 

N 

THg Soil 

charact 

1.0 µg/kg dry 

wt. 

2.0 µg/kg dry 

wt. 

7 12 7 4 93 2 - - 

MeHg Soil 

charact 

0.1 µg/kg dry 

wt. 

0.2 µg/kg dry 

wt. 

23 4 4 4 99 2 75 2 

Thiol-RHg Soil 

charact 

- µg/kg dry 

wt. 

0.5 µg/kg dry 

wt. 

13 22 - - 99 18 - - 

Water Content 

(%) 

Soil 

charact 

- % wet wt. 1 % wet wt. 14 16 - - - - - - 

LOI % Soil 

charact 

- % dry wt. 0.9 % dry wt. - - - - - - - - 

Fe TAE_ICP-

OES 

Soil 

charact 

- mg/kg wet 

wt. 

4 mg/kg wet 

wt. 

16 2 - - - - - - 

Al TAE_ICP-

OES 

Soil 

charact 

- mg/kg wet 

wt. 

4 mg/kg wet 

wt. 

15 2 - - - - - - 

Mn TAE_ICP-

OES 

Soil 

charact 

- mg/kg wet 

wt. 

4 mg/kg wet 

wt. 

7 2 - - - - - - 

THg water 0.02 ng/L 0.2 ng/L 19 15 - - 90 24 - - 

MeHg water 0.01

5 

ng/L 0.03 ng/L 11 33 - - 91 46 94 44 

1
2
8
 

 



 

NO3-NO2 water - mg-N/L 0.02

5 

mg-N/L - - - - 102 9 - - 

NH4_Low water - mg-N/L 0.02

5 

mg-N/L 26 5 - - 108 5 - - 

PO4_Low water - mg-P/L 0.02

5 

mg-P/L 38 6 - - 100 6 - - 

NH4_High water - mg-N/L 0.25 mg-N/L 16 1 - - 80 3 - - 

PO4_High water - mg-P/L 0.1 mg-P/L 31 1 - - 102 3 - - 

Fe water - ug/L 10 ug/L 10 5 - - - - - - 

Mn water - ug/L 10 ug/L 30 5 - - - - - - 

Al water - ug/L 10 ug/L 19 5 - - - - - - 

Cl water 0.2 mg/L 0.5 mg/L 7 19 - - - - 100 7 

SO4 water 0.2 mg/L 0.5 mg/L 5 16.0 - - - - 102 7 

THg soil 1.0 µg/kg dry 

wt. 

2.0 µg/kg dry 

wt. 

10 13 - - - - - - 

MeHg soil 0.10 µg/kg dry 

wt. 

0.2 µg/kg dry 

wt. 

10 8 - - 96 21 110 32 

Spirulina powder 1.0 µg/kg dry 

wt. 

2.0 µg/kg dry 

wt. 

5 3 - - - - - - 

 

  

1
2
9
 



 

Table S1b. Cache Creek Settling Basin quality assurance and quality control data from the multiple analyzes developed for the 

standard and stress text incubation in chapter 2 

 
Analyte Chec

k 

Stand

ard 

Reco

very 

(%) 

Chec

k 

Stand

ard N 

ST

D 

ST

D 

N 

CRM 

Name 

CRM  

Type 

CRM 

Lot 

Numb

er 

CRM 

Certi

fied 

Valu

e 

CRM 

Certi

fied 

Units 

CRM 

Mean 

Reco

very 

(%) 

CR

M 

N 

Bla

nks 

Mea

n 

Bla

nks 

N 

Met

hod 

Blan

k 

Mea

n 

Met

hod 

Blan

k N 

THg - - - - TORT-2 Lobster 

hepatopancrea

s 

na 270±

0.06 

µg/kg 93 2 0.42 2 0.18 2 

MeHg - - - - SQC 

1238-50G  

Soil LRAB

9919 

14.8±

0.5 

µg/kg 119 2 - - 0.06

5 

2 

Thiol RHg - - - - - - 
 

- - - - - - 0.08

1 

10 

Water 

Content (%) 

- - - - - - 
 

- - - - - - - - 

LOI % - - - - - - 
 

- 
 

- - - - - - 

Fe 

TAE_ICP-

OES 

97 2 1.6

3 

14 - - 
 

- - - - 4.4 2 - - 

Al 

TAE_ICP-

OES 

102 4 1.8

3 

14 - - 
 

- - - - 3.1 3 - - 

Mn 

TAE_ICP-

OES 

94 2 1.5

9 

14 - - 
 

- - - - 0.38 1 - - 

THg - - - - - - 
 

- - - - 0.28 4.0 0.17 20.0 

1
3
0
 



 

MeHg - - - - - - 
 

- - - - 0.08 4 0.00

5 

10 

NO3 -NO2 - - - - - - 
 

- - - - - - - - 

NH4_Low - - - - - - 
 

- - - - - - - - 

PO4_Low - - - - - - 
 

- - - - - - - - 

NH4_High - - - - - - 
 

- - - - - - - - 

PO4_High - - - - - - 
 

- - - - - - - - 

Fe 99 5 2.7

3 

11

3 

- - 
 

- - - - 9.77 7 - - 

Mn 102 5 3.8

2 

11

3 

- - 
 

- - - - 6.84 5 - - 

Al 101 5 14.

58 

10

5 

- - 
 

- - - - 8.50 7 - - 

Cl - - - - - - 
 

- - - - 21.3 4 0.05 5 

SO4 - - - - - - 
 

- - - - 0.2 4 0 5 

THg - - - - TORT-2 Lobster 

hepatopancrea

s 

na 270±

0.06 

µg/kg 90 13 0.70 5 0.08 8 

MeHg - - - - SQC 

1238-50G  

Sediment LRAB

9919 

14.8±

0.5 

µg/kg 101 14 - - 0.29 6 

Spirulina - - - - 1573a Tomato leaves na 0.034 mg/k

g 

85 4 0.77 2 0.17 2 
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Table S2a. Cache Creek Settling Basin standard incubation presenting replication, blanks and Cache Creek water at Rumsey 

station data for quality and variability control in chapter 2 

 
Locat

ion 

Treatment Code Incuba

tion 

Sample 

Day 

Sample 

Date  

(m/dd/y

yyy) 

Sample 

ID 

Replic

ate 

p

H 

Eh 

(m

V) 

Me

Hg 

(ng/

L) 

TH

g 

(ng/

L) 

NO

3-

NO

2 

(m

g-

N/

L) 

NH

4 

(m

g-

N/

L) 

PO

4 

(m

g-

P/

L) 

Fe 

(µg/

L) 

Mn 

(µg/

L) 

Al 

(µg/

L) 

CCSB Ultrion A5 1 5/11/202

1 

A5-1 NO 7.

72 

288

.3 

0.07

6 

7.19 15.

70 

0.2

5 

0.9

5 

19.1

3 

-

1.61 

11.5

0 

CCSB Ultrion A5 1 5/12/202

1 

A5-1 

REP 

YES 7.

82 

280

.9 

0.07

2 

7.52 16.

80 

0.2

6 

0.7

3 

26.8

4 

-

1.33 

22.4

7 

CCSB Control  A2 2 5/12/202

1 

A2-2 NO 7.

95 

183

.3 

0.11

6 

12.7 5.5

3 

0.1

9 

0.5

5 

43.5

4 

-

1.47 

40.7

0 

CCSB Control  A2 2 5/12/202

1 

A2-2 

REP 

YES 8.

07 

184

.1 

0.08

3 

10.8

0 

7.3

5 

0.2

3 

0.4

9 

20.6

6 

-

1.55 

28.5

9 

CCSB Ferralyte A4 16 5/26/202

1 

A4-16 NO 7.

73 

277

.6 

0.04

2 

3.8 0.0

8 

0.6

6 

0.2

1 

415.

10 

197.

90 

269.

9 

CCSB Ferralyte A4 16 5/26/202

1 

A4-16 

REP 

YES 7.

87 

244

.3 

0.05

5 

3.52 0.0

7 

0.5

0 

0.2

4 

36.4

9 

2.53 49.4

3 

CCSB ChitoVan  B3 0 5/17/202

1 

B3-0 NO 8.

15 

259

.1 

0.09

7 

9.26 16.

20 

0.1

6 

0.5

7 

191.

50 

1.69 124.

0 

CCSB ChitoVan  B3 0 5/17/202

1 

B3-0 

REP 

YES 8.

07 

272

.5 

0.10

7 

11.1 14.

30 

0.0

8 

0.3

7 

60.8 -

1.37

8 

38.7

7 

CCSB Ultrion B5 8 5/25/202
1 

B5-8 NO 7.
59 

258
.4 

0.09
3 

8.13 0.0
7 

1.2
8 

0.5
4 

18.8
7 

743.
10 

16.5
1 

CCSB Ultrion B5 8 5/25/202

1 

B5-8 

REP 

YES 7.

66 

256

.1 

0.08

2 

7.16 0.0

7 

1.1

1 

0.7

0 

23.2

2 

647.

6 

24.1

9 

1
3
2
 



 

CCSB Ultrion C5 0 6/7/2021 C5-0 NO 8.

21 

273

.6 

0.08

4 

5.78 5.2

5 

0.3

2 

0.3

4 

16.0

1 

-

1.27 

59.1

4 

CCSB Ultrion C5 0 6/7/2021 C5-0 

REP 

YES 8.

21 

273

.6 

0.08

0 

5.85 5.7

5 

0.3

8 

0.3

9 

19.7

4 

-

1.79

7 

50.6

7 

CCSB ChitoVan C3 1 6/8/2021 C3-1 NO 8.

15 

242

.7 

0.06

9 

6.65 13.

90 

1.2

8 

0.8

0 

11.6

8 

-

0.56 

76.4

6 

CCSB ChitoVan C3 1 6/8/2021 C3-1 

REP 

YES 8.

12 

247

.2 

0.02

9 

6.49 13.

00 

1.4

0 

0.8

7 

13.6

8 

0.94

7 

31.0

6 

CCSB Ferralyte C4 2 6/9/2021 C4-2 NO 7.

80 

245

.0 

0.09

9 

7.6 6.7

6 

0.0

1 

0.4

8 

19.6

3 

-

2.13 

26.3

0 

CCSB Ferralyte C4 2 6/9/2021 C4-2 

REP 

YES 7.

82 

253

.0 

0.09

7 

7.29 0.0

6 

0.8

5 

0.4

3 

39.4

4 

394.

3 

155.

2 

CCSB Control  C2 4 6/11/202

1 

C2-4 NO 7.

74 

234

.8 

0.07

0 

7.54 0.0

7 

2.8

4 

0.7

6 

35.3

5 

361.

20 

142.

7 

CCSB Control  C2 4 6/11/202

1 

C2-4 

REP 

YES 7.

54 

233

.3 

0.09

5 

7.03 0.0

7 

2.3

6 

0.7

1 

NA NA NA 

CCSB ChitoVan+Spiru

lina 

C3-sp 1 6/15/202

1 

C3-sp-1 NO 7.

45 

125

.5 

12.8 66.6 0.1

1 

26.

20 

1.8

1 

106.

10 

111

8 

55.8

3 

CCSB ChitoVan+Spiru

lina 

C3-sp 1 6/15/202

1 

C3-sp-1-

REP 

YES 7.

19 

83.

5 

22.0 60.3 0.0

4 

36.

10 

4.2

3 

267.

70 

169

9 

20.6

0 

CCSB Ferralyte+Spirul

ina 

C4-sp 2 6/16/202

1 

C4-sp-2 NO 7.

09 

63.

0 

40.3 99.1 0.0

6 

26.

55 

1.7

2 

101

2 

280

0 

30.7

7 

CCSB Ferralyte+Spirul

ina 

C4-sp 2 6/16/202

1 

C4-sp-2-

REP 

YES 7.

07 

64.

5 

32.6 101 0.0

7 

33.

50 

2.9

1 

985.

1 

285

4 

21.4

2 

CCSB Ultrion+Spirulin

a 

C5-sp 4 6/18/202

1 

C5-sp-4 NO 6.

96 

-

26.

7 

26.8 53.8 0.0

7 

49.

00 

3.5

4 

175

0 

564

4 

31.2

7 

CCSB Ultrion+Spirulin

a 

C5-sp 4 6/18/202

1 

C5-sp-4-

REP 

YES 6.

94 

8.6 27.9 58.1 0.0

6 

42.

80 

3.5

2 

351

8 

497

1 

38.5

1 

CCSB Blank  Blank

_A 

16 5/26/202

1 

Blank_A NO N

A 

NA 0.21

4 

0.25

9 

0.0

8 

0.0

0 

0.0

1 

23.5

3 

34.7

7 

15.4

6 
137 1

3
3
 



 

CCSB Blank  Blank

_B1 

8 6/22/202

1 

Blank_B

1 

NO 8.

64 

325

.6 

0.06

0 

0.18

6 

NA 0.1

3 

0.1

9 

30.7

3 

8.30 114.

8 

CCSB Blank  Blank

_B2 

17 6/23/202

1 

Blank_B

2 

NO N

A 

NA 0.04

6 

0.37

7 

0.0

8 

0.0

9 

0.0

8 

2.75 -

0.50 

18.7

7 

CCSB Blank  Blank

_C 

15 6/29/202

1 

Blank_C NO N

A 

NA 0.00 0.31

6 

0.0

7 

0.0

0 

0.0

0 

9.10 -

1.65 

15.1

3 

CCSB Cache Creek at 

Rumsey 

CCR

W_1 

1 5/11/202

1 

Rumsey

_1 

NO N

A 

NA 0.06

8 

8.81 NA NA N

A 

NA NA NA 

CCSB Cache Creek at 

Rumsey 

CCR

W_2 

8 5/25/202

1 

Rumsey

_2 

NO N

A 

NA 0.05

9 

1.05 NA NA N

A 

NA NA NA 

CCSB Cache Creek at 

Rumsey 

CCR

W_3 

17 6/23/202

1 

Rumsey

_3 

NO N

A 

NA 0.02

1 

1.2 NA NA N

A 

NA NA NA 

CCSB Cache Creek at 

Rumsey 

CCR

W_4 

8 6/15/202

1 

Rumsey

_4 

NO N

A 

NA 0.08

1 

1.14 NA NA N

A 

NA NA NA 
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Table S2b. Cache Creek Settling Basin standard incubation presenting replication, blanks and Cache Creek water at Rumsey 

station data for quality and variability control in chapter 2 

 

Locati

on 
Treatment Code 

Incubat

ion 

Sample 

Day 

Sample 

Date  

(mm/dd/y

yyy) 

Sample 

ID 

Replic

ate 

DO

C  

(m

g/ 

L) 

SUVA

254 (L/ 

mg-m) 

SO4 

(mg/

L) 

SO

4 

(m

M) 

Cl 

(mg/

L) 

Cl 

(m

M) 

Soil 

MeH

g 

(µg/k

g) 

dry 

wt. 

