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ABSTRACT

The hydraulic gold-mining process used during the
Californhttia Gold Rush and in many developing
countries today contributes enormous amounts of
sediment to rivers and streams. Commonly, accom-
panying this sediment are contaminants such as ele-
mental mercury and cyanide used in the gold extrac-
tion process. We show that some of the mercury-con-
taminated sediment created by hydraulic gold mining
in the Sierra Nevada, between 1852 and 1884, ended
up over 250 kilometers (km) away in San Francisco
Bay; an example of the far-reaching extent of con-
tamination from such activities.

A combination of radionuclide dating, bathymetric
reconstruction, and geochemical tracers were used
to distinguish the hydraulic mining sediment from
sediment deposited in the bay before hydraulic min-
ing started (pre-Gold Rush sediment) and sediment
deposited after hydraulic mining stopped (modern
sediment). Three San Francisco Bay cores were stud-
ied as well as source material from the abandoned
hydraulic gold mines and river sediment between the
mines and bay. Isotopic and geochemical composi-
tions of the core sediments show a geochemical shift
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in sediment deposited during the time of hydraulic
mining. The geochemical shift is characterized by a
decrease in ¢Nd, total organic carbon (TOC), Sr and
Ca concentrations, Ca/Sr, and Ni/Zr; and, an increase
in 87Sr/86Sr, Al/Ca, Hg concentrations, and quartz/
plagioclase. This shift is in the direction of the geo-
chemical signature of sediments from rivers and gold
mines in hydraulic mining areas. Mixing calculations
using Nd isotopes and concentrations estimate that
the hydraulic mining debris comprises up to 56%

of the sediment in core sediments deposited during
the time of hydraulic mining. The surface sediment
of cores taken in 1990 were found to contain up to
43% hydraulic mining debris, reflecting a continuing
remobilization and redistribution of the debris within
the bay and transport from the watershed.

Mercury concentrations in pre-Gold Rush sediment
range between 0.03 and 0.08 pg g~!. In core sedi-
ments that have characteristics of the gold deposits
and were deposited during the time of hydraulic min-
ing, mercury concentrations can be up to 0.45 pg g-!.
Modern sediment (post-1952 deposition) contains
mercury concentrations up to 0.79 pg g-! and is like-
ly a mix of hydraulic mining mercury and mercury
introduced from other sources.
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INTRODUCTION

When human activities add inorganic mercury to
the environment, the most important environmen-
tal outcome is generation of methylmercury. This
occurs when bacteria transfer a methyl group (CHs)
from an organic compound into a chemical bond
with inorganic mercury (Morel and others 1998) via
a complex series of reactions (Marvin-Depasquale
and others 2000). Methylmercury (MeHg) is a potent
neurotoxin and reproductive toxin. It is biomag-
nified through aquatic food webs, placing at risk
people who consume predatory fish or for whom
fish is a mainstay in their diet (Mergler and others
1998). Methylmercury also is an ecological hazard to
fish and birds, in particular threatening charismatic
predators, especially fish-eating wildlife (Heinz and
Hoffman 1998; Wiener and others 2007).

Human sources of mercury input into the environ-
ment include energy production, mining and other
types of industry (Luoma and Rainbow 2008).
Throughout the world, tailings from hydraulic gold
mining are of particular concern. In hydraulic min-
ing, including artisan gold mining, traditional amal-
gamation methods are used to remove gold from ores.
The ore is washed over a bed of mercury; the silver
and gold amalgamate or attach to the mercury; then
the Hg is volatilized and precious metals captured.
About 25% to 50% the elemental mercury used to
extract the gold remains with the sediments or is oth-
erwise lost to the environment when large volumes of
tailings are discharged to a watershed (Nriagu 1994).
In oxidizing conditions this elemental mercury (Hg)
can be converted to Hg*2 and ultimately some frac-
tion will be methylated and biomagnify through the
aquatic food web. Primitive gold mining remains an
important activity in many parts of the developing
world, from the Philippines to Brazil. It is thought
that as many as 550,000 to 1,000,000 artisan miners
were active in Latin America in the late 1990s (Malm
1998). Tracking the fate of the sediments originating

from hydraulic mining, as well as the mercury that
accompanies those sediments is thus a problem of
global interest.

