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Fluvial Total Mercury and Methylmercury in the Napa River Watershed: An 

Agricultural Impact Assessment 

Travis J. Esquivel 

 

Abstract 

Agricultural sulfur loading to vineyard soils has been reported to drive in situ mercury (Hg) 

methylation via microbes (with the hgcAB gene cluster) using sulfate in their metabolic 

process as an electron acceptor whereby they interconvert Hg to toxic methylmercury 

(MeHg). The Napa Valley, famous for world-renowned wines, is an ideal landscape to study 

the impact of sulfur loads potentially increasing MeHg concentrations in soils and fluvial 

waters. Fluvial system MeHg production is largely understudied. The goal is to characterize 

Hg abundance in vineyard irrigation and effluent waters, as well as the Napa River, that 

discharge into the San Pablo Bay critical wildlife habitat where bioaccumulation and 

biomagnification occur. Surface waters were collected and analyzed for: total mercury (THg), 

MeHg, dissolved organic carbon (DOC), sulfate (SO₄²⁻), and total suspended solids (TSS) 

during the rainy season of 2022/2023. Hg species were found in low concentrations - THg 

(0.53 - 20.09 ng/L, x̄ = 4.90 ng/L), MeHg (0.01 - 0.29 ng/L, x̄ = 0.10 ng/L) despite high [SO₄ 

²⁻] (7.58 - 192.08 mg/L, x̄ = 40.80) clearly indicating the agricultural signal. Positive THg and 

DOC correlations were noted in vineyard and background sites (R² = 0.53 and R² = 0.96, 

respectively) in the dissolved fraction. Agrarian SO₄ ²⁻ loading was not associated with 

elevated [MeHg] in fluvial waters. MeHg production in fluvial systems is complex with many 

geochemical and environmental controls governing MeHg fate and requires further 

investigation to resolve unknowns. 

 



viii 
 

Acknowledgements 

Peter Weiss-Penzias 

Nettie Calvin 

Eve-Lyn S. Hinkley 

Carl Lamborg  

Douglas Castro 

 

 

 

 

 

 

 

 

 



1 
 

1. Introduction 

Mercury (Hg) is a neurotoxin in humans and wildlife that has brought upon fish consumption 

advisories, especially regarding subsistence fishing (San Francisco Regional Water Quality 

Control Board, 1995; California Department of Public Health, Office of Environmental Hazard 

Assessment, EPA). A wide range of neurological, renal, and gastrointestinal systems 

symptoms are produced from toxic levels of Hg exposure (Kolipinski et al., 2020; Alpert et al., 

2013). Human and wildlife Hg exposure concerns are primarily related to the organometallic 

form, methylmercury (MeHg). Hg species typically found in the environment are inorganic, 

however (Hsu-Kim et al., 2018) elemental and inorganic Hg species are routinely altered to 

the organometallic form. These transformations are facilitated through metabolic processes of 

anaerobic microorganisms including iron- and sulfate-reducing bacteria (SRB) found in soils 

and sediments (e.g. Desulfovibrio desulfuricans, Desulfobulbus proprionicus) (Kolipinski et 

al., 2020; Frohne et al., 2012; Schaefer et al., 2011). Deltaproteobacteria, Clostridia, and 

Methanomicrobia are some of the main strains performing methylation (Gilmour et al., 2011; 

Ranchou-Peyruse et al., 2009; Yu et al., 2013). The most studied methylators are SRB, 

which produce energy by using sulfate as an electron acceptor (Luo et al., 2023; Compeau 

and Bartha, 1985). SRB Hg bio-methylation was examined (Acha et al., 2011) in periphyton 

to determine correlations between SRB abundance and Hg2+ methylation capacity. Acha et 

al., 2011 states “a very linear correlation” was discovered between net MeHg production and 

Desulfobacteraceae abundance suggesting Desulfobacteraceae were the most crucial SRB 

group in MeHg production (Acha et al., 2011). These microbes exist in freshwater 

environments, and reproduce in anoxic zones e.g., stratified water column, saturated soils, 

benthic sediments, and periphyton biofilms (Neal-Walthall et al., 2022; Luo et al., 2023). 

These environmental settings provide the most common pathway for MeHg production via 

microorganismal Hg methylation (Luo et al., 2023; Bravo and Cosio, 2020). While 

aforementioned bacteria have been identified as main contributors in the methylation process 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/micro-organism
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(Frohne et al., 2012), certain MeHg production mechanisms are poorly understood. Hg redox 

state plays a major role in eventual Hg species fate. More knowledge regarding microbes' 

ability to oxidize elemental Hg to Hg (II) making subsequent methylation possible (Yu and 

Barkay, 2022) is needed. The most recent discoveries, about a decade ago, involved hgcAB 

gene identification (Parks et al., 2013; Yu and Barkay, 2022). The discovery of Hg 

methylation genes (hgcAB) provided a significant contribution in understanding the encoded 

protein functions and molecular methylation mechanisms (Yu and Barkay, 2022). However, 

much is left to decrypt as the minutia of intracellular gene process is still unclear (Cooper et 

al., 2020). Furthermore, microbial physiological advantages and the mechanism of 

evolutionary adaptation regarding Hg methylation (Yu and Barkay, 2022) remain a mystery 

hidden in the dark anoxic soils where these microbes reside. Reducing environments are 

typically characterized by low pH in which microbial methylation is favored (Barkay and 

Wagner-Döbler, 2005). In addition to microbes and abiotic processes, the potential of 

hydrogen (pH) and DOC concentrations in water strongly influence Hg methylation in aquatic 

environments, (kopiliski et al., 2020; UNEP, 2013; Barkay and Wagner-Döbler, 2005) and 

function as geochemical controls. Hg speciation, solubility, mobility, and aquatic environment 

toxicity are all affected by the strong interaction between DOC and Hg (Ravichandran, 2003). 

DOC can inhibit methylation by organo-metallic complexation which reduces the amount of 

available inorganic Hg for methylation. Conversely, DOC can enhance methylmercury 

generation in some environments by stimulating microbial growth (Ravichandran, 2003). 

The aquatic environmental settings described above are home to fish that bioaccumulate 

MeHg through their diet (Hall et al., 1997) and MeHg is the primary bioaccumulative Hg 

species accounting for over 95% found in fish (Bloom, 1992). Biomagnification occurs up the 

food chain as lower trophic level species are consumed by higher trophic level predators. The 

highest trophic level, final consumers, include humans and have the greatest “body burdens” 
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of MeHg (Kopliliski et al., 2020). Eating fish containing methylmercury is the most common 

way people are exposed to mercury in the United States (EPA). 

Elevated levels of Hg in fluvial waters have been identified by other researchers downstream 

from legacy Hg mining operations and agricultural land usage (Kolipinski et al., 2020; 

Domagalski, 2001). Legacy Hg mining operations in this geologic province provide insight 

regarding the presence and extent of potential mercury deposits in the watershed. 

Agricultural land usage has been shown to impact MeHg abundance and production (Rogers, 

1976; Domagalski, 2001; Marvin-DiPasquale et al., 2014). Napa Valley’s agrarian landscape 

is a good place to characterize fluvial Hg concentrations. This is due in part to the physical 

structure of the valley, agricultural land usage, and geologic Hg abundance. The Napa River 

serves as a highway for fluvial chemical transport and provides a useful matrix for analysis. It 

flows over 55 miles through the valley floor from its headwaters in Calistoga to its drainage 

basin in the San Pablo Bay critical wildlife habitat. These critical wildlife habitat wetlands have 

been shown to contain high trophic level species with elevated Hg concentrations (Kolipinski 

et al., 2020). Wetlands like this critical habitat are ideal environmental settings for inorganic 

Hg methylation. Characterized by anoxic soils subjected to sustained periods of saturation, 

wetlands are considered methylation “hotspots” (Hsu-Kim et al., 2018). These “hotspots” are 

home to the microbes that methylate in situ Hg (Frohne et al., 2012). Understanding Hg 

loading to this sensitive habitat is essential to ensure public safety. This leads to investigation 

of these interconnected natural and anthropogenic systems. The Napa Valley remains a 

largely unstudied region with respect to mercury in fluvial waters. There is poor knowledge 

regarding MeHg production and export to the Napa River due to the presence of vineyards 

elemental sulfur applications to soils as fungicides. 