Soil 

THg 

(µg/k

g) 

dry 

wt. 

CCSB Ultrion A5 1 5/11/2021 A5-1 NO 6.8 2.36 154 1.61 359 10.1

1 

1.28 297 

CCSB Ultrion A5 1 5/12/2021 A5-1 

REP 

YES 7.9 2.55 193 2.01 220 6.20 1.26 290 

CCSB Control  A2 2 5/12/2021 A2-2 NO 10.

8 

2.00 113 1.18 162 4.58 1.06 308 

CCSB Control  A2 2 5/12/2021 A2-2 

REP 

YES 9.8 2.04 78 0.81 94 2.64 1.10 326 

CCSB Ferralyte A4 16 5/26/2021 A4-16 NO 5.6 3.12 161 1.68 165 4.65 1.08 321 

CCSB Ferralyte A4 16 5/26/2021 A4-16 

REP 

YES 4.4 2.58 145 1.51 127 3.58 1.22 289 

CCSB ChitoVan  B3 0 5/17/2021 B3-0 NO 11.

6 

2.13 163 1.70 142 4.02 1.35 312 

CCSB ChitoVan  B3 0 5/17/2021 B3-0 

REP 

YES 11.

7 

2.14 112 1.16 104 2.92 1.15 314 

CCSB Ultrion B5 8 5/25/2021 B5-8 NO 16.

2 

2.47 284 2.96 146 4.12 1.18 320 

CCSB Ultrion B5 8 5/25/2021 B5-8 

REP 

YES 15.

7 

2.50 274 2.85 168 4.73 1.20 319 

CCSB Ultrion C5 0 6/7/2021 C5-0 NO 9.1 1.91 100 1.04 140 3.96 1.40 300 

1
3

5
 



 

CCSB Ultrion C5 0 6/7/2021 C5-0 

REP 

YES 9.2 1.91 125 1.30 157 4.42 1.37 304 

CCSB ChitoVan C3 1 6/8/2021 C3-1 NO 15.

0 

1.99 277 2.89 165 4.65 1.10 314 

CCSB ChitoVan C3 1 6/8/2021 C3-1 

REP 

YES 16.

8 

1.92 257 2.67 165 4.66 1.80 312 

CCSB Ferralyte C4 2 6/9/2021 C4-2 NO 14.

9 

1.90 151 1.58 168 4.73 1.86 310 

CCSB Ferralyte C4 2 6/9/2021 C4-2 

REP 

YES 14.

9 

2.17 153 1.59 142 4.02 1.20 314 

CCSB Control  C2 4 6/11/2021 C2-4 NO 13.

8 

2.37 258 2.68 156 4.40 1.23 287 

CCSB Control  C2 4 6/11/2021 C2-4 

REP 

YES 16.

8 

2.43 244 2.54 162 4.57 1.26 292 

CCSB ChitoVan+Spirul

ina 

C3-sp 1 6/15/2021 C3-sp-1 NO 62.

3 

1.43 188 1.96 175 4.93 5.04 289 

CCSB ChitoVan+Spirul

ina 

C3-sp 1 6/15/2021 C3-sp-1-

REP 

YES 129

.4 

0.78 211 2.20 155 4.36 5.71 310 

CCSB Ferralyte+Spiruli

na 

C4-sp 2 6/16/2021 C4-sp-2 NO 196

.1 

0.43 120 1.25 155 4.36 7.59 290 

CCSB Ferralyte+Spiruli

na 

C4-sp 2 6/16/2021 C4-sp-2-

REP 

YES 177

.8 

0.52 115 1.19 152 4.28 7.91 316 

CCSB Ultrion+Spirulin

a 

C5-sp 4 6/18/2021 C5-sp-4 NO 193

.8 

0.73 75 0.78 153 4.33 9.15 335 

CCSB Ultrion+Spirulin

a 

C5-sp 4 6/18/2021 C5-sp-4-

REP 

YES 242

.0 

0.59 70 0.72 135 3.81 11.8

6 

381 

CCSB Blank  Blank_

A 

16 5/26/2021 Blank_A NO 2.2 0.007 0.32 0.00

3 

95 2.19 - - 

CCSB Blank  Blank_

B1 

8 6/22/2021 Blank_B

1 

NO 0.7 0.002 0.08 0.00

1 

0.57 0.01

6 

- - 

CCSB Blank  Blank_

B2 

17 6/23/2021 Blank_B

2 

NO 0.6 0.001 0.09 0.00

1 

0.67 0.01

9 

- - 1
3
6
 



 

CCSB Blank  Blank_

C 

15 6/29/2021 Blank_C NO 0.5 0.002 0.26 0.00

3 

0.20 0.00

6 

- - 

CCSB Cache Creek at 

Rumsey 

CCRW

_1 

1 5/11/2021 Rumsey_

1 

NO NA NA NA - NA - - - 

CCSB Cache Creek at 

Rumsey 

CCRW

_2 

8 5/25/2021 Rumsey_

2 

NO NA NA NA - NA - - - 

CCSB Cache Creek at 

Rumsey 

CCRW

_3 

17 6/23/2021 Rumsey_

3 

NO NA NA NA - NA - - - 

CCSB Cache Creek at 

Rumsey 

CCRW

_4 

8 6/15/2021 Rumsey_

4 

NO NA NA NA - NA - - - 
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Table S3. Standard Test mercury parameters from LME model. Results include least square mean (LSM) and standard error (SE) 

with its correspondence p value 

 
LME 

MODEL 

MeHg water IHg water MeHg:THg 

water 

%MeHg mass 

water 

MeHg soil Log Kd 

(soil/water) 

Parameter LS

M 

SE p LS

M 

SE p LS

M 

SE p LSM SE p LS

M 

SE p LSM S

E 

p 

Control 0.13 0.0

6 

2.20E-

16 

10.0

6 

0.5

9 

2.02E-

21 

0.01 0.0

1 

1 0.03 0.00

2 

1 0.08 0.0

4 

0.0

4 

0.0

6 

0.02 1.65E-

57 

ChitoVan 0.12 0.0

3 

2.20E-

16 

8.20 0.5

9 

5.57E-

18 

0.01 0.0

1 

1 0.02 0.00

2 

1 0.10 0.0

4 

0.0

1 

0.0

6 

0.02 1.24E-

57 

Ferralyte 0.12 0.0

3 

2.20E-

16 

7.98 0.5

9 

1.47E-

17 

0.01 0.0

1 

1 0.02 0.00

2 

1 0.14 0.0

4 

0.0

0 

0.0

6 

0.02 1.51E-

57 

Ultrion 0.12 0.0

3 

2.20E-

16 

8.28 0.5

9 

3.74E-

18 

0.01 0.0

1 

1 0.02 0.00

2 

1 0.14 0.0

4 

0.0

0 

0.0

6 

0.02 1.42E-

57 

Day 0 0.12 0.0

8 

2.20E-

16 

12.3

8 

0.7

1 

6.62E-

22 

0.01 0.0

1 

1 0.02 0.00

3 

1 0.09 0.0

4 

0.0

3 

0.0

9 

0.02 1.53E-

56 

Day 1 0.08 0.0

4 

2.20E-

16 

8.11 0.7

1 

4.89E-

15 

0.01 0.0

1 

1 0.02 0.00

3 

1 0.12 0.0

4 

0.0

1 

0.0

6 

0.02 6.79E-

57 

Day 2 0.08 0.0

4 

2.20E-

16 

9.37 0.7

1 

2.92E-

17 

0.01 0.0

1 

1 0.02 0.00

3 

1 0.14 0.0

4 

0.0

0 

0.0

5 

0.02 7.28E-

57 

Day 4 0.07 0.0

4 

2.20E-

16 

8.68 0.7

1 

4.75E-

16 

0.01 0.0

1 

1 0.02 0.00

3 

1 0.16 0.0

4 

0.0

0 

0.0

5 

0.02 4.97E-

57 

Day 8 0.08 0.0

4 

2.20E-

16 

6.83 0.7

1 

1.36E-

12 

0.01 0.0

1 

1 0.02 0.00

3 

1 0.09 0.0

4 

0.0

3 

0.0

3 

0.02 8.38E-

57 

Day 16 0.06 0.0

4 

2.20E-

16 

6.41 0.7

1 

9.33E-

12 

0.02 0.0

1 

1 0.02 0.00

3 

1 0.09 0.0

4 

0.0

3 

0.0

4 

0.02 4.60E-

57 

Site A 0.07 0.0

3 

2.20E-

16 

9.12 0.6

1 

2.96E-

19 

0.01 0.0

1 

1 0.02 0.00

3 

1 0.05 0.0

5 

0.4

1 

0.0

6 

0.03 1.27E-

47 

Site B 0.07 0.0

3 

2.20E-

16 

10.6

4 

0.6

1 

6.81E-

22 

0.01 0.0

1 

1 0.02 0.00

3 

1 0.12 0.0

5 

0.0

4 

0.0

6 

0.03 6.79E-

48 1
3
8
 



 

Site C 0.08 0.0

3 

2.20E-

16 

6.13 0.6

1 

3.55E-

13 

0.01 0.0

1 

1 0.02 0.00

3 

1 0.18 0.0

5 

0.0

0 

0.0

6 

0.03 6.73E-

48 

Control: Day 0 0.06 0.0

8 

1.80E-

16 

14.6

3 

1.3

7 

4.52E-

14 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.08 0.0

6 

0.2

2 

0.0

8 

0.02 1.40E-

51 

ChitoVan: Day 

0 

0.13 0.0

8 

2.20E-

16 

12.0

6 

1.3

7 

1.88E-

11 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.04 0.0

6 

0.4

7 

0.0

6 

0.02 1.00E-

51 

Ferralyte: Day 

0 

0.14 0.0

8 

2.20E-

16 

11.2

3 

1.3

7 

1.43E-

10 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.07 0.0

6 

0.2

3 

0.0

6 

0.02 5.05E-

52 

Ultrion: Day 0 0.05 0.0

8 

6.86E-

16 

11.5

9 

1.3

7 

5.91E-

11 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.18 0.0

6 

0.0

1 

0.0

6 

0.02 6.67E-

52 

Control: Day 1 0.05 0.0

8 

2.20E-

16 

9.22 1.3

7 

2.24E-

08 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.10 0.0

6 

0.1

2 

0.0

6 

0.02 4.40E-

52 

ChitoVan: Day 

1 

0.12 0.0

8 

2.20E-

16 

7.95 1.3

7 

5.46E-

07 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.06 0.0

6 

0.3

2 

0.0

6 

0.02 3.99E-

52 

Ferralyte: Day 

1 

0.12 0.0

8 

2.20E-

16 

8.24 1.3

7 

2.67E-

07 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.17 0.0

6 

0.0

1 

0.0

6 

0.02 5.08E-

52 

Ultrion: Day 1 0.11 0.0

8 

2.20E-

16 

7.05 1.3

7 

5.21E-

06 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.15 0.0

6 

0.0

2 

0.0

6 

0.02 2.07E-

52 

Control: Day 2 0.13 0.0

8 

2.20E-

16 

11.2

2 

1.3

7 

1.47E-

10 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.11 0.0

6 

0.0

9 

0.0

6 

0.02 5.79E-

52 

ChitoVan: Day 

2 

0.13 0.0

8 

2.20E-

16 

8.31 1.3

7 

2.20E-

07 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.22 0.0

6 

0.0

0 

0.0

6 

0.02 1.94E-

52 

Ferralyte: Day 

2 

0.12 0.0

8 

2.20E-

16 

8.56 1.3

7 

1.19E-

07 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.12 0.0

6 

0.0

6 

0.0

6 

0.02 4.07E-

52 

Ultrion: Day 2 0.13 0.0

8 

2.20E-

16 

9.40 1.3

7 

1.40E-

08 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.11 0.0

6 

0.0

9 

0.0

6 

0.02 5.34E-

52 

Control: Day 4 0.12 0.0

8 

2.20E-

16 

9.68 1.3

7 

6.95E-

09 

0.05 0.0

3 

1 0.02 0.00

5 

1 0.10 0.0

6 

0.1

0 

0.0

6 

0.02 1.33E-

52 

ChitoVan: Day 

4 

0.11 0.0

8 

2.20E-

16 

8.09 1.3

7 

3.91E-

07 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.12 0.0

6 

0.0

6 

0.0

6 

0.02 3.34E-

52 

Ferralyte: Day 

4 

0.11 0.0

8 

2.20E-

16 

8.02 1.3

7 

4.62E-

07 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.30 0.0

6 

0.0

0 

0.0

6 

0.02 2.86E-

52 

1
3
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Ultrion: Day 4 0.12 0.0

8 

2.20E-

16 

8.92 1.3

7 

4.79E-

08 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.13 0.0

6 

0.0

4 

0.0

6 

0.02 4.18E-

52 

Control: Day 8 0.12 0.0

8 

2.20E-

16 

8.19 1.3

7 

2.98E-

07 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.05 0.0

6 

0.3

9 

0.0

6 

0.02 6.36E-

52 

ChitoVan: Day 

8 

0.07 0.0

8 

2.20E-

16 

5.89 1.3

7 

8.60E-

05 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.09 0.0

6 

0.1

6 

0.0

6 

0.02 3.49E-

52 

Ferralyte: Day 

8 

0.07 0.0

8 

2.20E-

16 

6.55 1.3

7 

1.77E-

05 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.09 0.0

6 

0.1

3 

0.0

8 

0.02 4.83E-

52 

Ultrion: Day 8 0.08 0.0

8 

2.20E-

16 

6.69 1.3

7 

1.25E-

05 

0.01 0.0

3 

1 0.02 0.00

5 

1 0.14 0.0

6 

0.0

3 

0.0

6 

0.02 3.97E-

52 

Control: Day 

16 

0.08 0.0

8 

1.79E-

20 

7.43 1.3

7 

2.01E-

06 

0.02 0.0

3 

1 0.02 0.00

5 

1 0.03 0.0

6 

0.5

6 

0.0

6 

0.02 2.72E-

52 

ChitoVan: Day 

16 

0.08 0.0

8 

2.30E-

19 

6.87 1.3

7 

8.19E-

06 

0.02 0.0

3 

1 0.02 0.00

5 

1 0.10 0.0

6 

0.1

1 

0.0

6 

0.02 1.63E-

52 

Ferralyte: Day 

16 

0.07 0.0

8 

2.46E-

22 

5.30 1.3

7 

3.33E-

04 

0.03 0.0

3 

1 0.02 0.00

5 

1 0.04 0.0

6 

0.1

9 

0.0

6 

0.02 3.27E-

52 

Ultrion: Day 

16 

0.05 0.0

8 

1.80E-

19 

6.04 1.3

7 

5.99E-

05 

0.02 0.0

3 

1 0.02 0.00

5 

1 0.04 0.0

6 

0.0

2 

0.0

6 

0.02 2.69E-

52 

Notes: Model estimated using R Studio using a Linear mixed model fit by REML. t-tests use Satterthwaite's method [lmerModLmerTest]. 