One way to determine the extent of this problem
would be to identify deposits of hydraulic mining
debris relative to other sediments, but that can be
problematic. Dating methods for deposited sedi-
ments are often insufficient to precisely link dates

of deposition to occurrence of hydraulic mining. The
differences between the sediments from different
sources also can be subtle, particularly after they are
transported downstream from their source and mixed
with other sediments. In this paper we define a geo-
chemical signature unique to hydraulic mining debris
in sediments of San Francisco Bay employing geo-
chemical characteristics and isotopic tracers unique to
ores typical of gold mining. We validate the signature
using a relationship between the geochemistry of in-
place sediments and the predicted location of hydrau-
lic mining debris given by a historical bathymetry
model. We then estimate the amount of mercury
deposited in bay sediments associated with the
hydraulic mining debris. To characterize the mining
signature, sediment samples were taken from aban-
doned hydraulic gold mines in the Sierra-Nevada,
from rivers draining from these mines to the bay, and
from sediment cores in the bay itself that were dated
using radionuclide profiles (Fuller and others 1999)
and changes in bathymetry between 1856 to 1983
(Jaffe and others 1998).

Mercury and Hydraulic Mining in the San
Francisco Bay and Sacramento-San Joaquin Delta

Mercury contamination is of particular concern to
the San Francisco Bay and Sacramento-San Joaquin
Delta, partly because the geology of the area supports
mercury mining and partly because hydraulic min-
ing, was the dominant type of mining in the Sierra
Nevada during the latter stages of the California
Gold Rush (James 2005). There is some evidence
that the combination of intense mercury mining
and widespread mobilization of sediments during
the hydraulic mining era dispersed mercury across
the watershed. Elevated mercury concentrations are
found in the delta and the bay in water and sedi-



ments (Domagalski 2001; Heim and others 2007), as
well as biota from throughout the food web, includ-
ing sport fish (Davis and others 2002, 2008). Cores
of dated sediments from San Francisco Bay show
that increases in mercury concentrations began to
exceed pre-anthropogenic levels of ~0.07 pg g-! dry
weight about the time of the hydraulic mining era
(Hornberger and others 1999). However, the exact
fate and distribution of these sediments and their
accompanying contamination are not well known
(Conaway and others 2008) because no methodolo-
gies were available to identify the hydraulic mining
debris.

In the Sierra Nevada, gold mining and the associated
use of elemental mercury began with the 1849 Gold
Rush and continued for over 30 years. Gold pan-
ning in Sierra Nevadan streams was replaced by the
hydraulic gold-mining technique in 1852. Hydraulic
mining was wide spread until 1884 when it was halt-
ed by a court order. During hydraulic gold mining
large pressurized water cannons are aimed at hill-
sides of unconsolidated gold-rich gravels. The grav-
els are washed into an extensive series of sluices to
which mercury is added. Mercury and gold form an
amalgam that collects in the bottom of the sluices.
The amalgam is collected; mercury is roasted away
from the amalgam; and gold remains. Although this
type of mining and refining is now obsolete in North
America, unregulated mining practices still persist

in developing countries (Meech and others 1998;
Jacobson and Kratochvil 1998).

Mercury used for gold mining in the Sierra

Nevada was mined in the Coast Range as cinna-

bar and refined to elemental mercury (Figure 1A).
Approximately 60,000 tonnes of mercury was pro-
duced between 1850 and 1900 and used in gold min-
ing mainly along the Yuba, Bear, and American riv-
ers (Nriagu 1994; James 2005) (Figure 1A). Historical
accounts suggest that 25% to 30% of the mercury
can be lost in mine tailings and wastewater (Nriagu
1994), although in some cases it is estimated that

as much as 50% of the mercury has been lost to the
environment (Meech and others 1998).

Between 1856 and 1887, over 400 million cubic
meters (m>) of sediment were deposited in San
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Figure 1 (A) Location of mercury mines in the Coast Range
and hydraulic gold mines in the Sierra Nevada. The four
hydraulic gold mines sampled in this paper are shown as open
squares (Malakoff Diggins, Dutch Flat, Gold Run, and You Bet).
The open circles are the locations of river sediment and their
corresponding eNd value. The star is the location of Figure 1B.
(B) Location of the three sediment cores recovered in San
Pablo Bay.
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Francisco Bay as a result of the hydraulic mining
operations (Jaffe and others 1998). The sedimenta-
tion rate in San Pablo Bay during this time increased
dramatically. The areal extent of the delta increased
and reliable ship navigation was affected (Gilbert
1917). This large sediment volume counteracted
shoreline retreat caused by rising sea level and built
many marshes and islands in the bay-delta system
(Gilbert 1917; Peterson and others 1993; Jaffe and
others 1998). Many of those wetlands were eventu-
ally developed for human use and some are now
undergoing, or being proposed for, reconversion

to wetlands (for example, Davis and others 2003).
Wetland sediments generate methylmercury faster
than shallow water sediments throughout the world
(Krabbenhoeft and others 1999) and in San Francisco
Bay (Marvin-Depasquale and others 2000). Therefore
there is a concern that wetlands restoration could
accelerate mercury contamination of the bay ecosys-
tem (Davis and others 2003). A protocol to determine
how much hydraulic mining debris might occur in
specific wetlands could therefore be quite valuable.