A knowledge gap exists regarding data on Hg presence and fate in streams and soils in the 

Napa Valley. The region is famous for its world-renowned grape and wine production with 

significant portions of agricultural land usage. Pockets of enriched geologic Hg in this 
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geologic province are a concern due to the high potential for methylation to occur 

downstream in the wetlands. A common organic farming practice is to apply elemental sulfur 

to vineyard soils as a fungicide to combat powdery mildew during the harvest season. This 

practice has been linked to increases in MeHg production (Hinkley and Matson, 2011; 

Driscoll et al., 2003; Driscoll et al., 2007) as the sulfur stimulates activity by SRBs in the soil. 

SRBs utilize sulfur and carbon in their metabolic process resulting in methyl group addition to 

in situ inorganic Hg. Transformation of inorganic Hg to organic Hg enables biological systems 

to readily uptake and store the pollutant.  

This study aims to characterize the abundance of THg and MeHg (filtered and unfiltered), in 

conjunction with ancillary analytes, in fluvial waters of the Napa Valley Watershed, 

incorporating temporal and geospatial parameters. The suite of ancillary analytes includes 

dissolved organic carbon (DOC), sulfate (SO₄ ²⁻), and total suspended solids (TSS). The 

question we attempt to answer focuses on the sulfur loading impact on MeHg generation with 

subsequent fluvial mobilization within the watershed as agricultural runoff. Furthermore, did 

temporal conditions and geographic location influence THg or MeHg concentrations under a 

variety of hydrologic flow states during the actively stormy year of 2023. To address this 

query, we sampled the Napa River at multiple sites, along with vineyard and non-vineyard 

ephemeral tributaries. Sample acquisition timing was determined by what other researchers 

have identified as seasonally dependent elevated MeHg periodicity (Conaway et al., 2003; 

Balogh et al., 2002). This is especially relevant in a Mediterranean climate watershed like that 

found in the Napa Valley where hydrologic connectivity is dictated by precipitation events. 
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2. Methods and Materials 

In an effort to capture the elevated periodicity of MeHg, THg, and other important analytes, 

sampling was conducted during seasonal peak flows. Analyte concentrations are typically 

higher when full hydrologic connectivity is engaged during peak watershed discharge. Peak 

flows in the Napa River are rainfall-dominated and occur between November and early April, 

with the majority in December through February (CA Waterboards). The hydrologic 

components determining the temporal sampling factor resulted in sample sets collected in 

January, February, and March. Hydrologic variations between the sample sets (Figure 1) 

resulted in (2) “high flow” sample sets (January and March), and (1) “low flow” sample set 

(February). Property access to the vineyard sites in this study was enabled by preexisting 

relationships between Eve-Lyn S. Hinckley, University of Colorado Boulder and landowners 

she previously worked with through her extensive research in the Napa Valley (Hinckley and 

Matson, 2011; Hinckley et al., 2011; Hinckley and Matson, 2009; Hinckley et al., 2020).  

Water samples were collected at ten different locations (Figure 2) in January, February, and 

March of 2023 - and 3 locations in December 2023. All samples were collected by walking to 

the edge of the water and collecting a grab sample with a gloved hand in a laminar flow 

region of the streams. Special care was taken to ensure sample collection avoided eddies in 

the streams. In January, February, and March, samples were collected from 4 Napa River 

locations, 4 vineyard locations, and 2 background streams. The list of Napa River sites 

sampled includes (arranged downgradient): Napa River 1 - headwaters (NR1), Napa River 2 - 

Pope St. bridge (NR2), Napa River 3 - Yountville cross (NR3), and Napa River 4 - oxbow 

park (NR4). For vineyard and forested background samples, the site code acronyms define 

the location and sample type. The first letter defines the specific vineyard (C, H, T, P), and 

the second and third letters define the environmental/site setting (i.e. FB = forested 

background, VD = vineyard ditch, or VE = vineyard effluent). The vineyard/background list is 

as follows (arranged downgradient): CFB, CVE, TFB, HVD, PVD, and PVE. “Paired sites” are  
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Figure 1. Napa River hydrographs from the (A) St. Helena and (B) Napa gauges. Discharge 
volumes are on the Y-axes with time on the X-axes. Stars indicate specific sampling times in 

the hydrograph. This data illuminates flow conditions during sample acquisition trips in 
January, February, and March of 2023 (Hydrographs provided by the USGS, 

waterdata.usgs.gov). 

 

 

B
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Figure 2. Google Earth image of study area (NRW) where samples were collected. The (4) 
river, (4) vineyard, and (2) forested background sites are indicated by yellow pushpins. Paired 

sites comparisons include CFB with CVE (vineyard C, forest background vs vineyard 
effluent), as well as TFB (Vineyard T, forested background) with HVD (vineyard H, vineyard 
ditch), PVD (vineyard P, vineyard ditch), and PVE (vineyard P, vineyard effluent). Vineyard 

sites include CVE, HVD, PVD, and PVE. Forested background sites are CFB and TFB. River 
sites shown with labels indicating specifics of location. 

assemblages of sites that include a background and test site or sites, they include: CFB with 

CVE, and TFB with HVD, PVD, and PVE.  

The CFB/CVE sites were selected for this study because of the engineered hillslope vineyard 

(CVE) that funnels all effluent to an isolated drainage culvert that has potential to serve as a 

point source of pollution (Figure 3). CFB is the forested background site paired to CVE, both 

sites are located on this property. In addition to this, the vineyard location is high in the NRW 

and is devoid of upgradient anthropogenic influence (Figure 4 and 5). The other vineyard 

sites were selected because they are subject to upgradient agricultural influences from their 

location in the valley floor. At site PVD/PVE, there is access to irrigation ditches draining 

vineyards as well as an isolated culvert that drains the PVE vineyard enabling the 

determination as a potential point source of pollution. Site TFB is the forested background  



8 
 

 

Figure 3. Figure shows (3) images at site CVE (vineyard C, vineyard effluent). Image A 
shows the vineyard hillslope. Image B shows the view looking up the hillslope illustrating the 
topography of the location as it funnels all runoff and effluent down to the central point at the 

bottom of the vineyard slope marked by metal poles and a hidden culvert beneath the 
boulders. Image C shows vineyard effluent draining the hillslope as a tributary with arrow 

indicating where sample was collected. 

 

Figure 4. Aerial view of study area with insets showing paired sites and geographic 
relationships between sites. 
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Figure 5. Topographic map view of paired sites CFB and CVE (vineyard C, forest background 
vs vineyard effluent) showing the geographic site location relative to each other and their 
location in the watershed. CVE is a vineyard effluent site and serves as a potential point 

source in this study. The redline indicates the upper extent of the NRW. This image provides 
geospatial information, absence of anthropogenic influence above sites in the watershed. 

(Image courtesy of Google Earth and Google Maps) 

site proximal to the vineyard sites HVD, PVD, and PVE (Figure 4 and 6). The Napa River 

sampling sites (Figure 2 and 7) were selected to capture “big picture” dynamics of the river 

and transport vectors. NR1 - headwaters in Calistoga was the farthest upstream location that 

the general public can access. NR2 - Pope St. bridge is located before the confluence with a 

tributary draining Lake Hennessey. NR3 - Yountville cross is located downgradient from the 

valley floor vineyard locations (HVD, PVD, and PVE). Finally, NR4 - oxbow park was selected 

as the farthest downstream in the Napa River that is not tidally influenced.  

2.1 First flush. An additional sample acquisition trip was made in December 2023 to collect 

first flush data.  ccording to Sansalone and Cristina, 2004, “  first flush is normally defined 

as a disproportionate increase of particulate or dissolved materials in terms of concentration 

or load in the rising limb of a runoff event” (Obermann et al., 2009). Due to the physical 

structure and hydrologic connectivity of the watershed not all locations had flowing water 
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Figure 6. Topographic aerial view of paired sites TFB (vineyard T, forest background), HVD 
(vineyard H, vineyard ditch), PVD (vineyard P, vineyard ditch), and PVE (vineyard P, vineyard 

effluent). Forested background site TFB is located in the forest just above the valley floor. 
Vineyard sites HVD, PVD, and PVE are located on the valley floor. HVD and PVD are 

vineyard irrigation ditches. PVE is a vineyard effluent site and serves as a potential point 
source in this study. (Image courtesy of Google Earth and Google Maps)  

 

 

Figure 7. Image shows ground level views of the sampling sites along the Napa River (NR) 
with arrows indicating where samples were collected. NR1 headwaters near Calistoga, NR2 

Pope Street bridge, NR3 Yountville Cross, and NR4 oxbow park near Napa. 
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sufficient to collect samples during this rising limb precipitation event. As such, only 3 sites 

provided conditions conducive to proper sample collection (CFB, CVE, and HVD). 