Least Squares means [ls_means] estimated with a 95% confidence level. Degrees of freedom estimated with method Satterthwaite. 
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Table S4. Standard Test aqueous parameters LME model. Results include least square mean (LSM) and standard error (SE) with 

its correspondence p value. 

 

LME MODEL Redox Potential pH Manganese ug/L Sulfate mg/L 

Parameter LSM SE p LSM SE p LSM SE p LSM SE p 

Control 206.10 1.58 2.61E-15 7.91 0.05 6.16E-128 0.55 0.47 1.16E-05 102.78 1.21 2.42E-36 

ChitoVan 205.96 1.58 2.63E-15 7.91 0.05 6.87E-128 0.84 0.47 3.57E-10 167.22 1.21 3.70E-39 

Ferralyte 204.78 1.58 2.72E-15 7.91 0.05 6.78E-128 0.47 0.47 2.56E-08 131.73 1.21 8.33E-38 

Ultrion 207.62 1.58 2.49E-15 7.91 0.05 5.24E-128 0.31 0.47 4.76E-07 128.97 1.21 1.10E-37 

Day 0 331.27 1.64 1.88E-15 8.23 0.06 7.66E-122 0.00 0.56 3.70E-02 165.69 1.26 1.86E-33 

Day 1 293.84 1.64 3.87E-15 8.02 0.06 9.79E-122 0.00 0.56 3.91E-02 163.75 1.26 2.14E-33 

Day 2 270.92 1.64 6.34E-15 7.86 0.06 1.20E-121 0.00 0.56 8.20E-03 135.71 1.26 2.22E-32 

Day 4 51.45 1.64 3.16E-10 7.64 0.06 1.32E-121 0.14 0.56 6.91E-09 81.85 1.26 1.69E-29 

Day 8 283.39 1.64 4.82E-15 7.61 0.06 1.78E-121 0.69 0.56 1.74E-10 152.74 1.26 5.06E-33 

Day 16 199.40 1.64 4.21E-14 7.61 0.06 2.92E-121 1.25 0.56 4.68E-13 108.41 1.26 3.98E-31 

Site A 298.11 1.99 1.17E-10 9.77 0.04 2.33E-132 0.54 0.52 5.18E-05 115.48 1.18 3.98E-41 

Site B 125.17 1.99 8.68E-09 9.86 0.04 1.71E-132 0.88 0.52 1.56E-07 127.34 1.18 1.03E-41 

Site C 234.66 1.99 3.79E-10 9.82 0.04 1.96E-132 0.65 0.52 2.12E-08 151.91 1.18 9.49E-43 

Control: Day 0 334.14 2.10 5.50E-10 8.04 0.12 3.49E-100 0.01 1.05 7.09E-02 155.80 1.60 1.13E-16 

ChitoVan: Day 0 327.63 2.10 6.02E-10 8.17 0.12 2.67E-100 0.00 1.05 4.24E-01 164.35 1.60 7.05E-17 

Ferralyte: Day 0 332.96 2.10 5.59E-10 8.06 0.12 7.76E-100 0.00 1.05 2.24E-01 163.18 1.60 7.51E-17 

Ultrion: Day 0 330.40 2.10 5.79E-10 8.33 0.12 1.96E-100 0.00 1.05 5.13E-01 180.35 1.60 3.10E-17 

Control: Day 1 293.39 2.10 1.00E-09 9.82 0.12 6.02E-100 0.00 1.05 4.21E-01 146.99 1.60 1.90E-16 

ChitoVan: Day 1 295.72 2.10 9.64E-10 7.92 0.12 4.14E-100 0.00 1.05 5.28E-01 173.98 1.60 4.26E-17 

Ferralyte: Day 1 292.55 2.10 1.01E-09 7.92 0.12 4.16E-100 0.01 1.05 9.03E-02 185.98 1.60 2.37E-17 

Ultrion: Day 1 293.70 2.10 9.95E-10 7.92 0.12 3.62E-100 0.00 1.05 1.95E-01 151.16 1.60 1.48E-16 

Control: Day 2 262.76 2.10 1.66E-09 7.90 0.12 4.70E-100 0.01 1.05 9.24E-02 126.34 1.60 7.35E-16 

1
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ChitoVan: Day 2 279.73 2.10 1.25E-09 7.90 0.12 6.54E-100 0.01 1.05 6.35E-02 159.47 1.60 9.21E-17 

Ferralyte: Day 2 261.31 2.10 1.70E-09 7.86 0.12 5.25E-100 0.00 1.05 3.81E-01 122.85 1.60 9.45E-16 

Ultrion: Day 2 280.48 2.10 1.23E-09 7.86 0.12 5.26E-100 0.00 1.05 1.85E-01 137.04 1.60 3.55E-16 

Control: Day 4 51.35 2.10 3.21E-06 7.86 0.12 5.48E-100 0.11 1.05 1.33E-02 126.16 1.60 7.44E-16 

ChitoVan: Day 4 52.33 2.10 2.95E-06 7.86 0.12 6.93E-100 0.12 1.05 3.59E-05 206.91 1.60 9.30E-18 

Ferralyte: Day 4 50.73 2.10 3.39E-06 7.83 0.12 5.43E-100 0.09 1.05 1.01E-04 42.24 1.60 1.59E-11 

Ultrion: Day 4 51.40 2.10 3.20E-06 7.83 0.12 5.92E-100 0.12 1.05 8.26E-04 40.70 1.60 2.24E-11 

Control: Day 8 282.62 2.10 1.19E-09 7.83 0.12 6.93E-100 0.21 1.05 2.51E-03 124.34 1.60 8.48E-16 

ChitoVan: Day 8 289.89 2.10 1.06E-09 7.83 0.12 1.06E-99 0.76 1.05 9.76E-08 141.48 1.60 2.67E-16 

Ferralyte: Day 8 277.70 2.10 1.29E-09 7.83 0.12 7.58E-100 0.32 1.05 8.18E-04 191.70 1.60 1.82E-17 

Ultrion: Day 8 283.49 2.10 1.17E-09 7.83 0.12 7.42E-100 0.22 1.05 1.32E-04 161.41 1.60 8.28E-17 

Control: Day 16 205.03 2.10 5.24E-09 7.74 0.12 1.27E-99 0.83 1.05 3.83E-03 25.97 1.60 1.35E-09 

ChitoVan: Day 16 185.66 2.10 8.30E-09 7.74 0.12 1.74E-99 2.09 1.05 6.78E-09 163.81 1.60 7.26E-17 

Ferralyte: Day 16 205.66 2.10 5.16E-09 7.74 0.12 1.21E-99 0.75 1.05 1.03E-07 173.08 1.60 4.46E-17 

Ultrion: Day 16 201.93 2.10 5.62E-09 7.74 0.12 1.11E-99 0.73 1.05 2.87E-05 187.53 1.60 2.20E-17 

 Notes: Least squares mean had a confidence interval of 95% and degrees of freedom were estimated with method Satterthwaite in RStudio. 
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Table S5. Standard Test supportive aqueous parameters LME model. Results include least square mean (LSM) and standard error 

(SE) with its correspondence p value. 

 
LME 

MODEL 
Iron Aluminum Ammonia Nitrate Phosphate DOC 

Parameter 
LS

M 
SE p 

LS

M 
SE  p 

LS

M 
SE  p LSM SE  p 

LS

M 
SE  p LSM SE p 

Control 
0.02

9 

0.000

4 

2.29E-

12 

0.03

4 

0.000

3 

1.00

0 

1.52

3 

0.08

5 

1.09E-

05 6.097 

0.20

6 

2.33E-

11 

1.38

8 

0.07

7 

9.40E-

05 

15.64

3 

1.02

0 

2.35E-

63 

ChitoVan 
0.03

4 

0.000

4 

5.57E-

13 

0.05

0 

0.000

3 

1.00

0 

2.70

8 

0.08

5 

2.26E-

15 4.484 

0.20

6 

3.63E-

09 

1.01

0 

0.07

7 

5.64E-

12 8.699 

1.02

0 

2.78E-

63 

Ferralyte 
0.03

0 

0.000

4 

1.75E-

12 

0.03

0 

0.000

3 

1.00

0 

1.53

8 

0.08

5 

7.45E-

06 3.738 

0.20

6 

7.62E-

08 

1.47

7 

0.07

7 

6.48E-

06 7.564 

1.02

0 

2.29E-

59 

Ultrion 
0.02

7 

0.000

4 

4.74E-

12 

0.03

1 

0.000

3 

1.00

0 

1.85

1 

0.08

5 

4.21E-

09 5.534 

0.20

6 

1.12E-

10 

0.90

0 

0.07

7 

1.09E-

12 7.629 

1.02

0 

1.28E-

59 

Day 0 
0.02

4 

0.000

4 

2.14E-

10 

0.03

4 

0.000

3 

0.99

9 

1.19

8 

0.09

6 

6.47E-

02 

12.42

5 

0.23

8 

6.67E-

14 

0.54

3 

0.09

0 

2.80E-

07 7.802 

1.02

4 

4.04E-

54 

Day 1 
0.02

5 

0.000

4 

1.39E-

10 

0.03

3 

0.000

3 

0.99

9 

1.50

2 

0.09

6 

1.01E-

04 8.064 

0.23

8 

2.29E-

11 

0.56

1 

0.09

0 

1.38E-

07 7.968 

1.02

4 

1.02E-

54 

Day 2 
0.03

2 

0.000

4 

2.07E-

11 

0.03

4 

0.000

3 

0.99

9 

1.64

5 

0.09

6 

4.40E-

06 5.533 

0.23

8 

4.90E-

09 

0.58

3 

0.09

0 

6.12E-

08 9.164 

1.02

4 

8.17E-

57 

Day 4 
0.04

0 

0.000

4 

3.19E-

12 

0.05

6 

0.000

3 

0.99

9 

2.28

4 

0.09

6 

3.47E-

11 3.371 

0.23

8 

6.27E-

06 

0.62

6 

0.09

0 

1.17E-

08 

11.40

5 

1.02

4 

3.23E-

55 

Day 8 
0.02

5 

0.000

4 

1.67E-

10 

0.02

7 

0.000

3 

0.99

9 

2.26

1 

0.09

6 

4.91E-

11 2.862 

0.23

8 

6.10E-

05 

0.41

2 

0.09

0 

3.81E-

05 

11.94

1 

1.02

4 

7.64E-

55 

Day 16 
0.03

8 

0.000

4 

5.12E-

12 

0.03

4 

0.000

3 

0.99

9 

2.63

1 

0.09

6 

2.82E-

13 2.514 

0.23

8 

3.43E-

04 

0.52

5 

0.09

0 

5.58E-

07 

12.43

9 

1.02

4 

5.74E-

56 

Site A 
0.03

2 

0.000

5 

1.70E-

08 

0.03

5 

0.000

2 

1.00

0 

1.53

0 

0.11

5 

6.08E-

04 6.042 

0.25

3 

6.55E-

09 

0.50

8 

0.08

6 

3.90E-

07 9.014 

1.01

7 

1.12E-

62 

Site B 
0.03

9 

0.000

5 

3.93E-

09 

0.03

8 

0.000

2 

1.00

0 

1.77

7 

0.11

5 

9.54E-

06 5.590 

0.25

3 

1.89E-

08 

0.48

0 

0.08

6 

1.20E-

06 

10.67

0 

1.01

7 

8.13E-

68 
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Site C 
0.02

2 

0.000

5 

2.30E-

07 

0.03

3 

0.000

2 

1.00

0 

2.33

4 

0.11

5 

2.85E-

09 3.433 

0.25

3 

1.38E-

05 

0.63

6 

0.08

6 

2.24E-

09 

11.39

6 

1.01

7 

6.68E-

67 

Control: Day 0 
0.02

9 

0.000

6 

3.13E-

06 

0.03

8 

0.000

7 

0.98

9 

1.13

4 

0.16

1 

4.40E-

01 

13.26

6 

0.42

9 

2.64E-

07 

0.31

4 

0.16

9 

7.03E-

02 8.023 

1.04

9 

1.05E-

34 

ChitoVan: 

Day 0 

0.05

1 

0.000

6 

1.47E-

07 

0.05

8 

0.000

7 

0.98

9 

1.41

2 

0.16

1 

3.81E-

02 

17.63

0 

0.42

9 

2.67E-

08 

0.65

7 

0.16

9 

3.30E-

04 8.253 

1.04

9 

2.03E-

35 

Ferralyte: Day 

0 

0.01

3 

0.000

6 

2.47E-

04 

0.01

6 

0.000

7 

0.98

9 

1.14

1 

0.16

1 

4.18E-

01 8.776 

0.42

9 

7.11E-

06 

0.44

0 

0.16

9 

1.25E-

02 7.818 

1.04

9 

4.85E-

34 

Ultrion: Day 0 
0.01

8 

0.000

6 

3.65E-

05 

0.03

5 

0.000

7 

0.98

9 

1.12

9 

0.16

1 

4.56E-

01 

11.61

3 

0.42

9 

7.70E-

07 

0.76

0 

0.16

9 

4.76E-

05 7.159 

1.04

9 

1.09E-

31 

Control: Day 1 
0.03

0 

0.000

6 

2.75E-

06 

0.03

8 

0.000

7 

0.98

9 

1.28

8 

0.16

1 

1.24E-

01 8.148 

0.42

9 

1.27E-

05 

0.27

4 

0.16

9 

1.12E-

01 8.954 

1.04

9 

2.15E-

37 

ChitoVan: 

Day 1 

0.02

3 

0.000

6 

1.03E-

05 

0.04

4 

0.000

7 

0.98

9 

1.96

5 

0.16

1 

1.26E-

04 

10.92

1 

0.42

9 

1.26E-

06 

0.69

4 

0.16

9 

1.65E-

04 8.430 

1.04

9 

6.09E-

36 

Ferralyte: Day 

1 

0.02

6 

0.000

6 

6.05E-

06 

0.03

3 

0.000

7 

0.98

9 

1.36

2 

0.16

1 

6.16E-

02 5.132 

0.42

9 

4.07E-

04 

0.38

0 

0.16

9 

2.95E-

02 7.316 

1.04

9 

2.79E-

32 

Ultrion: Day 1 
0.02

3 

0.000

6 

1.01E-

05 

0.02

2 

0.000

7 

0.98

9 

1.47

7 

0.16

1 

1.97E-

02 9.260 

0.42

9 

4.66E-

06 

0.89

6 

0.16

9 

3.27E-

06 7.301 

1.04

9 

3.17E-

32 

Control: Day 2 
0.05

4 

0.000

6 

1.14E-

07 

0.04

7 

0.000

7 

0.98

9 

1.51

0 

0.16

1 

1.41E-

02 7.179 

0.42

9 

3.37E-

05 

0.43

2 

0.16

9 

1.42E-

02 8.691 

1.04

9 

1.10E-

36 

ChitoVan: 

