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Figure B-6 Simulated Annual Wet, Dry, and Total Deposition Flux of Mercury (ug/m?®/yr) over the
Contiguous US for Each 100 km by 100 km Grid Cell for the Year 1998
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®  Simulated annual wet deposition flux of mercury shown in top left panel.
Simulated dry deposition flux of mercury shown in top right panel.

Simulated total deposition flux of mercury shown in bottom panel.

Source: Seigneur et al. (2004).

Using a global 3-D CTM (GEOS-Chem), Selin and Jacob (2008) simulated wet and dry
deposition fluxes of mercury for the contiguous US. Comparison of simulated wet fluxes for
the period 2004-2005 with observations from the NADP network (see Figure B-7) indicated a
reasonable agreement (coefficient of determination, r2, was 0.73). The authors indicated that
GEOS-Chem also reasonably captured the observed latitudinal gradient and seasonal phase as
well as the variation of seasonal amplitude with latitude. North American anthropogenic
emissions were estimated to contribute 20% of the simulated total mercury deposition in the
contiguous US, and dry deposition fluxes were estimated to account for 70% of the simulated
total deposition.
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Figure B-7
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Simulated Annual Mean Wet Deposition Flux of Mercury (ug/m?/yr) for the Period 2004-2005
(model grid resolution of 400 km x 500 km)
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Notes:
. The circles show the 57 NADP sites where simulations were evaluated against observations.
e Source: Selin and Jacob (2008).

Comparison of Pre- and Post-Industrial Atmospheric Deposition

Sanders et al. (2008) measured total mercury concentration in sediment cores from four lakes in
California that were considered to be devoid of any present or historical anthropogenic
activity. The four lakes selected by the authors were the Castle Lake in Shasta-Trinity National
Forest, Wildcat Lake in Point Reyes National Seashore, Island Lake in Tahoe National Forest
and Emerald Lake in Sequoia and Kings Canyon National Park. The authors found that
sediment mercury concentrations for the 1970-2004 (modern) time period are higher by a factor
of 10 (Castle Lake), 5 (Emerald Lake), 4 (Island Lake), and 2 (Wildcat Lake) than those for the
pre-1850 (pre-industrial) period. The authors suggested that increased atmospheric mercury
deposition, increased atmospheric nitrogen inputs resulting in elevated primary productivity,
and increased carbon inputs are the possible mechanisms to explain the enrichment of mercury
in the modern lake sediments. The authors found statistically significant correlations between
mercury concentrations and percentage organic material in only two of the four lakes. Thus,
the source of the enriched mercury in modern sediments could not be determined.
Nonetheless, the authors indicated that mercury enrichment in modern sediments found in this
study is generally higher than the 3-time increase in modern atmospheric deposition rate found
in lake sediments of northern Alaska by Fitzgerald et al. (2005) and the 2- to 4-time increase in
modern atmospheric deposition reported by Lindberg et al. (2007).

B.4 Mercury Concentrations in Sediments

Numerous studies in the scientific literature have addressed mercury contamination in the SFB
and other related issues. For instance, see Conaway et al. (2007), McKee et al. (2005),
Hornberger et al. (1999) and the references therein. In this section, only selected studies from
the literature that are directly relevant to the broader scope of this report are discussed.

The SFB is affected not only by natural weathering of highly mercury-mineralized rocks in the
upstream watersheds, but also by historical gold and mercury mining in the upstream
watersheds (see Figure B-8). Between 1850 and 1900, most of the mercury mining in the world
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Figure B-8
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occurred in the upstream watersheds of the SFB. Mercury was used to enhance gold recovery
in the gold mining operations that occurred extensively in the mid to late 19th Century, and
mercury-contaminated sediments from the Sierra Nevada were largely deposited to the
northern reach of the SFB. Seasonal variability of mercury concentrations in water and
sediment of the estuary are strongly dependent on the freshwater discharges from the
watersheds draining into the estuary. Long-term (decadal) variability in sediment mercury
concentration is a function of sediment deposition from the Central Valley, erosion of buried
sediments resulting in enhanced active sediment layer, and mixing processes.

Locations of Historical Gold and Mercury Mines in California
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e Inset shows historical gold mines and major placer and hardrock gold mines in the northwestern Sierra

Nevada.
e Source: Alpers et al. (2005).