2.2 Napa Valley Geology. The physical structure of the NRW is a northwest-trending 

structural and topographic depression resulting from tectonic compressional forces (Figure 8) 

(CA Waterboards). It encompasses 426 mi² (CA Waterboard) and is part of the northern 

Coast Ranges physiographic province (Kunkel and Upsen, 1960). Quaternary alluvial fan and 

valley fill deposits underlay the valley floor (Kunkel and Upsen, 1960). Upland geologic units 

are Jurassic to Tertiary age sedimentary and volcanic rocks that include the Sonoma 

Volcanics suite (Wagner et al., 2011). The voluminous Sonoma Volcanics units, as seen in 

Figure 9, are associated with heavy metals deposits in the region. In the 1870’s, the 

“quicksilver” mercury mining boom occurred throughout much of the Coast Ranges. Mercury 

was extracted from the reddish cinnabar ore deposits. Many mining claims existed in the 

Mayacamas mountains that bound the western side of the Napa Valley and the mountainous 

region to the northeast of Calistoga (Figure 8). In California, historic Hg mining operations are 

the most important sources of Hg to the environment (Domagalski, 2001).   

2.3 Laboratory Preparation and Analysis. Ambient low-level Hg samples are extremely 

susceptible to contamination from many sources. Specific modified cleaning protocols from 

A.G. Bravo et al., 2018 were adopted and employed for each sample acquisition trip. 250 mL 

amber borosilicate bottles with Teflon lined caps were used for collecting streamwater for Hg 

analysis. After ultra clean procedures of 24-hour Extran soap bath, followed by 24-hour bath 

in 10% hydrochloric acid, the bottles were filled with MilliQ water without headspace to 

prevent atmospheric Hg contamination. The bottles were evacuated of MilliQ immediately 

before filling with the sample water. Unfiltered sample collection included bottle conditioning 

of three rinses of streamwater before sample collection. Filtered Hg samples were processed 

using a peristaltic pump through a 0.45 µm filter, bottle conditioning consisted of three rinses 

of filtered streamwater before final sample collection. All Hg samples were then acidified with  



12 
 

 

Figure 8. Aerial view of the Napa River Watershed (NRW). In the upper left of the image, the 
headwaters of the Napa River are just above Calistoga. The bottom of the image shows 
where the Napa River discharges into the San Pablo Bay Wildlife Refuge near Vallejo. 

(Image courtesy of napawatersheds.org) 
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Figure 9. Section of USGS Geologic Map and Database of Eastern Sonoma and Western 
Napa Counties, California by Graymer et al., 2007. This cutout focuses on the Napa River 
Watershed. Yellowish tones indicate surficial deposits in the valley floor. The surrounding 

pinkish tones indicate various units within the Sonoma Volcanics suite located in the western 
and eastern mountain ranges that bound the watershed. Inset map image in lower left 

displays all sample site locations as overlay on geologic map.  

250 µL of 33-36% HCl Ultrex II ultrapure reagent before being double bagged in plastic and 

then stored on ice.  

All DOC samples were collected in 60 mL glass vials following specific cleaning protocols 

from Bravo et. al., 2018. Sample collection included 2 separate filtering components. The 

sample was first processed through the 0.45 µm filter using a battery-powered peristaltic 

pump and then manually using a syringe with an attached 0.2 µm Sterivex filter. The sample 

vials were conditioned 3 times before the sample was collected. All DOC samples were then 

acidified with the addition of 100 µL of 2M HCl and placed in an opaque bag on ice.  

SO₄²⁻ samples were collected in 250 mL HDPE bottles and processed using the 0.45 µm 

peristaltic filter. Sulfate sample bottles were also conditioned 3 times before sample collection 

and stored on ice for preservation. Total suspended solids samples were collected in 250 mL 

HDPE bottles and conditioned once before collection and stored on ice.  
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All TSS samples were collected in 250 mL clear HDPE bottles. Samples were collected by 

walking to the edge of the water and collecting a grab sample with a gloved hand in a laminar 

flow region of the streams. Special care was taken to ensure sample collection avoided 

eddies in the streams. Sample collection consisted of two bottle conditioning rinses with 

streamwater and subsequent sample collection. Analysis was performed within 1-2 days of 

acquisition. 

THg analyses, filtered and unfiltered, were performed by Cold Vapor Atomic Fluorescence 

Spectrometry (CVAFS) using bromine monochloride (BrCl) oxidation and Tin (II) chloride 

(SnCl₂) reduction with dual amalgamation on a Tekran 2600 (Bloom and Crecelius, 1983; 

Bloom and Fitzgerald, 1988). EPA Method 1631E (U.S. EPA, 2002) was employed and the 

method detection limit (MDL) of 0.18 ng/L was determined by calculating 3X the standard 

deviation of the reagent blank from each analysis day. The instrument was calibrated using a 

five-point calibration curve. All THg analyses included (5) BrCl method blanks in each 

analytical run - measured before and after standards. Calibration verifications were included 

after every 4 samples to resolve instrumental drift.  

MeHg measurements were made after the distillate extraction procedure, followed by an 

aqueous phase ethylation, purge and trap, isothermal GC separation, and CVAFS detection 

(Bloom, 1989; Horvat et al., 1993; Liang et al., 1994; Bloom and von der Geest, 1995). The 

distillation process setup required the use of Teflon distillation bottles filled with 50 mL of 

streamwater, 1 mL 9M sulfuric acid, and 0.212 µL potassium chloride. The bottles were 

purged with nitrogen (N₂) gas at a rate of 60 mL/min while placed in a heat block for 4 hours 

where they were connected to receiving Teflon bottles partially submerged in an ice bath to 

improve distillate recovery volumes. The distillate recovered was then partitioned into (2) 10 

mL aliquots which were analyzed the following day. Before instrumental analysis, the 

aqueous phase ethylation step is performed on the 10 mL distillate aliquots by addition of 20 

µL ascorbic acid, 40 µL acetate buffer, and ~20 µL sodium tetraethyl borate. The combined 
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sample solutions are then vigorously shaken for 2 minutes and let to sit for 2 hours before 

measurement by the instrument. The MDL for this method is 0.01 ng/L as determined by 

calculating 3X the standard deviation of the reagent blank from each analysis day. The 

instrument was calibrated using a five-point calibration curve. A total of 5 ethylation method 

blanks were included in each analytical run and were measured before and after standards. 

Calibration verifications measurements were performed after every 6 aliquots to account for 

instrumental drift.  

SO₄²⁻ samples were sent to the University of Colorado, Boulder for analysis. The samples 

were analyzed via a Metrohm 930 Compact Ion Chromatography Flex. This performs single-

channel ion chromatography using an anion column. The MDL for this method was calculated 

at 0.94 mg/L by using 3X the SD of the field blanks. 

DOC samples were sent to the University of Colorado, Boulder for analysis. For DOC, carbon 

is analyzed via catalytic combustion via Shimadzu. The specific method is "NPOC" which 

stands for non-purgeable organic carbon. The water sample is acidified using 1M HCL to 

convert all inorganic carbon to HCO₃*(CO₂). Then it is purged with air to purge out CO₂ and 

only leave organic carbon in the sample. The sample is then injected into a combustion tube 

and subjected to catalytic oxidation where the combusted material is read using IR and mV 

signal. The MDL for this method is 0.05 mg/L.  

TSS samples were gravimetrically determined using method EPA 160.2. A well-mixed 

sample is filtered through a glass fiber filter, and the residue retained on the filter is dried to 

constant weight at 103-105°C. The detection limit for this method is 0.5 mg/L.  