Day 2 

0.02

7 

0.000

6 

4.55E-

06 

0.03

8 

0.000

7 

0.98

9 

2.46

3 

0.16

1 

1.20E-

06 4.718 

0.42

9 

7.39E-

04 

0.77

9 

0.16

9 

3.32E-

05 9.107 

1.04

9 

8.60E-

38 

Ferralyte: Day 

2 

0.03

3 

0.000

6 

1.64E-

06 

0.03

2 

0.000

7 

0.98

9 

1.22

1 

0.16

1 

2.22E-

01 5.607 

0.42

9 

2.15E-

04 

0.39

2 

0.16

9 

2.51E-

02 8.138 

1.04

9 

4.58E-

35 

Ultrion: Day 2 
0.02

1 

0.000

6 

1.66E-

05 

0.02

2 

0.000

7 

0.98

9 

1.61

2 

0.16

1 

4.86E-

03 4.935 

0.42

9 

5.39E-

04 

0.72

8 

0.16

9 

8.88E-

05 8.519 

1.04

9 

3.35E-

36 

Control: Day 4 
0.01

6 

0.000

6 

7.06E-

05 

0.02

5 

0.000

7 

0.98

9 

1.92

2 

0.16

1 

1.95E-

04 5.933 

0.42

9 

1.42E-

04 

0.46

1 

0.16

9 

9.07E-

03 8.680 

1.04

9 

1.18E-

36 

ChitoVan: 

Day 4 

0.03

5 

0.000

6 

1.21E-

06 

0.10

8 

0.000

7 

0.98

8 

3.65

0 

0.16

1 

2.74E-

10 2.089 

0.42

9 

9.26E-

02 

0.89

2 

0.16

9 

3.57E-

06 8.753 

1.04

9 

7.42E-

37 

Ferralyte: Day 

4 

0.07

4 

0.000

6 

2.01E-

08 

0.05

5 

0.000

7 

0.98

9 

1.84

1 

0.16

1 

4.47E-

04 2.520 

0.42

9 

3.64E-

02 

0.46

3 

0.16

9 

8.86E-

03 7.582 

1.04

9 

3.08E-

33 

1
4
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Ultrion: Day 4 
0.06

1 

0.000

6 

5.98E-

08 

0.06

9 

0.000

7 

0.98

8 

2.10

5 

0.16

1 

3.18E-

05 4.134 

0.42

9 

1.83E-

03 

0.68

7 

0.16

9 

1.90E-

04 7.519 

1.04

9 

5.11E-

33 

Control: Day 8 
0.03

6 

0.000

6 

1.03E-

06 

0.03

9 

0.000

7 

0.98

9 

2.07

0 

0.16

1 

4.48E-

05 4.026 

0.42

9 

2.18E-

03 

0.30

5 

0.16

9 

7.81E-

02 8.440 

1.04

9 

5.69E-

36 

ChitoVan: 

Day 8 

0.02

7 

0.000

6 

5.15E-

06 

0.03

4 

0.000

7 

0.98

9 

3.64

4 

0.16

1 

2.83E-

10 2.072 

0.42

9 

9.62E-

02 

0.57

5 

0.16

9 

1.41E-

03 8.599 

1.04

9 

1.99E-

36 

Ferralyte: Day 

8 

0.01

4 

0.000

6 

1.50E-

04 

0.01

3 

0.000

7 

0.98

9 

1.43

8 

0.16

1 

2.92E-

02 2.066 

0.42

9 

9.75E-

02 

0.21

2 

0.16

9 

2.16E-

01 

19.51

2 

1.04

9 

9.25E-

32 

Ultrion: Day 8 
0.02

9 

0.000

6 

3.12E-

06 

0.03

0 

0.000

7 

0.98

9 

2.40

9 

0.16

1 

1.93E-

06 3.893 

0.42

9 

2.73E-

03 

0.55

4 

0.16

9 

2.04E-

03 7.880 

1.04

9 

3.02E-

34 

Control: Day 

16 

0.02

3 

0.000

6 

1.10E-

05 

0.02

3 

0.000

7 

0.98

9 

1.42

2 

0.16

1 

3.42E-

02 2.771 

0.42

9 

2.17E-

02 

0.18

2 

0.16

9 

2.87E-

01 9.631 

1.04

9 

4.50E-

39 

ChitoVan: 

Day 16 

0.05

3 

0.000

6 

1.25E-

07 

0.04

3 

0.000

7 

0.98

9 

4.34

1 

0.16

1 

7.56E-

12 2.066 

0.42

9 

9.76E-

02 

0.62

8 

0.16

9 

5.55E-

04 9.085 

1.04

9 

9.81E-

38 

Ferralyte: Day 

16 

0.06

8 

0.000

6 

3.09E-

08 

0.05

3 

0.000

7 

0.98

9 

2.63

1 

0.16

1 

2.97E-

07 2.074 

0.42

9 

9.58E-

02 

0.45

4 

0.16

9 

1.01E-

02 7.394 

1.04

9 

1.43E-

32 

Ultrion: Day 

16 

0.02

4 

0.000

6 

8.82E-

06 

0.02

5 

0.000

7 

0.98

9 

2.94

9 

0.16

1 

2.57E-

08 3.362 

0.42

9 

6.94E-

03 

0.83

4 

0.16

9 

1.13E-

05 7.471 

1.04

9 

7.60E-

33 

Notes: Least squares mean had a confidence interval of 95% and degrees of freedom were estimated with method Satterthwaite in RStudio. 
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Table S6. Stress Test mercury parameters LME model. Results include least square mean (LSM) and standard error (SE) with its 

correspondence p value  

 
  MeHg water IHg water MeHg:THg %MeHgmass water / 

total MeHg mass 

MeHg soil Log Kg MeHg 

(water/soil) 

 Parameter LS

M 

S

E  

Pr(> l 

t l ) 

LS

M 

S

E 

Pr(> l 

t l ) 

LS

M 

S

E 

Pr(> l 

t l ) 

LSM SE Pr(> l t l 

) 

LS

M 

S

E 

Pr(> l 

t l ) 

LS

M 

SE Pr(> l 

t l ) 

Standard Test  0.0

8 

0.

05 

<0.00

1 

14.

73 

0.

05 

<0.00

1 

0.0

1 

0.

03 

<0.00

1 

0.10 0.02 <0.011 1.5

3 

0.

16 

1.000 4.2

6 

0.3

1 

<0.00

1 

Stress Test  5.0

5 

0.

05 

<0.00

1 

17.

99 

0.

05 

0.004 0.3

2 

0.

03 

<0.00

1 

1.01 0.02 <0.012 4.9

6 

0.

16 

0.001 2.9

6 

0.3

1 

0.833 

Standard Test  

: Day 0 

0.1

0 

0.

13 

0.230 9.2

1 

0.

12 

<0.00

1 

0.0

1 

0.

03 

<0.00

1 

0.10 0.02 <0.013 1.2

7 

0.

40 

0.001 4.0

9 

0.0

8 

<0.00

1 

Stress Test  : 

Day 0 

0.2

6 

0.

13 

<0.00

1 

23.

57 

0.

12 

<0.00

1 

0.0

1 

0.

03 

<0.00

1 

0.10 0.02 <0.014 3.4

5 

0.

40 

0.001 4.1

2 

0.0

8 

<0.00

1 

Standard Test  

: Day 1 

0.0

6 

0.

13 

0.230 6.3

6 

0.

12 

1.000 0.0

1 

0.

03 

<0.00

1 

0.10 0.02 <0.015 1.3

3 

0.

40 

0.160 4.3

7 

0.0

8 

0.936 

Stress Test  : 

Day 1 

7.4

6 

0.

13 

<0.00

1 

38.

86 

0.

12 

<0.00

1 

0.2

5 

0.

03 

<0.00

1 

1.02 0.02 <0.016 4.6

6 

0.

40 

0.160 2.7

9 

0.0

8 

<0.00

1 

Standard Test  

: Day 2 

0.0

9 

0.

13 

0.230 6.6

2 

0.

12 

1.000 0.0

1 

0.

03 

<0.00

1 

0.09 0.02 <0.017 1.7

0 

0.

40 

0.001 4.1

8 

0.0

8 

0.936 

Stress Test  : 

Day 2 

29.

96 

0.

13 

<0.00

1 

77.

48 

0.

12 

<0.00

1 

0.3

2 

0.

03 

<0.00

1 

1.46 0.02 <0.018 6.6

6 

0.

40 

0.001 2.3

0 

0.0

8 

<0.00

1 

Standard Test  

: Day 4 

0.0

8 

0.

13 

0.230 5.1

0 

0.

12 

1.000 0.0

1 

0.

03 

<0.00

1 

0.06 0.02 <0.019 1.8

9 

0.

40 

0.003 4.3

5 

0.0

8 

0.936 

Stress Test  : 

Day 4 

32.

79 

0.

13 

<0.00

1 

52.

98 

0.

12 

<0.00

1 

0.3

6 

0.

03 

<0.00

1 

2.04 0.02 <0.020 7.3

1 

0.

40 

0.004 2.4

7 

0.0

8 

<0.00

1 

Standard Test  

: Day 8 

0.0

9 

0.

13 

0.230 4.8

1 

0.

12 

1.000 0.0

1 

0.

03 

<0.00

1 

0.04 0.02 <0.021 1.5

1 

0.

40 

0.290 4.2

1 

0.0

8 

0.936 

Stress Test  : 

Day 8 

4.3

5 

0.

13 

<0.00

1 

16.

61 

0.

12 

0.002 0.2

8 

0.

03 

<0.00

1 

0.59 0.02 <0.022 4.5

3 

0.

40 

0.300 3.0

1 

0.0

8 

<0.00

1 1
4
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Standard Test  

: Day 16 

0.0

8 

0.

13 

0.230 4.2

2 

0.

12 

1.000 0.0

1 

0.

03 

<0.00

1 

0.04 0.02 <0.023 1.4

7 

0.

40 

0.610 4.3

2 

0.0

8 

0.936 

Stress Test  : 

Day 16 

2.6

1 

0.

13 

<0.00

1 

9.7

8 

0.

12 

<0.00

1 

0.2

3 

0.

03 

<0.00

1 

0.88 0.02 <0.024 3.1

2 

0.

40 

0.520 3.0

7 

0.0

8 

<0.00

1 

Treatment 

Control 

0.1

3 

0.

07 

0.110 11.

82 

0.

07 

<0.00

1 

0.0

1 

0.

03 

<0.00

1 

0.84 0.01 <0.001 3.3

8 

0.

23 

1.000 3.6

8 

0.0

5 

0.997 

Treatment 

ChitoVan 

0.1

2 

0.

07 

0.110 12.

06 

0.

07 

0.863 0.0

1 

0.

03 

<0.00

1 

0.86 0.01 <0.002 2.9

8 

0.

23 

1.000 3.5

9 

0.0

5 

0.997 

Treatment 

Ferralyte 

0.1

2 

0.

07 

0.110 13.

20 

0.

07 

0.317 0.0

1 

0.

03 

<0.00

1 

0.86 0.01 <0.003 3.2

3 

0.

23 

1.000 3.5

5 

0.0

5 

0.997 

Treatment 

Ultrion 

0.1

2 

0.

07 

0.110 11.

47 

0.

07 

0.789 0.0

1 

0.

03 

<0.00

1 

0.84 0.01 <0.004 3.3

7 

0.

23 

1.000 3.6

1 

0.0

5 

0.997 

Day 0 0.1

6 

0.

09 

<0.00

1 

11.

94 

0.

09 

<0.00

1 

0.0

1 

0.

03 

<0.00

1 

0.72 0.00 <0.005 2.3

6 

0.

28 

0.910 4.1

1 

0.0

4 

0.980 

Day 1 0.6

8 

0.

09 

0.016 15.

64 

0.

09 

0.038 0.2

3 

0.

03 

<0.00

1 

0.85 0.00 <0.006 2.9

9 

0.

28 

0.440 3.5

8 

0.0

4 

0.016 

Day 2 1.7

2 

0.

09 

0.719 22.

65 

0.

09 

0.073 0.3

2 

0.

03 

<0.00

1 

1.02 0.00 <0.007 4.1

0 

0.

28 

0.290 3.2

4 

0.0

4 

0.420 

Day 4 1.3

6 

0.

09 

0.204 20.

09 

0.

09 

0.260 0.3

0 

0.

03 

<0.00

1 

0.96 0.00 <0.008 4.6

0 

0.

28 

0.680 3.4

2 

0.0

4 

0.017 

Day 8 0.6

3 

0.

09 

0.620 8.3

3 

0.

09 

<0.00

1 

0.2

1 

0.

03 

<0.00

1 

0.80 0.00 <0.009 3.0

2 

0.

28 

0.730 3.6

1 

0.0

4 

0.334 

Day 16 0.0

6 

0.

09 

0.199 4.4

8 

0.

09 

<0.00

1 

0.0

2 

0.

03 

<0.00

1 

0.79 0.00 <0.010 2.2

9 

0.

28 

0.890 3.7

0 

0.0

4 

0.044 

Notes: Least squares mean had a confidence interval of 95% and degrees of freedom were estimated with method Satterthwaite in RStudio. 
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Table S7. Stress Test mercury parameters from Tukey HSD analysis. 