Mercury in Water and Sediments of the Sacramento River Basin and the
Sacramento-San Joaquin River Delta

Domagalski (2001) measured mercury and methylmercury concentrations in water and
streambed sediments at 27 locations within the Sacramento River Basin. Compared to the
global crustal abundance of mercury of 0.067 ng/g, the author found elevated mercury
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concentrations in streambed sediments from areas downstream of historical mining activity
(such as Sierra Nevada sites, see Figure B-9). Methylmercury concentrations in streambed
sediments ranged from 0.27 to 2.84 ng/g, and the highest concentration measured at the
Sacramento Slough was attributed to the longer water residence times (about a few months),
anoxic conditions in sediments, and the availability of organic material for microbial processes,
all of which are ideal conditions for mercury methylation. Mercury and suspended sediment
concentrations in unfiltered water followed the seasonal rainfall patterns, with the highest
concentrations in winter (wet season) and relatively lower concentrations in late spring and fall
(dry season). The highest loading of mercury to the SFB was attributed to sources within the
Cache Creek watershed, which are downstream of historical mines, and to a possible volcanic
source. The author also indicated that although mercury concentrations in Cache Creek could
be as high as 2,248 nanograms per liter (ng/L) during storm water runoff events, the
transported mercury was found to have a low potential for geochemical transformations, as the
transported mercury was largely not present in a free ion form or in a form that could easily be
reduced to elemental mercury. The author observed that it was only during high streamflow
conditions that mercury in unfiltered water exceeded the federal and state recommended
criterion for protection of aquatic life (as of 2001, 50 ng/L as total Hg in unfiltered water). The
author estimated that the total amount of mercury transported from the Sacramento River
Basin to the SFB to be 487 kg for the winter of 1996-97 and to be 169 kg for the winter of

1997-98.
Figure B-9 Concentrations of Mercury (ug/g) in Streambed Sediment of the Sacramento River Basin
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Notes:
e  Sampled during 1995 (black bars) and 1997 (grey bars) at 27 locations within the Basin.
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e Modified from Domagalski (2001).

McKee et al. (2005) measured total mercury concentrations in water samples collected during
2002 and 2003 at Mallard Island in the Sacramento-San Joaquin Delta, about 8 km downstream
of the confluence of Sacramento and San Joaquin Rivers. The authors observed that total
mercury concentrations ranged from 4 to 14 ng/L and dissolved mercury concentrations
ranged from 0.8 to 1.6 ng/L. The authors indicated that the Delta exhibits a “first flush”
phenomenon for mercury indicated by greater mercury concentrations during the first flood of
a season, despite the subsequent floods having a greater flow rates. Similar to Domagalski
(2001), the authors found a relationship between suspended sediment concentration and total
mercury concentration. Using this relationship and adjusting for the tidal effects on water
transport (and hence mercury) within the Delta, the authors estimated that daily total mercury
loads varied from 3 to 1,803 g/day and that the annual total mercury load was 58+20 and 97+33
kg/yr for water years 2002 and 2003, respectively. The authors extended their estimates to
obtain a long-term average annual mercury load of 201+68 kg/yr.
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B.4.2 Mercury in Sediments and Fish of the San Francisco Bay

Figure B-10 Mercury Concentration in Sediments (ppm) of the San Francisco Bay Based on Data Collected
by the San Francisco Estuary Institute from 2002 to 2007
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Source: SFEI (2008).

Hornberger et al. (1999) measured concentrations of mercury and other metals in six sediment
cores from various parts of the SFB. These concentrations were compared to those in a
sediment core from Tomales Bay (located about 45 km north of the SFB, not shown in Figure
B-10), considered to be a uncontaminated reference because of a lack of industrialization and
urbanization. The authors found that concentrations in the deepest horizons of the SFB cores
were comparable to those in the reference core (0.06+0.01 ng/g) from Tomales Bay (see Figure
B-11) and that the maximum concentrations of mercury in the cores were found to be about 20
times the reference baseline concentration. The authors also indicated that the earliest
anthropogenic influence on metal concentrations appeared as mercury contamination
(concentration of 0.3-0.4 ng/g) in sediments deposited at San Pablo Bay between 1850 and 1880.
Due to the presence of mercury mines in the upstream watersheds, concentrations of mercury
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were higher in sediments of San Pablo and Grizzly Bay (both in the northern part of the SFB,
see Figure B-10 for the location of these sites), compared to those in Richardson Bay (which is
affected by both the northern and the less contaminated southern portions of the SFB).