Figure 10 shows the results of replicate sample analysis for four analytes (THg, MeHg, SO₄²⁻, 

DOC). A total of 80 THg samples (filtered THg, unfiltered THg, field blanks, and field 

duplicates) were analyzed with replicate analyses of each sample equaling a total of 160  
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Figure 10. Field duplicates are distinct grab samples collected at the same time as regular 

samples. The initial sample and its duplicate sample are analyzed in the lab at the same time 

to determine concentration agreement between the samples. Duplicate agreement plots 

display the average relative percent difference (RPD) values between field duplicates of 

individual grab samples, and the standard deviation of the RPD for duplicate sample 

analyses. For each duplicate sample bar displayed n=2. Analytes include (A) THg, (B) MeHg, 

(C) DOC, and (D) SO₄²⁻. 
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measurements (Figure 10A). THg measurements resulted in an average relative percent 

difference (RPD) of 6.8% with an RPD standard deviation (SD) of 8.2.  A total of 85 MeHg 

samples (filtered MeHg, unfiltered MeHg, field blanks, and field duplicates) were analyzed 

with replicate analyses of each sample equaling a total of 170 measurements.  MeHg 

measurements were reported with an average RPD of 30.5% and RPD SD of 41.9. The 

method of analysis for MeHg is known to include the derivatization of Hg with NaTEB, and 

researchers who quantify MeHg know that repeatability issues often arise. Also, many MeHg 

concentrations were near the MDL causing %RPD values to become large. A total of 40 SO₄ 

²⁻ samples, which includes field blanks and duplicates, were analyzed. The results showed 

an average relative percent difference of 7.1% and a RPD SD of 12. A total of 40 DOC 

samples were analyzed, including field blanks and duplicates. The reported results had an 

average relative percent difference of 30.7%. DOC measurements resulted in an average 

RPD of 30.7% and RPD SD of 39.4. 

2.4 Statistical Analysis. Statistical tests were performed on paired sites comparing the 

averaged results between sites (Table 1). F-Test analyses were performed to determine 

whether vineyard, forested background, or Napa River populations had equal or non-equal 

variance with the p-value set at p<0.05 to determine. Subsequent T-Tests were used to 

determine whether population means were significantly different from one another with a p-

value set at p<0.05. All population means were not significantly different from each other, 

except SO₄ ²⁻ and DOC at TFB vs HPP. The results of the statistical analyses are for 

comparative purposes rather than quantitative as the data were not log transformed or 

normally distributed.    

The correlation plots show Spearman's rank correlation as “R” in data table with associated 

p-value. Spearman’s R measures the strength and direction of association between two 

ranked variables. The closer the value is to 1 or -1 the stronger the correlation is between the 

variables.  
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Table 1. Statistical test results of F-Test and T-Test performed on unfiltered-Hg, SO₄²⁻, DOC, 
and TSS data comparing Test versus Background samples at paired sites. Stats testing 
performed on paired sites, i.e. CFB with CVE (forested background vs vineyard effluent). 

HPP is the average of 3 vineyard sites (HVD, PVD, and PVE) compared to forested 
background site TFB. F-Test results inform T-Test of equal or non-equal variance in the 

population. T-Test result determines whether means are statistically significant (p ≤ 0.05).  
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3. Results 

3.1 Concentrations of Analytes by Site and by Hydrologic State. Results from the 

analyses of water samples taken at ten sites in the Napa Valley during 4 hydrologic states 

(Jan, Feb, Mar, Dec, Figure 1 and 11) are presented.  

3.1.1 THg. The Napa River samples had the highest concentrations of THg as compared to 

background and vineyard samples. Higher concentrations were quantified in the January and 

March high flow sample sets (Figure 12A). The February data set clearly shows a discharge 

volume effect lowering the [THg]. The data shows a correlation between high [THg] with high 

discharge rate as the highest [THg] were seen in March when the flow was the highest (NR2 

and NR3). This correlation effect does not hold true for site NR1 as it is strongly influenced by 

the Kimball Canyon Reservoir proximally upstream from the site. Additionally, NR1 lacks 

discharge volume data as there is no gauge located at the headwaters. The influence of 

discharge volume on [THg] is also observed in vineyard and background sites. These 

location types had lower [THg] than Napa River site locations (Figure 12 and 13).  

Napa River THg measurements ranged from 1.39 - 20.09 ng/L with an average of 6.75 ng/L. 

Filtered THg concentrations ranged from 1.39 - 6.95 ng/L with a mean value of 3.89 ng/L. 

Unfiltered THg concentrations ranged from 2.67 - 20.09 ng/L with a mean value of 9.61 ng/L. 

Vineyard and forested background THg samples ranged from 0.53 - 12.60 ng/L with a mean 

value of 3.05 ng/L. Filtered THg concentrations ranged from 0.53 - 11.46 ng/L with a mean 

value of 2.69 ng/L. Unfiltered THg concentrations ranged 0.80 - 12.60 ng/L with a mean value 

of 3.41 ng/L.  

PVE (vineyard site P, vineyard effluent), the site furthest downgradient in the study, 

consistently had the lowest THg concentrations of any site in this study. This site also 

consistently had the highest values of SO₄²⁻. This correlation may be the result of Hg 
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Figure 11. Napa River hydrographs of the St. Helena and Napa gauges from the first flush 
sample set collected in December 2023. Discharge volumes are on the Y-axes with time on 
the X-axes. Vertical dashed lines indicate the discharge rate on the day of sampling. Green 
bar at bottom of hydrograph indicates approved data, blue bar indicates provisional data. 
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Figure 12. Napa River (A) unfiltered-THg and (B) unfiltered-MeHg measurements in units of 
nanograms per liter (ng/L). Daily load calculation values shown above bars are in units of 
milligrams per day (mg/day). Lab quantified concentrations of analytes in conjunction with 

iterative discharge volume calculations used to generate daily load quantities. The St. Helena 
and Napa River gauge stations enabled discharge volume calculations (hydrograph data for 
both stations seen in Figure 1). No sample data for NR2 in March due to a broken sample 

bottle. Riverbank sedimentation at NR4 restricted access and prohibited March sample 
collection. Results presented are the average of (2) replicate analyses per bar, n=1.  
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Figure 13. Vineyard (CVE, HVD, PVD, and PVE) and forested background (CFB and TFB) 
sites (A) unfiltered-THg and (B) unfiltered-MeHg measurements are shown in units of 

nanograms per liter (ng/L). X-axis shows sites arranged downgradient towards the right; each 
sample site has each month’s result displayed. Results presented are the average of (2) 

replicate analyses per bar, n=1. 

 complex formation and subsequent immobilization. Mercury sulfate complexes are insoluble 

in water and may be a control on the observed Hg concentrations measured in this study. 
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The prevalence of agricultural SO₄²⁻ in the watershed may potentially be a factor immobilizing 

Hg present in soils. As such, HgSO₄ complexation could also be a geochemical control on Hg 

available for methylation and thus reduce MeHg concentrations overall (Manceau et al., 

2015).  

3.1.2 MeHg. As mentioned in section 3.1.1, the effect of discharge volume on analyte 

concentrations can be seen in the MeHg data comparing January and February sample sets 

(Figure 12B). All [MeHg] were higher in the January sample set versus February sample set. 

There were multiple complications in the March NR MeHg data set. The sample bottle for 

NR2 u-MeHg broke in the laboratory during a power outage refrigerator transit. Additionally, 

sample collection at NR4 was prohibited by river bank sedimentation resulting from historic 

precipitation events during early and mid-March.    

Napa River MeHg samples ranged from 0.012 - 0.29 ng/L with a mean value of 0.12 ng/L. 

Filtered MeHg concentrations ranged from 0.046 - 0.24 ng/L with a mean value of 0.11 ng/L. 

Unfiltered MeHg concentrations ranged from 0.012 - 0.29 ng/L with a mean value of 0.13 

ng/L.  

Vineyard and forested background MeHg measurements were quantified with a range from 

below detection limits at 0.010 ng/L to a maximum of 0.28 ng/L with a mean value of 0.086 

ng/L. Filtered MeHg concentrations ranged from 0.010 - 0.28 ng/L with a mean value of 0.076 

ng/L. Unfiltered MeHg concentrations ranged from 0.014 - 0.20 ng/L with a mean value of 

0.096 ng/L.  

NR1 headwaters had some of the highest concentrations of MeHg in this study. Referencing 

the site position in the watershed we can infer that this result is due to reservoir management 

upstream. NR1 Headwaters is the furthest upstream in the Napa River that the public can 

access and is proximal to the Kimball Canyon Reservoir. Reservoirs are known sinks for 
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MeHg due to low flow, anoxic, and light-deprived conditions conducive to MeHg production 

(Hall et al., 2005). Additionally, the Kimball Canyon Reservoir is enveloped by forested lands. 

The environmental setting surrounding the reservoir provides ample litterfall and throughfall 

to elevate MeHg concentrations (Fisher and Wolfe, 2012). MeHg concentrations in underlying 

soils and in runoff waters that drain those soils are strongly influenced by forested riparian 

leaf litter areas (Balogh et al., 2002). Overall, the concentrations measured in this study were 

on par with other research (Tsui et al., 2009) regarding MeHg abundance in northern 

California fluvial systems. 