   
Log MeHg Kd MeHg water %MeHg MeHg/THg 

water 

Soil MeHg IHg water 

Parameter df t.rati

o 

p.value t.rati

o 

p.value t.rati

o 

p.value t.rati

o 

p.value t.rati

o 

p.value t.rati

o 

p.value 

C Day0 - sp Day0 33.0

0 

-0.13 1.00E+0

0 

-5.49 2.38E-

04 

2.06 6.54E-

01 

5.49 2.40E-

04 

-3.82 2.35E-

02 

-2.56 3.40E-

01 

C Day1 - sp Day1 33.0

0 

15.03 7.45E-

14 

-

25.84 

5.86E-

14 

-

15.74 

6.36E-

14 

2.13 6.04E-

01 

-5.85 8.59E-

05 

-

10.36 

4.21E-

10 

C Day16 - sp 

Day16 

33.0

0 

11.49 2.43E-

11 

-

18.99 

5.86E-

14 

-

12.13 

6.79E-

12 

1.09 9.93E-

01 

-2.90 1.88E-

01 

-9.07 1.09E-

08 

C Day2 - sp Day2 33.0

0 

17.30 5.88E-

14 

-

31.49 

5.86E-

14 

-

19.06 

5.86E-

14 

-2.80 2.26E-

01 

-8.68 3.03E-

08 

-

13.69 

3.05E-

13 

C Day4 - sp Day4 33.0

0 

17.72 5.87E-

14 

-

31.14 

5.86E-

14 

-

18.16 

5.87E-

14 

-2.03 6.74E-

01 

-9.53 3.30E-

09 

-

10.91 

1.12E-

10 

C Day8 - sp Day8 33.0

0 

10.76 1.35E-

10 

-

20.87 

5.86E-

14 

-

11.48 

2.94E-

11 

0.56 1.00E+0

0 

-5.31 4.01E-

04 

-7.97 2.06E-

07 

sp Day0 - sp Day1 33.0

0 

NA NA -

23.65 

5.86E-

14 

-

14.63 

9.86E-

14 

-2.24 5.37E-

01 

-2.13 6.06E-

01 

-7.09 2.42E-

06 

sp Day0 - sp 

Day16 

33.0

0 

NA NA -

16.84 

5.93E-

14 

-

11.51 

2.70E-

11 

-3.82 2.37E-

02 

0.58 1.00E+0

0 

4.10 1.16E-

02 

sp Day0 - sp Day2 33.0

0 

NA NA -

35.21 

5.86E-

14 

-

19.92 

5.86E-

14 

-7.17 1.96E-

06 

-5.64 1.55E-

04 

-

14.12 

1.62E-

13 

sp Day0 - sp Day4 33.0

0 

NA NA -

33.11 

5.86E-

14 

-

18.08 

5.87E-

14 

-8.27 9.13E-

08 

-6.79 5.72E-

06 

-

10.66 

2.00E-

10 

sp Day0 - sp Day8 33.0

0 

NA NA -

20.06 

5.86E-

14 

-

12.17 

6.11E-

12 

-3.23 9.42E-

02 

-1.90 7.52E-

01 

-0.43 1.00E+0

0 

sp Day1 - sp 

Day16 

33.0

0 

-2.63 2.77E-

01 

5.64 1.56E-

04 

3.11 1.22E-

01 

-1.22 9.83E-

01 

2.71 2.66E-

01 

7.89 2.57E-

07 

sp Day1 - sp Day2 33.0

0 

4.49 3.43E-

03 

-7.85 2.90E-

07 

-5.30 4.16E-

04 

-4.86 1.45E-

03 

-3.51 5.02E-

02 

-4.01 1.44E-

02 
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sp Day1 - sp Day4 33.0

0 

2.93 1.59E-

01 

-6.33 2.13E-

05 

-3.45 5.76E-

02 

-6.22 2.95E-

05 

-4.66 2.52E-

03 

-1.84 7.85E-

01 

sp Day1 - sp Day8 33.0

0 

-2.07 6.11E-

01 

2.90 1.86E-

01 

2.45 4.01E-

01 

-1.22 9.84E-

01 

0.23 1.00E+0

0 

4.84 1.50E-

03 

sp Day2 - sp 

Day16 

33.0

0 

-7.12 1.93E-

06 

13.50 4.16E-

13 

8.41 6.31E-

08 

3.69 3.26E-

02 

6.22 2.93E-

05 

11.79 1.45E-

11 

sp Day2 - sp Day4 33.0

0 

-1.57 8.86E-

01 

1.52 9.24E-

01 

1.85 7.82E-

01 

-1.35 9.65E-

01 

-1.15 9.90E-

01 

2.16 5.90E-

01 

sp Day2 - sp Day8 33.0

0 

-6.54 1.01E-

05 

10.75 1.61E-

10 

7.75 3.83E-

07 

3.65 3.59E-

02 

3.74 2.86E-

02 

8.76 2.46E-

08 

sp Day4 - sp 

Day16 

33.0

0 

-5.54 1.79E-

04 

11.98 9.31E-

12 

6.56 1.09E-

05 

5.00 9.75E-

04 

7.37 1.11E-

06 

9.64 2.49E-

09 

sp Day4 - sp Day8 33.0

0 

-4.96 9.22E-

04 

9.25 6.87E-

09 

5.90 7.25E-

05 

4.99 9.97E-

04 

4.89 1.32E-

03 

6.62 9.27E-

06 

sp Day8 - sp 

Day16 

33.0

0 

-0.55 1.00E+0

0 

2.74 2.50E-

01 

0.66 1.00E+0

0 

0.01 1.00E+0

0 

2.48 3.87E-

01 

3.04 1.41E-

01 

 Notes: C represents standard test while sp represents stress test incubation. Significant differences are in bold with a p<0.05. The interaction 

term helped evaluate any significant interaction between day and stress test incubation not always seen in the standard test.  
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 Table S8. Stress Test aqueous parameters LME model. Results include least square mean (LSM) and standard error (SE) with its 

correspondence p value 
 

  Redox Potential pH Manganese mg/L  Sulfate mg/L 

 Parameter LSM SE Pr(> l t l ) LSM SE Pr(> l t l ) LSM SE Pr(> l t l ) LSM SE Pr(> l t l ) 

Standard Test  246.44 3.64 <0.001 7.82 0.014 <0.001 0.27 0.08 0.002 184.93 1.04 1 

Stress Test  64.19 3.64 <0.001 7.27 0.014 0.023 2.83 0.08 <0.0001 38.09 1.04 0.89 

Standard Test  : Day 0 300.61 8.92 <0.001 8.18 0.034 0.6 0.01 0.08 0.95 179.47 1.04 0.49 

Stress Test  : Day 0 246.72 8.92 <0.001 8.06 0.034 <0.001 0.01 0.19 <0.0001 183.09 1.04 0.49 

Standard Test  : Day 1 268.63 8.92 1 8.17 0.034 0.6 0.02 0.19 0.95 190.57 1.04 0.49 

Stress Test  : Day 1 165.49 8.92 0.01 7.41 0.034 <0.001 0.82 0.19 <0.0001 170.72 1.04 0.45 

Standard Test  : Day 2 283.4 8.92 1 7.72 0.034 0.6 0.02 0.19 0.95 196.37 1.04 0.45 

Stress Test  : Day 2 97.24 8.92 <0.001 7.1 0.034 <0.001 2.76 0.19 <0.0001 192.48 1.04 0.003 

Standard Test  : Day 4 264.41 8.92 1 7.76 0.034 0.6 0.20 0.19 0.95 192.48 1.04 0.63 

Stress Test  : Day 4 1.34 8.92 <0.001 6.9 0.034 <0.001 4.74 0.19 <0.0001 109.95 1.04 <0.001 

Standard Test  : Day 8 261.41 8.92 1 7.62 0.034 0.6 0.44 0.19 0.95 148.41 1.04 <0.001 

Stress Test  : Day 8 -75.31 8.92 <0.001 7.01 0.034 <0.001 4.40 0.19 <0.0001 2.20 1.04 <0.001 

Standard Test  : Day 16 100.18 8.92 1 7.49 0.034 0.6 0.92 0.19 0.95 188.67 1.04 <0.001 

Stress Test  : Day 16 -50.36 8.92 <0.001 7.09 0.034 <0.001 4.22 0.19 <0.0001 2.36 1.04 <0.001 

Treatment Control 152.35 5.16 0.928 7.48 0.021 <0.001 1.44 0.11 <0.0001 112.17 1.04 1 

Treatment ChitoVan 153.02 5.16 0.406 7.54 0.021 0.045 1.56 0.11 <0.0001 108.85 1.04 0.82 

Treatment Ferralyte 158.5 5.16 0.498 7.59 0.021 0.001 1.49 0.11 <0.0001 67.36 1.04 <0.001 

Treatment Ultrion 157.37 5.16 0.487 7.57 0.021 0.003 1.71 0.11 <0.0001 60.28 1.04 <0.001 

Day 0 273.66 6.31 <0.001 8.12 0.024 <0.001 0.01 0.14 0.61 181.27 1.04 <0.001 

Day 1 217.06 6.31 0.017 7.79 0.024 0.877 0.42 0.14 0.98 181.27 1.04 0.65 

Day 2 190.33 6.31 0.183 7.41 0.024 <0.001 1.39 0.14 0.987 184.93 1.04 0.532 
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Day 4 132.87 6.31 0.007 7.36 0.024 <0.001 2.47 0.14 0.487 145.47 1.04 0.612 

Day 8 93.05 6.31 0.004 7.31 0.024 <0.001 2.42 0.14 0.123 18.17 1.04 0.368 

Day 16 24.91 6.31 <0.001 7.29 0.024 <0.001 2.57 0.14 0.002 21.12 1.04 0.738 

Notes: Least squares mean had a confidence interval of 95% and degrees of freedom were estimated with method Satterthwaite in RStudio. 
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Table S9. Stress Test aqueous parameters from Tukey HSD analysis.  
 

    Eh Mn pH SO4 

Parameter df t.ratio p.value t.ratio p.value t.ratio p.value t.ratio p.value 

C Day0 - sp Day0 33 4.270 7.28E-03 0.013 1.00E+00 2.638 3.00E-01 -0.089 1.00E+00 

C Day1 - sp Day1 33 8.173 1.20E-07 -2.952 1.69E-01 15.498 6.62E-14 0.847 9.99E-01 

C Day16 - sp Day16 33 11.929 1.05E-11 -12.133 6.67E-12 8.554 4.29E-08 33.707 5.86E-14 

C Day2 - sp Day2 33 14.752 9.05E-14 -10.113 7.67E-10 13.380 5.14E-13 0.927 9.97E-01 

C Day4 - sp Day4 33 20.846 5.86E-14 -16.691 5.95E-14 17.346 5.88E-14 4.300 5.84E-03 

C Day8 - sp Day8 33 26.682 5.86E-14 -14.575 1.02E-13 13.233 6.77E-13 32.592 5.86E-14 

sp Day0 - sp Day1 33 6.436 1.57E-05 -2.992 1.56E-01 14.446 1.14E-13 NA NA 

sp Day0 - sp Day16 33 23.541 5.86E-14 -15.495 6.62E-14 22.138 5.86E-14 NA NA 

sp Day0 - sp Day2 33 11.845 1.27E-11 -10.143 7.13E-10 21.965 5.86E-14 NA NA 

sp Day0 - sp Day4 33 19.444 5.86E-14 -17.408 5.88E-14 25.495 5.86E-14 NA NA 

sp Day0 - sp Day8 33 25.518 5.86E-14 -16.173 6.13E-14 24.141 5.86E-14 NA NA 

sp Day1 - sp Day16 33 17.104 5.91E-14 -12.503 2.98E-12 6.981 3.31E-06 32.970 5.86E-14 

sp Day1 - sp Day2 33 5.408 3.02E-04 -7.151 2.05E-06 6.816 5.30E-06 -0.103 1.00E+00 

sp Day1 - sp Day4 33 13.008 1.05E-12 -14.416 1.17E-13 9.969 1.10E-09 3.408 5.63E-02 

sp Day1 - sp Day8 33 19.082 5.86E-14 -13.181 7.47E-13 8.967 1.43E-08 33.376 5.86E-14 

sp Day2 - sp Day16 33 11.696 1.78E-11 -5.352 3.55E-04 0.168 1.00E+00 33.073 5.86E-14 

sp Day2 - sp Day4 33 7.599 5.82E-07 -7.265 1.48E-06 3.169 1.08E-01 3.530 4.21E-02 

sp Day2 - sp Day8 33 13.673 3.12E-13 -6.030 5.05E-05 2.152 5.92E-01 33.574 5.86E-14 

sp Day4 - sp Day16 33 4.097 1.15E-02 1.913 7.44E-01 -3.006 1.52E-01 29.533 5.86E-14 

sp Day4 - sp Day8 33 6.074 4.45E-05 1.235 9.82E-01 -1.026 9.96E-01 30.119 5.86E-14 

sp Day8 - sp Day16 33 -1.977 7.04E-01 0.678 1.00E+00 -1.988 6.98E-01 -0.502 1.00E+00 

Notes: C represents standard test while sp represents stress test incubation. Significant differences are in bold with a p<0.05. The interaction 

term helped evaluate any significant interaction between day and stress test incubation not always seen in the standard test.  
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Table S10. Stress Test supportive aqueous parameters LME model. Results include least square mean (LSM) and standard error 

(SE) with its correspondence p value 

 
  Iron Aluminum  Ammonia Nitrate Phosphate DOC SUVA 

 Parameter LS

M 

S

E 

Pr(> 

l t l ) 

LS

M 

S

E 

Pr(> 

l t l ) 

LS

M 

S

E  

Pr(> 

l t l ) 

LS

M 

S

E 

Pr(> 

l t l ) 

LS

M 

S

E 

Pr(> 

l t l ) 

LS

M 

SE Pr(> 

l t l ) 

LS

M 

S

E 

Pr(> 

l t l ) 

Standard 

Test  

0.0

3 

0.

13 

0.86 0.0

4 

0.

02 

1.00 1.5

3 

0.

02 

<0.00

1 

15.

49 

1.

13 

0.002 0.6

3 

0.

42 

0.13 13.

97 

5.7

9 

0.02 1.5

1 

0.

02 

0.02 

Stress Test  0.8

6 

0.

13 

<0.00

01 

0.0

5 

0.

02 

0.22 1.7

8 

0.

02 

<0.00

1 

7.9

2 

1.

13 

0.002 5.1

6 

0.

42 

<0.00

1 

131

.56 

5.7

9 

<0.00

1 

1.1

1 

0.

02 

0.58 

Standard 

Test  : Day 0 

0.0

2 

0.

29 

0.76 0.0

4 

0.

02 

0.16 0.1

3 

0.

02 

<0.00

1 

16.

95 

1.

99 

0.000 0.4

9 

0.

90 

0.50 11.

15 

13.

59 

<0.00

1 

1.4

9 

0.

04 

<0.00

1 

Stress Test  : 

Day 0 

0.0

9 

0.

29 

3.13E

-06 

0.0

5 

0.

02 

0.15 0.9

0 

0.

02 

<0.00

1 

18.

17 

1.

99 

0.004 5.0

1 

0.

90 

<0.00

1 

48.

07 

13.

59 

<0.00

2 

1.4

5 

0.

04 

<0.00

2 

Standard 

Test  : Day 1 

0.0

3 

0.

29 

0.76 0.0

5 

0.

02 

0.33 1.6

5 

0.

02 

0.04 8.0

8 

1.

99 

0.05 0.5

3 

0.

90 

0.50 14.

78 

13.

59 

<0.00

3 

1.4

5 

0.

04 

0.24 

Stress Test  : 

Day 1 

0.1

0 

0.

29 

<0.00

01 

0.0

4 

0.

02 

0.37 16.

12 

0.

02 

<0.00

1 

1.0

5 

1.

99 

0.97 1.7

7 

0.

90 

<0.00

1 

63.

17 

13.

59 

<0.00

4 

1.2

5 

0.

04 

0.11 

Standard 

Test  : Day 2 

0.0

3 

0.

29 

0.76 0.0

3 

0.

02 

0.28 1.1

3 

0.

02 

0.46 7.6

9 

1.

99 

0.01 0.5

9 

0.

90 

0.50 15.

43 

13.

59 

0.41 1.2

8 

0.

04 

0.41 

Stress Test  : 

Day 2 

0.7

2 

0.

29 

<0.00

01 

0.0

3 

0.