Figure B-11 Mercury Concentrations (ug/g, dry weight) in Sediment Cores from Grizzly Bay, San Pablo Bay,
and Richardson Bay Compared to those in the Reference Sediment Core from Tomales Bay
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e  Sediment core from Tomales Bay shown as broken vertical line.
e  The horizontal dotted lines denote the minimum age of sediment horizon as determined by an age dating

model.

e  Source: Hornberger et al. (1999).

Conaway et al. (2004) measured mercury concentrations in sediment cores collected from a
southern SFB tidal marsh, which is downstream of the New Almaden mining district (see
Figure B-12), formerly the largest mercury mining district in North America. The mercury
concentrations at various depths of the sediment core and the estimated mercury accumulation
rate in the sediments are presented in Table B-9. The authors observed that sediment mercury
concentrations began to increase in the later part of the 19th century and reached a maximum
in the mid-20th century, consistent with the temporal trends in mercury production at that
mine. The authors indicated that concentrations observed in the pre-mining sediment record
(prior to 1850s, 0.40+0.15 nmol/ g, or 0.08+0.03 ng/g), are similar to those reported in the
literature from deep-cores from the northern reach of the SFB and to river sediments from the
northern California Coast Range (with no known mercury mineral deposits). Thus, the authors

argued that natural weathering of mercury-rich deposits is not a substantial contribution to the

southern SFB and that the principal source of mercury contamination in the southern SFB is
anthropogenic activity (erosion of mercury mine wastes).
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Figure B-12

Table B-9
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Location of the New Almaden Mine

a0 mi

Notes:
e  Location of the New Almaden mine shown with red circle, with reference to the San Francisco Bay
e  Source: Conaway et al. (2004).

Mercury Accumulation Rate for Depth Intervals in a Sediment Core from a Southern San
Francisco Bay tidal marsh

Sedimentation Bulk density Hg conc. Hg accumulation
Depth (cm) Period Rate (cm/yr) (glcm?) (ng/g)? rate (pg/cm?yr)®
0-8 1998-2001 2.70 0.8 0.46 1.00
8-35 1982-1998 1.80 0.7 0.48 0.62
35-40 1975-1982 0.71 0.7 0.54 0.26
40-125 1945-1975 2.80 0.6 0.84 1.40
125-140 1870-1945 0.18 0.6 0.52 0.06
140-280 1570-1870 0.33 0.7 0.08 0.02

Notes:
e  a-Reported concentrations were converted from nmol/g to ug/g.
e  b-Reported accumulation rates were converted from nmol/cm?/yr to pg/cm?/yr.
e  Source: Conaway et al. (2004).

Conaway et al. (2007) analyzed total mercury concentrations in sediments of the San Francisco
Estuary for the period 1993 to 2001 at 26 sites ranging from marine to freshwater locations (see
Figures B-13A and B). For analytical purposes, the 26 sampling sites were grouped into six
hydrographic regions: Estuary Interface, Southern Sloughs, South Bay, Central Bay, Northern
Estuary, and Rivers. The authors found that the six hydrographic regions had significantly
(statistically) different sediment mercury concentrations, with the Estuary Interface region and
the Rivers region having the highest (0.35 ng/g) and lowest (0.10 ng/g) median concentrations,
respectively (see Figures B-13A and B). The authors indicated that sediment concentrations
during the period 1993 to 2001 have decreased at few sites in the Northern Estuary region (by
22%), Central Bay region (by 17%), and South Bay region (by 32%). This decrease in sediment
mercury concentrations was attributed to the transport of relatively lower concentration
mercury sediment to the estuary from the Sacramento River and San Joaquin River watersheds.
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Greenfield et al. (2005) analyzed seasonal, interannual, and long-term variations in mercury
contamination of sport fish in the SFB. The authors indicated that interannual variation in
mercury was evident in striped bass but absent in shiner surfperch, leopard shark and white
croaker. Mercury concentrations in striped bass showed no evidence of a trend between 1970
and 2000, and the authors attributed this to the continuing contribution of mercury from
historical mines and erosion of buried sediments. The authors indicated that variations in
mercury bioavailability to fish could be a function of fish ecology, watershed loading,
contaminated sediment exposure, and net methylmercury production rates.
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Figure B-13A  Sampling Locations of Total Mercury Concentrations in Sediments of the San Francisco
Estuary, 1993 to 2001
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e  Sampling locations in the San Francisco Estuary, grouped into six hydrographic regions (from south to
north): Estuary Interface, Southern Sloughs, South Bay, Central Bay, Northern Estuary and Rivers. Stars
represent sites showing a statistically significant decrease in sediment mercury concentrations from 1993 to
2001.