3.1.3 Dissolved Organic Carbon. DOC sample measurements in this study (Figure 14 and 

15) were quantified within a range of 1.20 - 10.89 mg/L with a mean value of 4.42 mg/L. Napa 

River samples ranged from 1.80 - 8.22 mg/L with a mean value of 3.47 mg/L. Vineyard and 

forested background samples ranged from 1.20 - 10.89 mg/L with a mean value of 4.90 mg/L. 

The highest value determined was measured at CVE with a concentration of 10.89 mg/L 

collected during the December first flush sample set. The lowest measured concentration 

was observed in February at the TFB site with a value of 1.20 mg/L. A statistical outlier was 

identified in February at site PVE (19.06 mg/L) and was removed from plots. However, if the 

outlier is not excluded from the data set, a trend in the February sample set showed higher 

[DOC] at all vineyard and forested background sites except TFB and HVD. HVD is the most 

proximal site to background site TFB which speaks to the similarity in their data trend, 

specifically in February. There is potential for DOC to be elevated in low flow conditions, but 

more data is needed to resolve this supposition. Beyond this supposition, there were no 

salient trends or patterns elucidated in the data.   

Positive correlations between DOC and THg are not untypical in Hg research within fluvial 

waters (Lavoie et al., 2022). Both DOC and Hg are mechanistically coupled elements that 

should covary in natural ecosystems (Lavoie et al., 2022). Generally, DOC is viewed as a Hg 

vector in freshwater ecosystems at the catchment scale 
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Figure 14. Ancillary analyte concentrations of SO₄²⁻ (A), DOC (B), and TSS (C) for Napa 
River sites (NR1, NR2, NR3, and NR4) in units of milligrams per day (mg/L) showing the 

results of all (3) NR sample sets. Results presented are the average of (2) replicate analyses 
per bar, n=1. 
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 (Lavoie et al., 2022; Grigal, 2002; Ravichandran, 2004). The coupling between Hg and DOC 

has robust empirical evidence, but variations in Hg–DOC linear relationships and the causes 

are poorly understood (Grigal 2002; Stoken et al., 2016; Lavoie et al., 2022). Positive 

correlations between DOC and THg in this study were identified in the dissolved fraction at 

vineyard sites (R² = 0.53) with the highest correlation found at forested background sites (R² 

= 0.956). However, no positive correlations were made between DOC and THg in 

undissolved fractions. TFB consistently had the lowest DOC concentrations of any site in this 

study.  

3.1.4 Sulfate. SO₄²⁻ sample measurements (Figure 14, 15) in this study were quantified 

within a range of 7.58 - 192.08 mg/L with a mean value of 40.80 mg/L. Napa River samples 

were quantified in a range of 7.58 - 47.74 mg/L with a mean value of 24.47 mg/L. Vineyard 

and forested background samples were quantified in a range of 9.71 - 192.08 mg/L with a 

mean value of 49.36 mg/L. The highest concentration was observed in March at the PVE site 

with a value of 192.08 mg/L. PVE had the highest concentrations of any site throughout the 

entirety of the study. The lowest concentration was measured in the Napa River at NR1 

headwaters with a value of 7.58 mg/L. NR1 had the lowest values measured throughout the 

study.  

NR1 lowest sulfate measurement was made in January. This location is not subject to 

vineyard farming impacts and, as such, consistently had the lowest sulfate concentrations of 

any site in this study.  

The data have shown a clear agricultural signal influence based on geographic site position 

in the watershed. Higher concentrations of aqueous SO₄²⁻ draining vineyards, relative to 

surrounding forest/grasslands settings, were also identified by researchers investigating 

fungicidal Sulfur applications via stable isotopes (δ 4S–SO42−) in the Napa River Watershed 

(Hermes et al., 2022). Sample sites in the valley floor had the highest amounts of SO₄²⁻ as  
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Figure 15. Ancillary analyte concentrations of (A) DOC, (B) SO₄²⁻, and (C) TSS for vineyards 
(CVE, HVD, PVD, and PVE) and their paired forested background (CFB and TFB) sites 

shown in units of milligrams per day (mg/L). 
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these sites were subjected to the most anthropogenic influences. In addition to elemental 

sulfur use as a fungicide, ammonium sulfate (NH₄)₂(SO₄) fertilizer use is another source of 

SO₄²⁻ increasing the overall load in the watershed. SO₄²⁻ was observed in highest 

concentrations during the low flow February sample set, except site PVE. PVE had slightly 

more SO₄²⁻ in both January and March sample sets. However, PVE consistently had the 

highest concentrations of SO₄²⁻ for any site in this study. PVE was 7-8X higher than the 

average of all other vineyard/forested background sites during the high flow sample sets 

collected in January and March. During the low flow sample set collected in February, PVE 

was over 2.5X higher than the average of all other vineyard/forested background sites. The 

vineyard/forested background site with the lowest SO₄²⁻ concentrations was CFB. CFB does 

not have any anthropogenic influence due to its elevated watershed position. Explanations for 

high SO₄²⁻ concentrations observed during the low flow February sample set can be 

attributed to the solubility of SO₄²⁻. In high precipitation events the super solubility of SO₄²⁻ is 

being diluted which results in low concentrations, whereas instances of low flow results in 

leaching out of the fields and aqueous enrichment of SO₄²⁻.  

A clear trend in the SO₄²⁻ data was noted in the Napa River as the concentration increased 

steadily progressing downstream. For each sample set collected, this was the case. 

Regarding the high SO₄²⁻ concentration during the low flow regime, the highest 

concentrations of SO₄²⁻ were quantified in the February sample set. This trend is a regional 

signature of agricultural impact.    

There are many determining factors to MeHg production (redox, pH, DOC, Fe, Cl-, and 

SO₄²⁻) but high amounts of SO₄²⁻ are known to stimulate SRB activity resulting in higher 

MeHg production rates. However, a perplexing relationship identified by colleagues 

conducting research on Hg methylation rates (Weiss et al., Unpublished) in the NRW have 

observed the lowest methylation rates in the highest SO₄²⁻ environments.  
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3.1.5 Total Suspended Solids. A total of 32 total suspended solids determinations (Figure 

14 and 15) were made in this study. The range of TSS for the study was 0 - 80.4 mg/L with a 

mean value of 11.44 mg/L. Napa River measurements were determined in a range of 0 - 80.4 

mg/L with a mean value of 20.8 mg/L. Vineyard and forested background samples were 

determined in a range of 0 - 24 mg/L with a mean value of 6.29 mg/L. TSS data showed a 

general trend of higher suspended solids during higher flow rates in the watershed. NR3 in 

February was below the limit of detection, but broadly analyzing the data trend reveals lower 

loads during lower flow rates, which follows logic when considering sediment transport 

mechanisms. Less precipitation results in less overall transport by overland flow, entrainment, 

and saltation in streams. A qualitative observation can be made when referring to suspended 

solids as the clarity of water decreases as the suspended load increases. That said, despite 

lacking NR4 sample data in March, the river was seen laden with sediment resulting in turbid 

and murky brown water as viewed from the upper banks suggesting that a sample would 

have resulted in high TSS. Considering the absent-to-miniscule load at NR3 in February, and 

the qualitative observation at NR4 in March, then resolution becomes clearer and leads to the 

determination that indeed the data shows higher [TSS] with higher flow volumes. This 

concept is well known and reported by other fluvial researchers (Domagalski, 2001). 

3.2 THg and MeHg Load Calculations. Total daily load calculations were made using 

hydrograph data from (2) gauge stations on the Napa River. Both the St. Helena and Napa 

River gauge stations were used to calculate discharge volumes of sample sites located 

between gauges. Lab quantified concentrations of THg and MeHg were used in conjunction 

with iterative discharge volume calculations to generate reported daily load quantities. The 

highest calculated THg load was determined at the Napa River 2 Pope st. location during 

March with a total of 32186 mg/day. All other calculated daily load values can be seen over 

their respective sample location bar in Figure 12. The highest calculated MeHg load was 

determined at the Napa River 3 Yountville Cross location during January with a value of 367 
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mg/day. Other Hg research conducted in N. California (Domagalski, 2001) resulted in 

observed MeHg loads in the Sacramento River of 8000, 20,000, 28,000, and 24,000 mg/day 

in December, January, February, and March, respectively. 