02 

<0.00

1 

19.

89 

0.

02 

<0.00

1 

0.3

7 

1.

99 

0.97 3.1

7 

0.

90 

<0.00

1 

188

.03 

13.

59 

0.001 0.9

1 

0.

04 

<0.00

1 

Standard 

Test  : Day 4 

0.0

5 

0.

29 

0.76 0.1

3 

0.

02 

0.33 1.9

7 

0.

02 

0.000 5.2

1 

1.

99 

0.97 0.9

0 

0.

90 

0.50 13.

56 

13.

59 

0.28 1.5

8 

0.

04 

0.28 

Stress Test  : 

Day 4 

2.0

5 

0.

29 

<0.00

01 

0.0

3 

0.

02 

0.01 37.

71 

0.

02 

<0.00

1 

0.1

3 

1.

99 

0.97 4.1

7 

0.

90 

<0.00

1 

136

.60 

13.

59 

<0.00

1 

1.1

6 

0.

04 

0.00 

Standard 

Test  : Day 8 

0.0

2 

0.

29 

0.76 0.0

2 

0.

02 

0.21 2.4

6 

0.

02 

0.02 4.6

6 

1.

99 

0.98 0.5

8 

0.

90 

0.50 12.

72 

13.

59 

0.26 1.6

2 

0.

04 

0.26 

Stress Test  : 

Day 8 

1.5

9 

0.

29 

<0.00

01 

0.1

3 

0.

02 

0.01 40.

85 

0.

02 

<0.00

1 

0.0

6 

1.

99 

0.98 8.0

7 

0.

90 

<0.00

1 

266

.63 

13.

59 

<0.00

1 

0.8

6 

0.

04 

<0.00

1 

1
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Standard 

Test  : Day 

16 

0.0

2 

0.

29 

0.76 0.0

1 

0.

02 

0.35 3.1

6 

0.

02 

0.00 3.3

2 

1.

99 

0.97 0.7

0 

0.

90 

0.50 16.

17 

13.

59 

0.24 1.4

3 

0.

04 

0.24 

Stress Test  : 

Day 16 

0.6

2 

0.

29 

<0.00

01 

0.0

7 

0.

02 

0.02 73.

70 

0.

02 

<0.00

1 

0.0

4 

1.

99 

0.97 8.7

3 

0.

90 

<0.00

1 

84.

84 

13.

59 

<0.00

1 

1.0

7 

0.

04 

0.001 

Treatment 

Control 

0.6

2 

0.

20 

<0.00

01 

0.0

5 

0.

01 

0.22 1.5

2 

0.

02 

0.09 1.6

7 

2.

20 

0.09 2.9

0 

0.

66 

<0.00

1 

91.

75 

8.5

9 

<0.00

1 

1.2

3 

0.

02 

<0.00

1 

Treatment 

ChitoVan 

0.1

9 

0.

20 

0.35 0.0

4 

0.

01 

0.22 2.7

1 

0.

02 

0.11 16.

44 

2.

20 

0.01 4.1

3 

0.

66 

<0.00

1 

62.

09 

8.5

9 

<0.00

1 

1.3

2 

0.

02 

0.03 

Treatment 

Ferralyte 

0.4

6 

0.

20 

0.02 0.0

4 

0.

01 

0.17 1.5

4 

0.

02 

0.08 2.8

0 

2.

20 

0.86 2.4

4 

0.

66 

<0.00

1 

68.

21 

8.5

9 

<0.00

1 

1.3

0 

0.

02 

0.09 

Treatment 

Ultrion 

0.5

0 

0.

20 

0.17 0.0

4 

0.

01 

0.44 1.8

5 

0.

02 

0.81 2.9

4 

2.

20 

0.41 2.0

4 

0.

66 

<0.00

1 

69.

01 

8.5

9 

<0.00

1 

1.2

7 

0.

02 

0.26 

Day 0 0.0

5 

0.

21 

0.81 0.0

4 

0.

02 

0.22 1.2

0 

0.

02 

0.06 17.

64 

1.

53 

0.02 1.1

3 

0.

76 

<0.00

1 

29.

61 

9.7

0 

0.01 1.3

4 

0.

03 

<0.01 

Day 1 0.0

7 

0.

21 

0.76 0.0

4 

0.

02 

0.28 1.5

0 

0.

02 

0.000 12.

68 

1.

53 

0.14 1.1

5 

0.

76 

0.09 38.

97 

9.7

0 

0.01 1.3

4 

0.

03 

0.46 

Day 2 0.3

7 

0.

21 

0.08 0.0

3 

0.

02 

0.71 1.6

4 

0.

02 

0.000 7.8

5 

1.

53 

0.38 2.5

0 

0.

76 

0.01 101

.73 

9.7

0 

<0.00

1 

1.1

4 

0.

03 

0.37 

Day 4 1.0

5 

0.

21 

<0.00

01 

0.0

6 

0.

02 

<0.00

1 

2.2

8 

0.

02 

<0.00

1 

1.0

6 

1.

53 

0.004 2.7

5 

0.

76 

0.001 75.

07 

9.7

0 

0.001 1.3

6 

0.

03 

0.25 

Day 8 0.8

1 

0.

21 

<0.00

01 

0.0

6 

0.

02 

0.22 2.2

6 

0.

02 

<0.00

1 

1.0

1 

1.

53 

0.004 4.3

2 

0.

76 

<0.00

1 

139

.67 

9.7

0 

0.001 1.1

9 

0.

03 

0.12 

Day 16 0.3

2 

0.

21 

0.14 0.0

3 

0.

02 

0.01 2.6

3 

0.

02 

<0.00

1 

1.0

1 

1.

53 

0.004 4.7

3 

0.

76 

<0.00

1 

51.

51 

9.7

0 

0.001 1.2

5 

0.

03 

0.49 
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Table S11. Stress Test supportive aqueous parameters from Tukey HSD analysis.  

 

   
Aluminium DOC Fe NH4 NO3 PO4 SUVA 

Parameter df t.rat

io 

p.valu

e 

t.rat

io 

p.valu

e 

t.rat

io 

p.valu

e 

t.rat

io 

p.valu

e 

t.rat

io 

p.valu

e 

t.rat

io 

p.valu

e 

t.rat

io 

p.valu

e 

C Day0 - sp 

Day0 

33.

00 

-

1.28 

9.77E-

01 

-

1.94 

7.29E-

01 

-

0.16 

1.00E+

00 

-

3.70 

3.15E-

02 

0.71 1.00E+

00 

-

3.61 

3.93E-

02 

0.53

7 

1.00E+

00 

C Day1 - sp 

Day1 

33.

00 

0.83 9.99E-

01 

-

2.54 

3.52E-

01 

-

0.18 

1.00E+

00 

-

11.8

0 

1.40E-

11 

1.57 9.09E-

01 

-

0.99 

9.97E-

01 

2.89

1 

1.89E-

01 

C Day16 - sp 

Day16 

33.

00 

-

4.84 

1.53E-

03 

-

3.71 

3.10E-

02 

-

1.48 

9.35E-

01 

-

17.8

3 

5.87E-

14 

-

0.01 

1.00E+

00 

-

6.43 

1.59E-

05 

5.67

2 

1.39E-

04 

C Day2 - sp 

Day2 

33.

00 

0.13 1.00E+

00 

-

9.06 

1.13E-

08 

-

1.70 

8.56E-

01 

-

14.9

0 

8.22E-

14 

2.21 5.55E-

01 

-

2.07 

6.47E-

01 

8.47

1 

5.28E-

08 

C Day4 - sp 

Day4 

33.

00 

5.17 5.90E-

04 

-

6.46 

1.48E-

05 

-

4.89 

1.31E-

03 

-

13.1

5 

8.01E-

13 

0.00 1.00E+

00 

-

2.61 

3.14E-

01 

6.07

2 

4.41E-

05 

C Day8 - sp 

Day8 

33.

00 

-

5.42 

2.90E-

04 

-

13.3

2 

5.69E-

13 

-

3.82 

2.33E-

02 

-

13.4

9 

4.25E-

13 

0.00 1.00E+

00 

-

5.99 

5.60E-

05 

12.2

78 

4.78E-

12 

sp Day0 - sp 

Day1 

33.

00 

0.99 9.97E-

01 

-

0.79 

1.00E+

00 

-

0.04 

1.00E+

00 

-

10.8

2 

1.38E-

10 

2.38 4.44E-

01 

2.59 3.26E-

01 

6.15

2 

3.50E-

05 

sp Day0 - sp 

Day16 

33.

00 

-

0.93 

9.98E-

01 

-

2.03 

6.68E-

01 

-

1.31 

9.72E-

01 

-

22.2

7 

5.86E-

14 

2.38 4.46E-

01 

-

2.99 

1.56E-

01 

11.9

88 

9.05E-

12 1
5
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sp Day0 - sp 

Day2 

33.

00 

1.78 8.15E-

01 

-

7.34 

1.18E-

06 

-

1.55 

9.15E-

01 

-

14.7

6 

9.02E-

14 

2.39 4.42E-

01 

1.47 9.39E-

01 

20.7

08 

5.86E-

14 

sp Day0 - sp 

Day4 

33.

00 

2.20 5.58E-

01 

-

4.65 

2.61E-

03 

-

4.81 

1.65E-

03 

-

16.0

0 

6.18E-

14 

2.38 4.44E-

01 

0.67 1.00E+

00 

9.54

3 

3.17E-

09 

sp Day0 - sp 

Day8 

33.

00 

-

2.91 

1.85E-

01 

-

11.4

7 

2.99E-

11 

-

3.67 

3.41E-

02 

-

16.1

4 

6.14E-

14 

2.38 4.46E-

01 

-

2.45 

4.04E-

01 

26.7

82 

5.86E-

14 

sp Day1 - sp 

Day16 

33.

00 

-

1.92 

7.39E-

01 

-

1.24 

9.81E-

01 

-

1.27 

9.77E-

01 

-

8.37 

7.12E-

08 

0.00 1.00E+

00 

-

5.58 

1.84E-

04 

2.75

4 

2.43E-

01 

sp Day1 - sp 

Day2 

33.

00 

0.79 1.00E+

00 

-

6.55 

1.12E-

05 

-

1.51 

9.26E-

01 

-

3.23 

9.49E-

02 

0.00 1.00E+

00 

-

1.12 

9.91E-

01 

5.70

7 

1.26E-

04 

sp Day1 - sp 

Day4 

33.

00 

1.22 9.84E-

01 

-

3.85 

2.16E-

02 

-

4.78 

1.82E-

03 

-

4.22 

8.24E-

03 

0.00 1.00E+

00 

-

1.92 

7.39E-

01 

1.22

4 

9.82E-

01 

sp Day1 - sp 

Day8 

33.

00 

-

3.90 

1.94E-

02 

-

10.6

8 

1.93E-

10 

-

3.64 

3.71E-

02 

-

3.83 

2.28E-

02 

0.00 1.00E+

00 

-

5.04 

8.69E-

04 

7.02

4 

2.89E-

06 

sp Day2 - sp 

Day16 

33.

00 

-

2.71 

2.63E-

01 

5.31 4.00E-

04 

0.24 1.00E+

00 

-

5.14 

6.58E-

04 

-

0.01 

1.00E+

00 

-

4.46 

4.35E-

03 

-

2.97

2 

1.61E-

01 

sp Day2 - sp 

Day4 

33.

00 

0.42 1.00E+

00 

2.70 2.70E-

01 

-

3.26 

8.84E-

02 

-

0.99 

9.97E-

01 

0.00 1.00E+

00 

-

0.80 

1.00E+

00 

-

4.49

2 

3.94E-

03 

sp Day2 - sp 

Day8 

33.

00 

-

4.69 

2.31E-

03 

-

4.12 

1.07E-

02 

-

2.12 

6.12E-

01 

-

0.60 

1.00E+

00 

-

0.01 

1.00E+

00 

-

3.92 

1.84E-

02 

1.28

1 

9.75E-

01 

sp Day4 - sp 

Day16 

33.

00 

-

3.14 

1.16E-

01 

2.61 3.14E-

01 

3.50 5.08E-

02 

-

4.14 

1.02E-

02 

0.00 1.00E+

00 

-

3.66 

3.49E-

02 

1.53

2 

9.19E-

01 

sp Day4 - sp 

Day8 

33.

00 

-

5.11 

7.07E-

04 

-

6.82 

5.18E-

06 

1.14 9.90E-

01 

0.39 1.00E+

00 

0.00 1.00E+

00 

-

3.12 

1.21E-

01 

5.79

4 

9.82E-

05 
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sp Day8 - sp 

Day16 

33.

00 

1.98 7.05E-

01 

9.43 4.25E-

09 

2.36 4.55E-

01 

-

4.53 

3.62E-

03 

0.00 1.00E+

00 

-

0.54 

1.00E+

00 

-

4.27

0 

7.19E-

03 

Notes: C represents standard test while sp represents stress test incubation. Significant differences are in bold with a p<0.05. The 

interaction term helped evaluate any significant interaction between day and stress test incubation not always seen in the standard 

test. 
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Table S12. Description of the fluorescence and adsorption properties used in Chapter 3. Modified from Fleck et al. (2014). 

 

Parameter Description Property Reference 

Sag275-295 Absorption spectral slope 

between 275 and 290 nm 

Higher S values (>0.02) indicate low 

molecular weight material, decreasing 

aromaticity 

Blough and Del 

Vecchio,2002; Helms et 

al., 2008 

Flr A:C   Fluorescence intensity in region 

“A” relatively to region “C”  

Indicator of biological or photochemical 

degradation of the humic fraction of DOM 

Kothawala et al., 2012; 

Moran et al. 2000 

Flr T:C Fluorescence intensity in the 

"D" region relative to the "C" 

region 

Higher T:C suggests more labile DOM 

relative to background humic-like DOM 

Lochmuller and 

Saavedra, 1986; Stedmon  

et al., 2003 

Flr D:C Fluorescence intensity in the 

"D" region relative to the "C" 

region 

Higher D:C suggests more terrestrial soil 

fulvic DOM relative to background humic 

DOM 

Lochmuller and 

Saavedra, 1986; Stedmon  

et al., 2003 

Flr F:C Fluorescence intensity in the 

"F" region (FDOM) relative to 

the "C" region 

Relatively more 'reduced' humic DOM 

structures than oxidized forms; more 

sensitive to photodegradation 

Fleck et al., 2014 

Flr M:C Fluorescence intensity in the 

"M" region relative to the "C" 

region 

Higher values suggest fresher DOM 

relative to background humic DOM; also, 

possible anthropogenic DOM (i.e., 

hydrocarbons)   

Burdige et al., 2004; 

Coble, 1996; Helms et 

al., 2013; Para et al., 

2010 

Flr N:C Fluorescence intensity in the 

"N" region relative to the "C" 

region 

 

Higher values suggest more fresh/algal 

DOM relative to background humic DOM; 

possible anthropogenic DOM (i.e., 

hydrocarbons) 

Coble, 1998 

 

HIX Humification Index 

The area under the 435-480 nm 

Em divided by the peak area 

Indicator of source, diagenesis, and 

sorption capacity; higher values indicate an 

increasing degree of humification 

Ohno, 2002 
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300-345 nm plus 435-480 nm at 

Ex 254 nm. 