e Source: Conaway et al. (2007).
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Figure B-13B  Total Mercury Concentrations in Sediments of the San Francisco Estuary, 1993 to 2001
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e  Box and whisker plots showing mercury concentrations (ug/g, dry weight) for the period 1993-2001. For
each station (from the bottom to the top) are shown the minimum, 25 percentile, median, 75 percentile, and
maximum values.

e  Source: Conaway et al. (2007).

B.5 Estimates of the San Francisco Estuary Mercury Budget

B.5.1

Estimated inputs to the San Francisco Bay from Different Sources
(San Francisco Bay RWQCB 2006)

The following is a summary of estimated mercury inputs to the SFB for the year 2003 from the
San Francisco Bay RWQCB. The total input to the SFB was estimated to be 1,220 kg/yr (see
Table B-10) and the individual sources in decreasing order of magnitude were bed erosion (460
kg/yr), the Central Valley watershed (440 kg/yr), urban storm water runoff (160 kg/yr), the
Guadalupe River watershed (92 kg/yr), direct atmospheric deposition (27 kg/yr), non-urban
storm water runoff (25 kg/yr), and wastewater discharges (18 kg/yr). Based on box models
that account for sediment and mercury inputs and outputs to and from the SFB, this report
estimated that mercury losses for 2003 (by transport to the Pacific Ocean via the Golden Gate,
plus the net result of dredging and disposal and other losses), were approximately 1,700 kg/yr.
The estimated contribution of the various sources of urban storm water runoff (a total load of
160 kg/yr) is presented in Table B-11 and the major sources of mercury loading to the SFB from
municipal wastewater discharge are presented in Table B-12.
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Estimated Annual Mercury Contribution (in kg/yr) from Various Sources to the San Francisco

Bay in 2003

contribution
Source (kglyr) % of total
Wastewater (municipal & industrial)
Discharges 18 1.5%
Non-urban Storm Water Runoff 25 2.0%
Direct Atmospheric Deposition 27 2.2%
Guadalupe River Watershed (mining
legacy) 92 7.5%
Urban Storm Water Runoff 160 13.1%
Central Valley Watershed 440 36.0%
Erosion of Buried Sediments 460 37.6%
Total 1220 100%

Source: San Francisco Bay RWQCB total maximum daily load (TMDL) 2006).

Estimated Annual Mercury (in kg/yr) in urban Storm Water Flowing to the San Francisco Bay in

2003

Estimated
Hg Load

Urban Storm Water Source (kglyr)
Santa Clara Valley Urban Runoff Pollution Prevention Program 44.0
Alameda Countywide Clean Water Program 39.0
Contra Costa Clean Water Program 22.0
San Mateo County Storm Water Pollution Prevention Program 16.4
Vallejo Sanitation and Flood Control District 3.2
Fairfield-Suisun Urban Runoff Management Program 3.1
American Canyon 0.3
Sonoma County area 3.1
Napa County area 3.1
Marin County area 6.5
Solano County area 1.6
San Francisco County area 17.2
Total® 159.5
Notes:

e a-The total urban storm water load of 160 kg/yr, presented in Table B-10, was obtained by San Francisco
Bay RWQCB TMDL (2006) by rounding off the total presented here.

Modified from Table 5-w of San Francisco Bay RWQCB TMDL (2006).
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Estimated Annual Mercury (in kg/yr) from Municipal Wastewater Discharge Flowing to the San

Francisco Bay in 2003

Estimated

Hg Load
Municipal Wastewater Discharger (kglyr)
East Bay Dischargers Authority 3.6
San Francisco, City and County of, Southeast Plant 2.7
East Bay Municipal Utilities District 2.6
Central Contra Costa Sanitary District 2.2
San Jose/Santa Clara Water Pollution Control Plant 1.0

Notes:

e  Only discharges with an estimated load of at least 1 kg/yr are presented here.
e  Modified from Table 2-1 of San Francisco Bay RWQCB TMDL (2006).