3.3 Correlations and Comparisons. Correlation plots in Figures 16, 17, and 18 are 

displayed with data tables on plots reporting Spearman’s “R” value and the associated p-

value. Statistically significant correlations are denoted in bold text. Figure 16 looks at 

relationships with f-THg, the X-axis is the independent variable in this case (f-THg) and the Y-

axis is the independent variable (f-MeHg). Most of the correlation plots had low R² values, 

which is the coefficient of determination and reflects the how much variation in the Y-variable 

can be explained by variation in the X-variable, however, factors important for f-THg were 

seen in plots A and C (Figure 16). In Figure 16A there are two site types that are positively 

correlated for f-THg, a little more than 44% of the variability in f-THg in the vineyards can be 

explained by f-MeHg. These results are potentially important as more THg may result in more 

MeHg. This is especially important considering the highest THg/MeHg correlation was 

observed in the vineyard samples suggesting that MeHg generation could be occurring to an 

appreciable amount in vineyard soils. In comparison, Figure 16B shows negative correlations 

in THg/SO₄²⁻ in all site types. This information is also important as these correlations could 

be a reflection of Hg complex formation which has the capacity to reduce aqueous Hg 

mobilization which would result in lower fluvial [Hg species]. In Figure 16C, positive 

correlations are observed in all site types with a couple important correlations observed in 

vineyard samples. More than 53% of the variability in the independent variable (f-THg) was 

explained by DOC abundance in Napa River samples. The correlation with the highest R² 

value in this study was between f-THg and DOC in background forest samples with over 95% 

of f-THg explained by DOC, and a Spearman’s R value of 0.98. In Figure 16D, f-THg and 

TSS were weakly correlated. This result could be attributed to the fact that TSS is in the  
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Figure 16. Correlation plots showing the relationships between (A) fitered-THg and filtered-
MeHg, (B) filtered-THg and SO₄²⁻, (C) filtered-THg and DOC, and (D) filtered-THg and TSS. 

Linear regressions performed on each data subset and Spearman’s rank correlation 
coefficient “R” reported with associated p-value. Statistically significant associations are 

bolded in data table.  
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Figure 17. Correlation plots showing the relationships between (A) filtered-MeHg and DOC, 
(B) filtered-MeHg and SO₄²⁻, and (C) filtered-MeHg and TSS. Linear regressions performed 

on each data subset and Spearman’s rank correlation coefficient “R” reported with associated 
p-value. Statistically significant associations are bolded in data tables. 

particulate fraction, whereas f-THg is in the dissolved fraction which removes many of the 

substrates to which Hg adsorbs.  

In Figure 17 correlation plots, there is a general lack of correlations amongst f-MeHg and 

ancillary analytes. The only relationship that explained any variability in f-MeHg was with 

SO₄²⁻ in the background forest samples at almost 56%. Vineyard samples show a negative 

correlation between f-MeHg/SO₄²⁻ which is what was observed in the f-THg/SO₄²⁻ 

relationship as well. This leads to the hypothesis that complex formation may be sequestering 

Hg making it less bioavailable, and attenuating MeHg abundance. Furthermore, this is more 

data pointing to agricultural S inputs influencing Hg’s fate. Figure 17C shows the relationships 

between f-MeHg and TSS which were not correlated at all. This is potentially illuminating the 

difference between what is observed in the dissolved versus particulate fraction.  
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Figure 18. Correlation plots showing the relationships between (A) unfiltered-THg and 
filtered-THg, and (B) unfiltered-MeHg and filtered-MeHg. Linear regressions performed on 

each data subset and Spearman’s rank correlation coefficient “R” reported with associated p-
value. Statistically significant associations are bolded in data table. 

The correlation plots in Figure 18 show the relationships between dissolved and particulate 

fractions of (A) THg and (B) MeHg. All correlations were determined to be positively 

correlated and statistically significant with the highest being identified in THg in the vineyard 
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samples with an R-value of 0.96. The values for THg were more highly correlated for 

vineyard (0.96) and forest (0.93) samples, whereas the NR (0.64) samples were not as 

strongly correlated but still significant. Interestingly, for MeHg, the forest (0.74) and NR (0.73) 

samples had stronger correlations and the vineyards (0.57) were not as strongly correlated 

but still significant.   

3.4 Paired Sites. Vineyard sites were paired with background sites to compare the difference 

between samples with and without agricultural influence. Paired sites in this study include 

CFB with CVE, and TFB with HVD, PVD, and PVE. The results of the vineyards were tested 

against the results of the background sites. Figure 4 is an aerial map view of the entire study 

area showing the geographic relationship between test sites and background sites. 

Additionally, site position within the watershed is seen and location relative to the Napa River. 

In Figure  , site CFB’s high position in the watershed illustrates its lack of potential 

anthropogenic influence regarding agrarian practices and legacy mining operations. Figure 6 

shows the geographic relationship between background forest (TFB) and vineyard test sites 

(HVD, PVD, PVE). TFB’s position is proximal to the toe of forested lands approaching the 

valley floor. The overlying land cover above this site position in the watershed is mountainous 

undeveloped forest.  

3.4.1 CFB vs CVE. For u-THg at CVE there is an apparent elevation in the measured values 

at the test site versus background values (Figure 19 and 21). An agricultural signal was 

evident as there was an impact on MeHg abundance. The difference was statistically 

analyzed with a T-Test and subsequent F-Test (Table 2) which resulted in significantly 

different means (p<0.05). Regarding u-MeHg, the vineyard test site (CVE) also showed an 

agricultural influence as compared to the background site (CFB). The averaged values of u-

MeHg were higher than the averaged values obtained at the background site but resulted in 

no significant difference between means (p<0.05). It should also be stated that even though it  
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Figure 19. Paired sites CFB (vineyard C, forest background) and CVE (vineyard C, vineyard 
effluent) are shown comparing the averages of (A) unfiltered-THg (ng/L) and (B) unfiltered-
MeHg (ng/L). For site CFB, n=3; for site CVE, n=4. Error bars indicate the relative standard 

deviation.   
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Figure 20. Paired sites TFB (vineyard T, forest background) and HPP aggregate (HVD, PVD, 
PVE (vineyard sites H-ditch, P-ditch, and P-effluent)) are shown comparing unfiltered-THg 

and unfiltered-MeHg averages (ng/L). For site TFB, n=3; for aggregate site HPP, n=10. Error 
bars indicate the relative standard deviation.   

appeared higher than background values, the values hovered around the “pristine” water 

threshold (⩽ 0.10 ng/L) and below (Rudd, 1995).  
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Ancillary analyte comparisons were also analyzed between vineyards and forested 

background sites. CFB vs CVE data showed excess abundance in DOC and SO₄²⁻ at the test 

site (Figure 21). Average DOC and SO₄²⁻ values, 6.22 mg/L and 26.58 mg/L respectively, 

were both nearly double the background DOC and SO₄²⁻ average values of 3.03 mg/L and 

12.29 mg/L, respectively. However, despite the agricultural signal identified in the vineyard 

samples, the means were not statistically different (p<0.05). TSS values were essentially the 

same between test and background sites. This contrasts trends observed by other mercury 

researchers who have correlated higher MeHg/THg concentrations with higher loads of 

suspended solids.  

3.4.2 TFB vs HPP. Forested background site TFB u-THg averages were compared to the 

paired site HPP (Figure 20), an aggregate of HVD, PVD, and PVE sites, u-THg averages. As 

seen in Figure 20, test site sample averages were not higher than the background sites 

illustrating the lack of agricultural signal. The results of u-MeHg comparison also showed a 

lack of agricultural signal as the test sites were lower in u-MeHg abundance.  

The average concentration of DOC was 2X higher at the vineyard test site (3.15 mg/L) versus 

forested background (1.44 mg/L) but did not have statistically different means (p<0.05). The 

results of the SO₄²⁻ comparison between test sites HPP and background site TFB showed 

the clearest agricultural signal of the entire study (Figure 21). HPP average SO₄²⁻ value 

(78.80 mg  ) was more than 2X as much as TFB’s average SO₄²⁻ value (31.01 mg/L). 

Statistical analysis (T-Test and F-Test) determined that TFB and HPP SO₄²⁻ means were 

significantly different (p<0.05) with an F-Test score of 0.03. The results of the SO₄²⁻ data 

show agricultural inputs are significant and speak to the geographic position of HPP sites in 

the watershed as they are the most influenced by agriculture practices involving SO₄²⁻  
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Figure 21. Averaged ancillary analyte concentrations of SO₄²⁻, DOC, and TSS for vineyards 
and their paired forested background sites shown in units of milligrams per liter (mg/L). 