FI Fluorescence Index 

Ratio of Em 470 nm and 520 

nm at Ex 370 nm  

Relative contribution of plant versus 

microbial source to the DOM pool  

Cory et al. 2010 

BIX Biological Index 

Ratio of Em 380 nm and 430 

nm at Ex  310 nm 

Indicator of recent biological activity or 

recently produced DOM  

Wilson and Xenopoulos, 

2009 

FLR_A 260 Ex – 450 Em Relative amount of humic-like aromatic 

substances of terrestrial origin UV spectra 

Coble, 1996; Stedmon et 

al., 2003 

FLR_B 270 Ex – 305 Em Relative amount of “protein-like” DOM Coble, 1996; 

Stedmon et al., 2003 

FLR_C 340 Ex – 440 Em Relative amount of “humic-like” substances 

of terrestrial sources visible spectra  

Coble, 1996; 

Stedmon et al., 2003 

FLR_D  390 Ex – 510 Em Relative amount of “fulvic-like” DOM Coble, 1996; 

Stedmon et al., 2003 

FLR_F 355 to 375 nm Ex – 440 to 500 

nm Em 

Relative amount of “quinoid-like” humic 

DOM 

Dowing et al., 2009 

FLR_M 300 Ex – 390 Em Relative amount of humic (blue shifted) 

“marine-like” DOM 

Coble, 1996; 

Stedmon et al., 2003 

FLR_N 280 Ex – 370 Em Relative amount of algal-derived DOM Coble, 1996; 

Stedmon et al., 2003 

FLR_T 275 Ex – 340 Em Relative amount of “protein-like” DOM 

from microbial sources  

Coble, 1996; 

Stedmon et al., 2003 
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Table S13. Results and Interpretations for the different fluorescence and adsorption properties analyzed in chapter 3. 

  
Parameter Control 0.4 g of OM addition Possible Interpretation 

Sag275-295 No dramatic 

changes in a 

range 0.015-

0.017 

Biggest increase at day 1 to 0.035. Decreased to 0.025 

by day 8. Slightly increase by day 16 (0.027). Similar 

patterns for 0.1 g and 0.2 g of SP-OM addition. The 

other treatments did not show dramatic changes. 

Increased in low molecular weight 

DOM compared to the control. 70% 

decreased from day 1 to 8. 

Flr A:C   No dramatic 

changes at 1.7 

Increased to 2.5 during the first 2 days. Decreased to 

control values by day 8. Quasi-steady state by day 16. 

Similar pattern in a gradient with OM addition for the 

other treatments.  

Normally an indicator of humic DOM 

degradation. We saw an enrichment 

with spirulina addition (pigments 

signal or a humic released from 

spirulina) during day 0. Decreased 

with incubation time due to humic-

type DOM degrading to simple 

molecules. 

Flr T:C No dramatic 

changes at 0.7 

Progressive increase peaking at 6 by day 8. Quasi-

steady state by day 16. Dramatic patterns are only seen 

for 0.2 g and 0.4 g of SpOM addition. Similar pattern 

for 0.2 g of SpOM addition. No dramatic changes for 

the other treatments.  

Enrichment of microbially derived 

material until day 8 with the spirulina 

addition relative to humic-like DOM.  

Flr D:C No dramatic 

changes at 0.42 

Started at lower ratio (0.2). Progressive increase until 

day 8 to 0.3. No dramatic changes after. Lower than 

control by the end of incubation.  

Normally an indicator of terrestrial 

fulvic DOM enrichment. Lower with 

the treatments than the control as the 

spirulina is enriched with amino acids 

and protein-like DOM. 

Flr F:C No dramatic 

changes at 0.7 

Progressive increase to 1.1 by day 2. Dramatic decrease 

by day 8 to lower values than the control (0.6). Similar 

pattern for the other treatments, showing higher values 

with higher OM addition. 

Normally an indicator of more reduced 

humic DOM structures. Possibly 

showing that the reduced humic 

structures are being consumed by 

microbes. 
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Flr M:C No dramatic 

changes at 0.9 

Progressive increase to 1.1 by day 8, from lower values 

than the control (0.2). Quasi-steady state conditions in 

the remainder of incubation. Similar patterns for the 

other treatments showing a gradient but maintaining 

quasi steady state conditions lower than the control. 

Similar pattern for the other treatments, showing lower 

values with greater OM addition, ending at control 

values at day 16.  

Higher proportion of freshly produced 

DOM in this case associated with 

microbial activity. 

Flr N:C No dramatic 

changes at 0.7 

Increased progressive tendency by day 8 to 1.8. Quasi-

steady state by day 16. The other SpOM addition 

treatments did not show dramatic changes.  

Fresh algal DOM relative to 

background humic DOM and control.  

HIX No dramatic 

changes at 0.87 

Decrease progressive pattern by day 8 to 0.3. Quasi-

steady conditions after day 8. Similar pattern for 0.2 g 

of Sp-OM addition. The other treatments did not show 

dramatic changes.  

Higher values tend to indicate 

humification. It seems that molecules 

kept breaking down until day 8. Less 

aromatic and higher C/N ratio. 

FI No dramatic 

changes at 1.7 

Higher than control at day 0 (2.9). Progressive decrease 

to 1.7 by day 8. Quasi-steady until day 16 at control 

values. Similar pattern for the other treatments, 

showing higher values with OM addition. 

Higher than 1.8 means contribution of 

microbial derived OM to the DOM 

pool.  

BIX No dramatic 

changes at 0.8 

Started at lower values (0.43). Progressive increase 

until day 8 at 1.0. Quasi-steady for the remainder time. 

The other treatments showed no dramatic changes with 

lower values than the control with OM addition.  

Normally values higher than 1 

correspond to recently produced 

DOM. We only see that tendency with 

0.4 g of SpOM treatment. 

FLR_A No dramatic 

changes at 1.5 

Progressive decrease from 71.5 to 8.8 during the first 8 

days. Quasi-steady for the remainder of incubation. In 

general, there is a positive gradient with OM addition 

during the initial conditions. Similar pattern for the 

other treatments.   

Relative amount of humic-like, 

aromatic substances of terrestrial 

origin (Fellman et al., 2010). It seems 

that there is an increase in something 

with a similar response of humic-like 

DOM with SpOM addition. 1
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FLR_B No dramatic 

changes at 1 

Progressive increase until day 4 at 160. Quasi-steady 

conditions by the end of the incubation ending at 173. 

Similar pattern for 0.2 g of SpOM addition with a 

progressive increase until day 8 at 61. No dramatic 

changes for the other treatments.  

Relative protein-like DOM associated 

with “food.” Other authors suggest it 

is a by-product of microbial activity. 

In this case, as it increased with what 

seems to be microbial activity, it may 

be associated with a by-product-type 

DOM.  

FLR_C No dramatic 

changes at 1.5 

Day 0 started at 37. Progressive decrease by day 8 

ending at 5.3. Quasi-steady by the end of the 

incubation, higher than the control. Positive gradient 

with OM addition, higher than the control. Treatments 

follow a similar pattern than the 0.4 g of SpOM 

addition.  

Relative number of humic-like 

substances of terrestrial source 

(Stedmon and Markager 2005). It 

seems that there is an increase in 

something with a similar response of 

humic-like DOM with SpOM addition, 

possibly associated with the pigments 

or other components of the algae.  

FLR_ D  No dramatic 

changes at 0.7 

Initial conditions at 5 with no changes until day 2 

showing a progressive decrease until day 8. Quasi-

steady conditions after day 8. For the other treatments, 

there is a positive gradient with OM addition showing 

no dramatic changes with the development of the 

incubation.  

Relative amount of fulvic-like DOM 

associated with microbes’ substrate. 

We saw an enrichment but an apparent 

consumption after day 2 only with 0.4 

g of SpOM addition.  

FLR_F No dramatic 

changes at 0.7 

Higher than control at day 0 (30). Progressive decrease 

to 3.3 by day 8. Quasi steady until day 16 slightly 

higher than control values. Similar pattern for the other 

treatments, showing higher values with OM addition. 

Relative amount of “quinoid-like” 

humic DOM. It seems that the 

spirulina addition enriched the DOM 

in a type of humic DOM similar to 

quinoid that acted as substrate (food) 

for microbes. 

FLR_ M No dramatic 

changes at 0.7 

Initial conditions higher (9) than the control. Values 

decreased by day 1 and maintained quasi-steady for the 

remainder of incubation at 7. For the other treatments 

we saw a positive gradient with higher the OM addition 

Relative amount of “marine-like” 

DOM. There was an enrichment with 

the SpOM addition by the end of the 

incubation.   

1
6
2
 



 

following a similar pattern than the 0.4 g of Sp-OM 

addition. 

FLR_ N No dramatic 

changes at 0.7 

Initial value higher than the control at 15, peaking at 

day 1 with 30. Decrease by day 2 to 10 and stayed in 

quasi steady conditions for the remainder of the 

incubation. Similar pattern for the other treatments, 

showing a gradient with Sp-OM addition. However, the 

highest the OM addition, the dramatic the peak. 

Relative amount of algal derived 

DOM enriched with spirulina addition. 

FLR_ T No dramatic 

changes at 0.7 

Similar pattern to region N. Initial value higher than the 

control at 20, peaking at day 1 with 55. Decrease by 

day 2 to 30 and stayed in quasi steady conditions for the 

remainder of the incubation. Similar pattern for the 

other treatments, showing a gradient with Sp-OM 

addition. However, the highest the OM addition, the 

dramatic the peak. 

Relative amount of “protein-like” 

DOM from microbial sources (Moran 

et al., 2000) resembling amino acid 

tryptophan (Fellman et al., 2010). 
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Table S14a. Chapter 3 gradient in organic matter incubation experiment data set, including replication and blanks.  
 

Locatio

n 

OM Treatment  Sampl

e Day  

Date 

(dd/mm/yyy

y) 

Cache 

Creek 

Rumse

y 

Water 

(g) 

A2-

C2 

Mix 

Soil 

(g) 

Spirulin

a (g) 

pH Redo

x 

(mV) 

Eh 

mV 

MeHg 

(ng/L) 

THg 

(ng/L

) 

NO3

-

NO2 

(mg-

N/L) 

NH4 

(mg-

N/L) 

PO

4 

(ug-

P/L

) 

CCSB Control 0 19/09/2022 200.1 50.0

8 

0 7.5

3 

168.6 372.8 0.0699 21.9 33.0 0.00 587 

CCSB 0.025 0 19/09/2022 200.06 50.0

9 

0.02634 7.4

6 

163.1 367.3 0.0679 18.2 19.0 0.18 713 

CCSB 0.05 0 19/09/2022 200.07 50.2 0.05522 7.4

1 

166.4 370.6 0.0603 25.4 8.4 0.35 371 

CCSB 0.1 0 19/09/2022 200.08 50.1 0.10174

3 

7.3

0 

178.3 382.5 0.0819 24.4 6.6 0.45 661 

CCSB 0.2 0 19/09/2022 200.08 50.3 0.20114 7.8

5 

33.5 237.7 0.138 28.6 1.6 2.41 139

0 

CCSB 0.4 0 19/09/2022 200.06 50 0.40309 7.7

2 

30.8 235.0 0.165 35.1 0.5 2.82 295

0 

CCSB Control 1 20/09/2022 200.08 50.0

3 

0 7.4

7 

56.5 260.7 0.0314 19.1 27.6 0.05 280 

CCSB 0.025 1 20/09/2022 200.05 50.1

2 

0.02672 7.5

0 

107.3 311.4 0.11 19.6 n.a. 0.43 739 

CCSB 0.05 1 20/09/2022 200.06 50 0.05034 7.5

6 

98.4 302.6 0.119 25.7 0.1 0.87 622 

CCSB 0.1 1 20/09/2022 200.07 50.3 0.10204 7.4

1 

53.7 257.9 0.27 15.9 0.1 1.82 817 

CCSB 0.2 1 20/09/2022 200.12 50 0.20293 7.2

2 

-

112.4 

91.8 3.69 50.9 0.3 2.75 518 

CCSB 0.4 1 20/09/2022 200.02 50 0.40327 6.9

2 

-

116.9 

87.3 11.1 71.7 0.4 4.55 331 1
6
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CCSB Control 2 21/09/2022 200.08 50.3 0 7.5

6 

24.0 228.2 0.0586 16.4 0.1 0.19 494 

CCSB 0.025 2 21/09/2022 200.13 50.0

1 

0.02521 7.4

6 

96.2 300.4 0.147 16 n.a. 0.78 252 

CCSB 0.05 2 21/09/2022 200.05 50.1 0.05358 7.2

2 

67.2 271.4 0.201 12.9 n.a. 1.17 241 

CCSB 0.1 2 21/09/2022 200.09 50.3 0.10028 7.1

8 

83.7 287.9 0.36 20.7 0.1 2.09 264 

CCSB 0.2 2 21/09/2022 200.02 50.2 0.20248 7.0

0 

-

138.9 

65.3 2.77 37 0.1 8.87 393 

CCSB 0.4 2 21/09/2022 200.09 50.2 0.40116 6.8

6 

-

275.7 

-71.5 22.9 113 0.3 7.68 688 

CCSB Control 4 23/09/2022 200.09 50.0

5 

0 7.5

2 

73.8 278.0 0.102 13.9 n.a. 0.28 649 

CCSB 0.025 4 23/09/2022 200.13 50.1

8 

0.02574 7.2

6 

59.5 263.7 0.12 16.3 n.a. 1.12 323 

CCSB 0.05 4 23/09/2022 200.06 50.0

1 

0.05136 7.2

2 

24.7 228.9 0.204 14.2 0.1 1.60 31.7 

CCSB 0.1 4 23/09/2022 200.09 50.2 0.10069 7.1

0 

-

102.6 

101.6 0.63 15.3 n.a. 2.81 167 

CCSB 0.2 4 23/09/2022 200.06 50.2 0.20385 7.0

5 

-

456.5 

-

252.3 

14 50.5 n.a. 4.35 106

0 

CCSB 0.4 4 23/09/2022 200.09 50.2 0.40118 6.8

8 

-

458.3 

-

254.1 

28.6 83.3 n.a. 15.8

1 

178

0 

CCSB Control 8 27/09/2022 200.08 50.1

4 

0 7.2

9 

75.7 279.9 0.0713 11.2 n.a. 0.36 369 

CCSB 0.025 8 27/09/2022 200.11 50.0

8 

0.02604 7.1

5 

59.8 264.0 0.229 13.9 n.a. 1.13 135 

CCSB 0.05 8 27/09/2022 200.02 50.1 0.05067 7.0

4 

-85.2 119.0 0.161 9.06 n.a. 2.27 191 

CCSB 0.1 8 27/09/2022 200.06 50.3 0.10284 6.9

6 

-

391.1 

-

186.9 

0.166 22.2 n.a. 3.01 531 1
6
5
 



 