Model-based Mercury Mass Balance in the San Francisco Bay Area

McKee and Mangarella (2006) used a combination of locally available data and estimates from
other regions of the US in a simple conceptual modeling framework to estimate the mercury
contribution to the SFB from storm water conveyances (see Table B-13). The authors estimated
that the total mercury loading to the SFB from storm water is 176 kg/yr, with atmospheric
deposition and watershed surface sediment erosion contributing 48 and 59 kg/yr, respectively.

Estimated Annual Mercury (in kg/yr) in San Francisco Bay Area Storm Water Conveyances

Mercury Source

Estimated Hg Load
(kglyr)

Watershed Surface Sediment Erosion

Atmospheric Deposition (direct deposition to
water surfaces)

Instruments

Bed and Bank Erosion
Switches and Thermostats
Fluorescent Lighting
Paint

Railway Lines
Industrial Hotspots
Landfill

Laboratory

Gasoline

Batteries
Auto-Recycling

Dental

Other Uses

Total

59 (30-182)

48 (20-93)
23 (8-28)
21 (4.1-160)
10 (9-11)
4.1(2.4-5.8)
2.6 (1-4)
1.5 (0.09-3)
1.4 (0.25-7.4)
1(0.5-1.5)
1(0.2-1.4)
1(0.1-2)
0.8 (0.15-1.5)
0.7 (0-3)
0.4 (0.2-0.6)
0.09 (0.006-0.18)
176 (76-504)

Source: McKee and Mangarella (2006).
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Macleod et al. (2005) developed a model that simultaneously describes the fate and transport of
elemental, divalent and methylated mercury species in the environment (including air, soil,
vegetation, water and sediments) (see Figure B-14). The objective of this modeling study was
to describe the long-term average dynamics of mercury in a generic regional environment, and
hence, the model is not appropriate for describing episodic depletion or accumulation of
mercury species.

Figure B-14 Steady-state Mass Balance of Total Mercury in the San Francisco Bay Area
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e  Left panel: Model schematic showing conceptual transfer (straight arrows) and transformation (circular
arrows) processes between the various reservoirs for Hg(0), Hg(II), and MeHg species.

e  Right panel: Estimated fluxes (in kg/yr) and storages (as percentages of the total regional inventory).

e  Source: Macleod et al. (2005).

The key assumption of this model is that temporally and spatially averaged ratios of
concentrations of the individual mercury species are constant in each environmental medium
(air, soil, vegetation, etc.). The authors indicated that this key assumption will be valid
(however, it is not a requirement) when chemical reactions for inter-conversion of mercury
species are fast relative to the rates of transport in and out of any medium or across media. The
various parameters required by the model (such as physical properties of the media, transport
velocity parameters, etc.) were obtained from the scientific literature, and the 95% confidence
intervals of many of these parameters ranged from one third to three times their median
values. The authors indicated that although their “lumped” modeling approach (which
employs single best-estimate parameters) does not account for spatial and temporal
heterogeneity observed within the SFB Area, it provides an approximate (and relatively
simple) mass balance budget and enables the identification of key model parameters using
uncertainty analysis. Comparison of model simulated and observed mercury concentrations
and fluxes in the SFB Area indicated that the model is reasonably consistent with the
observations and that the 95% confidence intervals on the model estimates overlapped with
those on the observations. However, the fact that these confidence intervals spanned two
orders of magnitude highlights the inability of a “lumped” modeling approach to capture the
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spatial and temporal heterogeneity of the SFB Area. Nonetheless, the model provides useful
estimates of the SFB mercury budget.

The estimated steady-state mass balance of total mercury in the SFB Area is shown in Figure
B-14. The authors indicated that the mass balance of total mercury in the SFB Area is
determined almost entirely by the dynamics of Hg(Il) species, the most prevalent species in all
environmental media except the atmosphere (where Hg(0) is predominant). It is evident from
Figure B-14 that there is a net atmospheric deposition of total mercury to soils, water, and
vegetation in the SFB Area. The residence time of total mercury in the atmosphere was
estimated to be 6.3 years and the residence time of total mercury in the sediments was
estimated to be 48 years.
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