Paired sites (A) CFB (vineyard C, forest background) with CVE (vineyard C, effluent) are 
compared against each other, as well as (B) TFB (vineyard T, forest background) and HPP 
aggregate (vineyard sites H-ditch, P-ditch, and P-effluent). For site CFB, n=3; for site CVE, 

n=4. For site TFB, n=3; for aggregate site HPP, n=10. Error bars indicate the relative 
standard deviation.   
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amendments and fungicide application. Therefore, we see that high SO₄²⁻ abundance may 

be a factor in the Hg species immobilization, via Hg-complex formation (Frohne et al., 2012; 

Manceau et al., 2015), resulting in low THg and MeHg concentrations measured in fluvial 

waters at these vineyard sites. TSS data was inconclusive with a higher background site 

average versus vineyard sites. 

4. Discussion  

4.1 Hydrogeology. Episodic precipitation events control the fluvial discharge volumes in the 

Napa River and its tributaries. The structure of the watershed is linear-to-narrow and is bound 

by mountain ranges on both sides of the valley floor with rapid drainage which dictates the 

rising and falling limbs of the hydrograph. As such, there is little time between precipitation 

events and the rise and fall of the limbs of the hydrograph. This factor has a significant 

influence on proper sample acquisition timing. Efforts to collect first flush data at the 

beginning of the 2022-2023 rainy season were thwarted due to record precipitation events 

that persisted for over a month. Conditions were not conducive to sample acquisition as it is 

not feasible during active precipitation. The opportunity to collect first flush data presented 

itself in December 2023, as the beginning of the 2023-2024 rainy season had a significant 

initial precipitation event. However, little hydrologic resistance coinciding with rapid drainage 

characteristics of the NRW resulted in collection of only 3 samples. The groundwater supply 

had yet to rise to wet season baseflow conditions enabling full hydrologic connectivity. CFB, 

CVE, and HVD were the only sites where flow was sufficient to collect a proper sample.  

Concentrations for all analytes (Figure 12, 13, 14, and 15), except SO₄²⁻, were highest during 

periods of elevated fluvial discharge volume following large precipitation events after wet 

season baseflow conditions were present. The correlation with higher discharge volume and 

higher analyte concentrations is consistent with trends other Hg researchers have identified 

(Conaway et al., 2002; Balogh et al., 2002; Kolipinski et al., 2020). We expected to see 
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elevated MeHg concentrations in irrigation waters draining vineyards given the measured 

SO₄²⁻ abundance in the watershed, but the concentrations observed were far below what 

would be considered MeHg pollution. 

4.2 Fluvial MeHg Characterization. Surprisingly, no federally mandated water quality 

standards exist regarding methylmercury in drinking or surface waters. The following 

information is provided as a reference for what “pristine” to polluted MeHg levels would look 

like; waterways and bodies of water are unofficially classified as “pristine” if MeHg 

concentrations are ⩽ 0.10 ng/L (Rudd, 1995). Fluvial systems considered potentially 

negatively impacted have MeHg concentrations above 0.10 ng/L (Domagalski 2001; Rudd, 

1995). In a report sent to the U.S. EPA by the California Regional Water Quality Control 

Board in 2000, they proposed “  dissolved methylmercury target in water of 0.1 ng   protects 

human health, based on the FDA action level of 1 mg/kg in fish tissue and a bioaccumulation 

factor of 10 million”. This derivation was based on substituting the FD  action level of 1 

mg/kg for [MeHg] in fish and a bioaccumulation factor of 10⁷ yielding a target of 0.1 ng   

MeHg in water. They claim, “this is the concentration limit for methylmercury in water that will 

keep mercury concentrations in fish at or below 1 mg kg”. In addition to the aforementioned 

target already in place, they have proposed a more protective target (0.05 ng/L) based on 

species specific bioaccumulation factors to protect both wildlife and human subsistence 

fishers in the San Francisco Bay (CA Regional Water Quality Control Board, 2000). The U.S. 

Geological Survey conducted a pilot study (Krabbenhoft et al., 1999) to ascertain MeHg 

concentrations in ambient surface water on a national scale. From 106 sites consisting of 21 

basins, they quantified a mean background level of 0.13 ng/L and a mean concentration for 

all sites of 0.15 ng/L. Fluvial systems considered to have elevated MeHg concentrations are 

on the order of 1.3 ng/ L, as observed by Balogh et al., 2002 in a predominantly agricultural 

watershed. Balogh et al. also observed extremely elevated MeHg concentrations (0.44 to 

4.90 ng/L) in the Little Cobb River, a third-order stream draining the Le Sueur River 
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Watershed in the Minnesota River Basin. These reported levels seen by Balogh et al. were 

cases of elevated and extreme MeHg concentrations characterized as polluted waters. The 

sources of elevated and extreme [MeHg] resulted from algal blooms and litterfall/throughfall, 

respectively. 

The majority of vineyard forested background MeHg results fell into the category of “pristine” 

water. The total number of samples that exceeded the 0.10 (ng/L) threshold was 16, of this, 9 

were from the Napa River and 7 from vineyards/forested background sites. Only 19% of all 

MeHg results in the study were characterized as potentially negatively impacted. 

Measurements exceeding 0.10 ng/L were significantly low, as over 96% of measured 

samples were quantified below 0.20 ng/L, and all quantified values were below 0.3 ng/L. The 

MeHg concentrations observed in this study were not at actionable levels. These are 

essentially “good” results for farmers, fish, and public safety given the current regulatory 

criterion.  

4.3 Mercury Mobility Factors. A possible explanation for low MeHg concentrations may be 

the influence of a phenomenon identified by Manceau et al., 2015, where a 

thermodynamically favorable chemical reaction mechanism in which thiol bound mercury 

polymerizes forming mercury−sulfur clusters. Cluster formation is driven by elimination of 

sulfur from the thiol complexes by mercury−sulfur bonds breaking, similar to an alkylation 

reaction, but without the requisite addition of sulfide. Hg immobilization and eventual 

sequestration may result from this nucleation mechanism in oxygenated surface 

environments (Manceau et al., 2015). Another chemical factor linking Hg and S is HgS 

formation under reducing conditions (Frohne et al., 2012). Available Hg is less abundant and 

MeHg production rates are lower. Furthermore, limited MeHg production has been observed 

when Hg is sequestered in a crystalline complex with sulfides or thiol group bound in 

macromolecular natural organic matter (Manceau et al., 2015). Lower MeHg production rates 

or reduced mobility result in lower aqueous MeHg abundance in fluvial waters.  
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Another geochemical control influencing the fate of Hg is the potential for complexation with 

DOC. Complexation with DOC would have the opposite effect of the mercury-sulfur clusters 

phenomenon described above. Hg and MeHg mobility would be enhanced by formation of 

soluble complexes with DOC (Frohne et al., 2012), and would likely result in higher 

abundance of aqueous Hg species. Understanding Hg and DOC bond formation is a 

fundamental component to predict Hg speciation and fate in natural environments. Hg-DOC 

complex strength is strongly influenced by DOC aromaticity wherein the bond strength 

increases with increased molecular weight and DOC aromaticity (Wang et al., 2022). 

Furthermore, DOC origins are less influential in controlling binding capacities than the 

specific DOC properties, like aromaticity (Wang et al., 2022). 

4.4 Critical Analysis of Analyte Abundance 

Mercury. A comparative analysis of Hg concentrations measured in northern California 

shows the similarity in values obtained by other Hg researchers and those quantified within 

this study (Table 2).  