CCSB 0.2 8 27/09/2022 200.09 50 0.20219 6.9

8 

-

433.2 

-

229.0 

5.08 32.9 n.a. 4.45 798 

CCSB 0.4 8 27/09/2022 200.08 50 0.40027 6.8

5 

-

470.1 

-

265.9 

9.59 36.9 n.a. 16.5

7 

979 

CCSB Control 16 05/10/2022 200.12 50.0

2 

0 6.8

9 

92.7 296.9 0.0603 9.27 n.a. 0.64 297 

CCSB 0.025 16 05/10/2022 200.09 50.0

3 

0.02591 6.9

7 

-

107.0 

97.2 0.036 8.65 n.a. 1.06 610 

CCSB 0.05 16 05/10/2022 200.08 50.1 0.05126 6.9

3 

-

120.3 

83.9 0.143 12.2 n.a. 2.24 132

0 

CCSB 0.1 16 05/10/2022 200.11 50.3 0.10197 6.8

3 

-

296.4 

-92.2 0.213 19.8 n.a. 2.98 392

0 

CCSB 0.2 16 05/10/2022 200.06 50.1 0.20331 6.8

9 

-

275.4 

-71.2 0.258 12 n.a. 8.80 411

0 

CCSB 0.4 16 05/10/2022 200.1 50.1 0.40244 6.8

5 

-

457.1 

-

252.9 

2.07 17.8 n.a. 9.06 218 

CCSB Control 16 19/09/2022 200.16 50.0

4 

0 7.1

0 

-

161.9 

42.3 0.101 8.3 n.a. 0.84 342 

CCSB 0.025 2 20/09/2022 200.1 50.1

1 

0.02507 7.4

4 

98.4 302.6 0.119 19.8 n.a. 1.44 502 

CCSB 0.05 1 21/09/2022 200.08 50.1 0.05286 7.5

2 

90.8 295.0 0.138 23.4 n.a. 2.03 212 

CCSB 0.1 4 23/09/2022 200.13 50.1 0.10265 7.1

6 

-

134.3 

69.9 0.586 14.7 n.a. 5.48 858 

CCSB 0.2 8 27/09/2022 200.13 50.2 0.20428 6.9

5 

-

476.4 

-

272.2 

5.26 29.6 n.a. 8.14 234

0 

CCSB 0.4 0 05/10/2022 200.09 50.3 0.40372 7.8

4 

27.0 231.2 0.173 27.1 0.8 3.64 -

4.43 

CCSB Blank -- 27/09/2022 -- -- -- 8.3

1 

145.3 349.5 0.0261 0.446 n.a. -

0.03 

-

6.48 

CCSB Blank -- 05/10/2022 -- -- -- 8.3

2 

160.8 365.0 0.0024

1 

0.5 0.1 -

0.02 

-22 1
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CCSB CC Water 

Rumsey 

-- -- -- -- -- -- -- -- 0.0123 1.49   -

0.07 

-

23.2 

CCSB CC Water 

Rumsey 

-- -- -- -- -- -- -- -- 0.135 1.82 
 

-

0.07 

-

22.7 

CCSB Control 1 26/10/2022 200.46 50.1 0 6.7

2 

150.8 355.0 
 

17.1 
 

  
 

CCSB 0.1 16 26/10/2022 200.48 50.1 0.12492 6.8

3 

-

296.4 

-92.2 
 

19.8 
 

3.49 
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Table S14b.Chapter 3 gradient in organic matter incubation experiment data set, including replication and blanks. 
 

Soil 

Sampl

e 

Locati

on 

OM 

Treatment  

Samp

le 

Day  

Sample 

Date 

(dd/mm/yy

yy) 

Sampl

e ID 

Fe 

(mg/ 

L) 

Mn 

( 

mg/ 

L) 

Al 

(mg

/ L) 

DO

C 

(mg

/ L) 

TN 

(mg/

L) 

SUVA2

54 (L/ 

mg-m) 

SO4 

(mg/ 

L) 

Cl 

(mg/ 

L) 

Soil 

Me

Hg 

(pg/ 

mg) 

dry 

wt. 

Soil 

Me

Hg 

Flag 

CCSB Control 0 19/09/2022 A-0 0.05

7 

-

0.00

7 

0.31

8 

64 10.20 0.2452 144.09

3 

121.36

12 

0.73 a 

CCSB 0.025 0 19/09/2022 B-0 -

0.03

5 

-

0.00

9 

0.20

7 

66 10.85 0.2955 103.44

01 

91.486

7 

0.98 a 

CCSB 0.05 0 19/09/2022 C-0 -

0.08

9 

-

0.00

9 

0.08

5 

70 11.13 0.3505 68.520

2 

53.454

3 

1.10 
 

CCSB 0.1 0 19/09/2022 D-0 -

0.03

3 

-

0.00

8 

0.14

4 

72 11.66 0.4349 64.298 55.870

6 

1.30 
 

CCSB 0.2 0 19/09/2022 E-0 0.01

5 

-

0.00

7 

0.19

6 

67 14.36 0.5490 122.71

05 

109.86

79 

0.49 
 

CCSB 0.4 0 19/09/2022 F-0 0.37

9 

0.00

2 

0.48

8 

100 24.67 1.2060 123.98

23 

107.83

26 

1.59 a 

CCSB Control 1 20/09/2022 A-1 0.06

7 

-

0.00

1 

0.21

0 

14 10.43 0.2982 112.44

68 

103.16

3 

0.81 a 

CCSB 0.025 1 20/09/2022 B-1 -

0.11

9 

0.02

3 

0.05

2 

134 5.00 0.3374 139.02

46 

143.00

67 

0.85 a 
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CCSB 0.05 1 20/09/2022 C-1 0.03

2 

0.00

5 

0.13

7 

117 4.46 0.3686 102.36

03 

98.941

1 

1.13 
 

CCSB 0.1 1 20/09/2022 D-1 -

0.00

9 

0.12

1 

0.11

4 

57 4.23 0.4043 106.40

38 

140.52

87 

1.18 
 

CCSB 0.2 1 20/09/2022 E-1 -

0.13

8 

0.00

8 

0.07

5 

59 7.26 0.4446 112.23

71 

121.70

87 

1.25 
 

CCSB 0.4 1 20/09/2022 F-1 -

0.03

8 

1.07

6 

0.05

1 

208 22.87 0.6944 87.577

7 

108.88

48 

2.93 a 

CCSB Control 2 21/09/2022 A-2 -

0.03

5 

-

0.21

5 

0.07

9 

67 4.35 0.3145 95.370

1 

90.641

8 

0.70 a 

CCSB 0.025 2 21/09/2022 B-2 -

0.07

4 

-

0.11

3 

0.08

3 

108 2.63 0.3438 102.72

74 

92.787

1 

1.30 a 

CCSB 0.05 2 21/09/2022 C-2 -

0.08

8 

0.22 0.06

8 

107 3.28 0.3793 97.966

7 

87.507

4 

0.95 
 

CCSB 0.1 2 21/09/2022 D-2 -

0.07

6 

0.79

5 

0.06

8 

49 5.04 0.4047 99.442

3 

133.03

38 

1.47 
 

CCSB 0.2 2 21/09/2022 E-2 -

0.05

8 

1.73

8 

0.04

3 

86 12.03 0.5379 97.910

9 

104.71

48 

2.03 
 

CCSB 0.4 2 21/09/2022 F-2 -

0.05

5 

2.83

5 

0.05

9 

236 29.53 0.8203 102.64

66 

123.73

94 

3.99 a 

CCSB Control 4 23/09/2022 A-4 0.33 -

0.16

5 

0.12

9 

66 0.89 0.3310 110.37

13 

106.24

42 

0.77 a 
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CCSB 0.025 4 23/09/2022 B-4 -

0.03

3 

0.74

4 

0.08

7 

106 2.09 0.3810 111.10

25 

107.52

33 

1.02 a 

CCSB 0.05 4 23/09/2022 C-4 -

0.05

4 

1.57

9 

0.07 87 3.61 0.3898 66.086

1 

65.691 1.28 
 

CCSB 0.1 4 23/09/2022 D-4 -

0.02

1 

2.30

1 

0.27

7 

28 6.26 0.5231 91.714

6 

93.678 1.56   

CCSB 0.2 4 23/09/2022 E-4 0.23

1 

3.32

4 

0.05

2 

66 10.35 0.7899 108.46

23 

108.29

34 

3.13   

CCSB 0.4 4 23/09/2022 F-4 0.93

4 

5.21 0.05

3 

157 24.89 1.1477 89.003

7 

107.27

01 

5.41 a 

CCSB Control 8 27/09/2022 A-8 1.28

7 

0.46

2 

0.06

1 

64 0.88 0.3425 133.70

07 

121.19

68 

0.70 a 

CCSB 0.025 8 27/09/2022 B-8 -

0.08

6 

1.51

8 

0.09

5 

98 2.48 0.3769 100.03

12 

91.186

8 

1.15 a 

CCSB 0.05 8 27/09/2022 C-8 -

0.01

6 

2.24

4 

0.06

1 

51 4.46 0.4177 115.81

25 

124.32

15 

1.06   

CCSB 0.1 8 27/09/2022 D-8 1.09

5 

3.32

5 

0.04

1 

28 6.99 0.6042 105.09

05 

103.27

63 

0.92   

CCSB 0.2 8 27/09/2022 E-8 1.07

8 

3.95 0.04

2 

80 15.55 0.8298 67.299

5 

116.83

59 

2.29   

CCSB 0.4 8 27/09/2022 F-8 2.8 4.22

8 

0.06

8 

172 26.95 1.0447 8.1863 108.48

43 

3.61 a 

CCSB Control 16 05/10/2022 A-16 -

0.07

9 

1.44

4 

0.07

6 

89 1.30 0.3576 84.832

1 

82.092

3 

1.01 a 

1
7
0
 



 

CCSB 0.025 16 05/10/2022 B-16 -

0.07

8 

2.08

9 

0.06

5 

87 2.79 0.4134 126.76

87 

109.27

73 

1.11   

CCSB 0.05 16 05/10/2022 C-16 0.13

6 

3.15

5 

0.06

5 

44 5.84 0.5351 110.39

09 

103.09

24 

0.85   

CCSB 0.1 16 05/10/2022 D-16 
   

21 7.61 0.6002 66.934 90.780

3 

0.91   

CCSB 0.2 16 05/10/2022 E-16 1.04

8 

3.76

3 

0.33

6 

64 18.03 0.7803 0.0929 138.61

27 

0.82   

CCSB 0.4 16 05/10/2022 F-16 1.42

7 

4.73

3 

0.05

3 

132 38.47 0.9090 0.0919 134.48

29 

1.67 a 

CCSB Control 16 19/09/2022 A-16 

rep 

-

0.08

5 

1.58

3 

0.09

6 

76 1.18 0.3691 11.600

5 

11.809

1 

1.10 a 

CCSB 0.025 2 20/09/2022 B-2 rep -

0.09

7 

-

0.16

3 

0.07

7 

104 2.18 0.3260 145.00

81 

131.81

46 

0.92 a 

CCSB 0.05 1 21/09/2022 C-1 rep -

0.12

8 

-

0.19

9 

0.04

7 

119 4.56 0.3877 153.92

86 

148.84

11 

1.32   

CCSB 0.1 4 23/09/2022 D-4 rep -

0.00

5 

2.27

9 

0.05

6 

27 5.77 0.5065 120.48

78 

106.29

1 

1.34   

CCSB 0.2 8 27/09/2022 E-8 rep 2.12

8 

3.39

3 

0.05

8 

51 9.01 0.8075 73.397

4 

123.31

64 

1.04   

CCSB 0.4 0 05/10/2022 F-0 rep 0.02

1 

-

0.22

9 

0.14

6 

89 19.35 1.0300 165.19

5 

144.03

13 

1.11 a 

CCSB Blank -- 27/09/2022 Blank 

1 

-

0.13

3 

-

0.23

2 

0.04

2 

      0.1656 11.698

9 

    

1
7
1
 



 

CCSB Blank -- 05/10/2022 Blank 

2 

-

0.11

9 

-

0.23

4 

0.04

7 

      0.1667 20.351 
 

  

CCSB CC Water 

Rumsey 

-- -- CC-R-

1 

-

0.12

5 

-

0.23

8 

0.04

9 

5 0.27 0.0059         

CCSB CC Water 

Rumsey 

-- -- CC-R-

2 

-

0.13

7 

-

0.23

8 

0.04

2 

8 0.08 0.0124 
    

CCSB Control 1 26/10/2022 A-

1redo 

-

0.08

9 

-

0.23

2 

0.10

2 

       

CCSB 0.1 16 26/10/2022 D-

16redo 

1.68

5 

3.66

8 

0.39

3 
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Table S15. Chapter 3 mercury analyses quality assurance and control 
 

QA/QC Parameters THg MeHg MeHg 

Matrix water water soil 

MDL 0.02 0.015 0.10 

MDL_(final_units) ng/L ng/L µg/kg dry wt. 

RL 0.2 0.03 0.2 

RL_(final_units) ng/L ng/L µg/kg dry wt. 

DUP_RD_(%) 2 12 11 

DUP_N 2 3 4 

REP_RD_(%) 7 8 19 

REP_N 6 6 6 

OPR_Mean_Recovery_(%) 94 93 94 

OPR_N 9 11 15 

MS_Mean_Recovery_(%) - 85 80 

MS_N - 7 5 

CRM_Name - - SQC 1238-50G 

CRM_Type - - Soil 

CRM_Lot_Number - - LRAB9919 

CRM_Certified_Value - - 14.8±0.5 

CRM_Certified_Units - - µg/kg 

CRM_Mean_Recovery (%) - - 77 

CRM_N - - 16 

External_Lab_CRM - - 83 

External_Lab_CRM_N - - 2 

External_Lab_UCM_Dup_RD% - - 16 

External_Lab_UCM_Dup_N - - 2 1
7
3
 



 

Blanks_Mean 0.55 0.01 - 

Blanks_N 2.0 2 - 

Method_Blank_Mean 0.07 0.008 0.04 

Method_Blank_N 3.0 4 3 

Source_xlsx Study3_Table_Water_Soil_Data Study3_Table_Water_Soil_Data Soil_MeHg_Extraction 

 
   

Soil MeHg  "a" flag CRM between 60-80%, Matrix spike between 75-125% 
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Figure S1. Linear regressions for Standard Test and Stress Test for MeHg water 

with DOC, Sulfate, Iron and Manganese. Note: values are log transform 
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Figure S2. Fluorescence spectrometry figures from chapter 3 
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