THg. The concentrations of THg (Figure 12 and 13) in this study were slightly elevated 

compared to what other researchers have seen in fluvial waters in temperate climates (Bravo 

et al., 2018). However, none of the quantified values exceeded the current and state and 

federal recommended criterion for protection of aquatic life which is set at 1400 ng/L for acute 

exposure and 770 ng/L for chronic exposure. To give context to the difference in order of 

magnitude between the quantified values seen in this study and the recommended criterion - 

the highest THg measurement was 20.09 ng/L which is only 2.6% of the threshold set for 

chronic exposure criterion which is the lower value of the two. The EPA states on their 

website that “aquatic life criteria for toxic chemicals are the highest concentration of specific 

pollutants or parameters in water that are not expected to pose a significant risk to the 

majority of species in a given environment or a narrative description of the desired conditions  
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Location 
THg 

(ng/L) 
 

MeHg 
(ng/L) 

 %MeHg Reference 

 Unfiltered Filtered Unfiltered Filtered   

Napa River 1 (4.34 - 
14.90) 

 x̄ = 11.36 

 

(2.28 - 
5.58)   

x̄ = 4.05 

(.072 - 
.28) 

  x̄ = .18 

(.074 - 
.14)   

  x̄ = .11 

 

u=1.57% 

f=2.80% 

This study, Napa 
River Watershed 

Napa River 2 (2.67 - 
20.09)  

 x̄ = 11.07 

(1.52 - 
5.72) 

 x̄ = 3.23 

(.076 - 
.093) 

 x̄ = .085 

(.062 - 
.14) 

 x̄ = .087 

u=0.77% 

f=2.76% 

Napa River 3 (2.05 - 
13.57)  

x̄ = 8.30 

(1.39 - 
6.56) 

 x̄ = 4.24 

(.012 - 
.29) 

 x̄ = .12 

(.046 - 
.24)  

x̄ = .13 

u=1.44% 

f=3.02% 

 

Napa River 4 

 

(2.27 - 
11.3)  x̄ = 

6.80 

(1.39 - 
6.95)  x̄ 
= 4.17 

(.074 - 
.12)  x̄ = 

.098 

(.090 - 
.18)  x̄ = 

.14 

u=1.44% 

f=3.26% 

South Fork 
Eel River 

(0.71 - 
1.21)  

(0.56 - 
0.88)  

(.13 - 
.17)  

(.04 - 
.12)  

u= 18.3-
14.1% 

f=7.14- 
13.6% 

Tsui et al., 2009, 
Hg 

Bioaccumulation, 
N. California 

 
Elder 1 (0.40 - 

0.95)  
(0.35 - 
0.57) 

(.03 - .04) (.03 - 
.04) 

u= 7.5-
4.21% 

f= 7.02-
8.57% 

Sac River at 
Colusa 

(2.0 - 
105) 
median= 

 (.06 - 
.43)  

 u= 0.41% Domagalski 
2001, 

Sacramento 
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43.5  x̄ = .10 River and 
Tributaries 

 Sac Slough, 
Knights 
Landing 

(5.0 - 
16.0) 

 

 (.07 - 
.57)  
 median= 
.15 

 u= 1.4-
3.56% 

Colusa Basin 
Drain, Knight 

Landing 

(5.0 - 
14.0) 

 (.08 - .38) 

median=  
.19 

 u= 1.6-
2.7% 

Sac River at 
Freeport 

(2.0 - 
13.0) 

 (.03 - .29) 

median= 
.12 

 u= 1.5-
2.23% 

Sac River at 
Verona 

(3.0 - 
18.0) 

 (.05 - .42) 

median= 
.13 

 u= 1.67-
2.33% 

Sacramento 
River 

Watershed 

  (0.02 - 
1.98) 

 LSmean 
= 0.18 

  Tanner, et. al. 
2017, The 

Contribution of 
Rice Ag to MeHg 

 

29 european  
streams  

(0.06 - 
2.78) 

 (0.007 - 
0.16) 

 u= 11.7 - 
5.76% 

Bravo et al., 
2018, The 
Interplay  

 

Table 2. This table shows Hg concentrations from this study and other studies in the northern 
California region (LSmean = Least Squares mean). The region in which these studies were 

performed contain many legacy mining operations that contributed to the total Hg abundance 
currently present in sediments and bodies of water in parts of northern California. 

of a water body being "free from" certain negative conditions”. It must also be stated that the 

EPA is working to revise its current water quality criteria for Hg. They have released the 
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following statement “It is important to note that the mercury aquatic life criterion includes a 

caution that it might not be adequately protective of such important fishes as the rainbow 

trout, coho salmon and bluegill. The criterion was derived from inorganic mercury (II) data but 

is applied to total mercury and may be under-protective if a substantial portion of the mercury 

in the water column is methylmercury. Also, even though inorganic mercury is converted to 

methylmercury and methylmercury bioaccumulates to a great extent, this criterion does not 

account for uptake via the food chain because sufficient data were not available when the 

criterion was derived”. Considering these issues, the EPA is working on an update to the 

mercury criterion. 

5. Conclusions 

5.1 Mercury and Hg/DOC Entanglement. Overall, the study results elucidated acceptable 

MeHg species abundance in NRW fluvial waters. The paired sites CFB and CVE revealed 

higher MeHg concentrations in the vineyard than in the background suggesting that 

agricultural processes had an impact. Despite the noted impact, MeHg concentrations were 

still relatively low and action levels (action levels are only suggestions, no legislative controls 

currently exist in NRW) were not reached. Given the concentrations of THg it was expected 

that the data would show higher concentrations of MeHg as the ingredients needed for 

methylation (THg, DOC, and SO₄²⁻) were present. THg concentrations were well below EPA 

maximum contaminant levels (2000 ng/L) for drinking water. However, THg measurements in 

this study were slightly elevated compared to what other researchers (Bravo et al., 2018) 

have identified as typical fluvial concentrations for an aquatic system without any geologic or 

anthropogenic point sources (<0.0  to 12 ng  ) (Dennis et al., 2005; Driscoll et al., 2007; 

Wiener et al., 2003). With known geologic mercury deposits in this geologic province, we 

expected to see higher fluvial THg concentrations. Relationships between DOC and THg 

were strongly impacted by filtration as no positive correlations were made between DOC and 

THg in undissolved fractions. However, there was no difference for MeHg abundance in the 

https://www.sciencedirect.com/science/article/pii/S0043135418305244#bib14
https://www.sciencedirect.com/science/article/pii/S0043135418305244#bib17
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dissolved or particulate fractions which highlights the importance of the dissolved fraction and 

its influence on the affinity of Hg with DOC and for the diverging processes controlling the two 

Hg species abundance (Lavoie et al., 2022). Positive correlations between DOC and THg in 

this study were identified in the dissolved fraction at vineyard sites with the highest correlation 

found within forested background sites.  

5.2 Trending SO₄²⁻. A salient agricultural signal of high SO₄²⁻ abundance was identified in 

vineyard locations. Compared to other recent studies (Hermes et al., 2022), average SO₄²⁻ 

abundance was 2 - 8x higher depending on position in the watershed. The highest vineyard 

values were identified at locations that were the furthest downgradient and thus subject to the 

most anthropogenic influence. While high SO₄²⁻ abundance is proposed to enhance MeHg 

production via SRB stimulation, no elevated MeHg concentrations were observed in the 

study. Sites identified with the highest SO₄²⁻ values also had the lowest methylation rates in a 

parallel study (Weiss et al., unpublished). The expectation going into the study was to 

observe the opposite trend in MeHg generation. HgS formation, and other complex 

formations, may potentially be impacting Hg mobility resulting in low measured aqueous 

concentrations. The only statistically significant comparisons were observed between the 

paired sites TFB and HPP regarding SO₄²⁻ and DOC. The SO₄²⁻ abundance in the vineyards 

(HPP) was over 2x the average abundance at TFB. Paired sites CFB & CVE were shown to 

have the least agricultural SO₄²⁻ loading impact, undoubtedly due to their high placement in 

the watershed. That said, intra-vineyard SO₄²⁻ loading was evident at CVE as evidenced in 

the data compared to the unimpacted values measured at CFB. A notable trend was 

observed progressing downstream in the Napa River as [SO₄²⁻] revealed an increasing 

pattern present in all (3) sample sets. This result is clearly driven by the agrarian landscape 

practices of fungicidal sulfur applications. The SO₄²⁻ measurements made in this study were 

relatively high, 2 - 8x higher depending on watershed position, when compared to other 

researchers’ findings in the NRW (Hermes et al., 2022). By far, the site that had the highest 
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[SO₄²⁻] was PVE. Unsurprisingly, this vineyard site was furthest downgradient within the 

watershed, in this study. 

5.3 Synopsis. To sum up the big picture, the results are good for farmers, fish, and public 

safety given current regulatory parameters. The main concern prompting investigation into 

agricultural practices impacting MeHg levels in NRW fluvial waters has been at least partially 

answered. We did not see any proof in the data that sulfur fungicide applications positively 

influenced higher MeHg production rates resulting in elevated fluvial MeHg concentrations. 

Furthermore, there were no point sources of pollution identified in this study as there were no 

instances of elevated MeHg concentrations identified. Further research is needed to resolve 

mercury mobility, suppressed MeHg production in high sulfate environments, and 

geochemical controls on Hg abundance and speciation in fluvial systems.  
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