METHODS

Field Sites and Sample Collection

The dominantly quartz-rich gravels that bear gold
have a distinct lithology from other rock units in the
watershed (James 1991a), which could offer oppor-
tunities to identify and geochemically characterize
hydraulic mine tailings. Neodymium (Nd) isotopes

are of interest, in particular, because sediments retain
the Nd isotopic signature of their source through-

out weathering, transport, deposition, and diagen-
esis (Faure 1986). Strontium (Sr) isotopes and major
and trace element studies are also useful tools in
determining sediment source regions but can under
go some alteration during the weathering process
(Ingram and Sloan 1992). For example, interaction
with seawater can alter the Sr isotopic composition of
sediments while the Nd isotopic composition remains
relatively unchanged partly because the Sr concentra-
tion in seawater is 8 mg L~! but the Nd concentration
is only 2.6 x 107 mg L-! (Faure 1986).

The auriferous (gold-bearing) gravels that were
hydraulically mined in the Sierra Nevada were laid

down by Eocene streams about 50 million years

ago (Lindgren 1911; Yeend 1974). The stream chan-
nels cut into the underlying Paleozoic and Mesozoic
metasedimentary and metavolcanic rocks that were
intruded by Late Jurassic and Cretaceous Sierra
Nevadan batholiths (Schweickert 1981). The clasts in
the Eocene gravels are predominantly quartz. Next in
abundance are clasts of slate and phyllite. Less abun-
dant clasts are igneous rocks, predominantly grano-
diorite. The auriferous gravels can be divided into
upper and lower gravel strata based on lithology and
texture, although the contact between them is gra-
dational and does not apply to every location (Yeend
1974). The lower gravels contain cobble and boul-
der size clasts of underlying bedrock (mainly slates
and phyllites) whereas pebble size and smaller clasts
(mostly quartz) predominate in the upper gravels.
Miners sought the lower gravel because gold is heavy
and often trapped in the stream channel crevices.
The lower gravels are often cemented with silica and
could not be hydraulically mined so they were mined
by tunneling along the gravel-bedrock contact. The
upper gravels, also rich in gold, are unconsolidated,
interstratified with beds of sand, silt and clay, and
locally stained to various hues of orange (10YR 8/2,
10YR 8/6, 10YR 7/4 and 10YR 6/6), particularly in
the uppermost soil horizons. The beds overlying the
upper gravel consist mainly of bentonite, tuff, and
andesite breccia. The upper gravel is differentiated
from the overlying units by its lack of fresh volcanic
material (Yeend 1974).

Samples of the upper gravels were collected from
four of the largest, richest, and most extensively
mined deposits of the auriferous gravels. They are
located in the Colfax quadrangle (Lindgren 1911),
and include the North Bloomfield (Malakoff Diggins),
Dutch Flat, You Bet, and Gold Run mines (Figure 1A).
The purpose was to represent the range of source
material that was transported downstream as a result
of hydraulic mining. Sediments remaining in the
hydraulic mines were sampled from trenches that

cut approximately 0.1 meters (m) horizontally and

30 m vertically down cliff faces perpendicular to bed-
ding. Surface material on the cliff face was avoided.
Generally 10-m sections were aggregated into one
sample. The sediments were collected on large plas-



tic sheets at the base of the cliff. Clasts greater than
pebble size were removed. Approximately 0.25 m> of
sediment was collected. This material was then wet
sieved to <63 pm with deionized water and nylon
mesh.

Bed sediments from streams and rivers were collected
because they are good integrators of the isotopic
compositions of rocks in the area. Bed sediment was
collected from two streams in the hydraulic mining
area, several locations in the Sacramento River, and
one location in the San Joaquin River. The bed sedi-
ment was collected from depositional point bars.

Cores analyzed in this study were collected at three
different sites in San Francisco Bay (Figure 1B).

Two cores (Core 90-8 and Rodeo) were collected
from southeastern San Pablo Bay, south of the main
ship channel. Core 104 is from the north side of

the channel. The Rodeo Core location is closer to

the main channel than Core 90-8. Cores 90-8 and
104 are USGS gravity cores (9-cm inner diameter),
2.4 m and 1.9 m in length, respectively, collected in
1990. The Rodeo Core is a piston core (10-cm inner
diameter) that extends 6.7 m in length, collected in
1993 (Ingram and others 1996). The core liners were
extracted from their barrels, capped, sealed, and
transported upright to cold storage (2-3°C). The cores
were X-rayed, split, and subsampled for geochemi-
cal analyses (Ingram and others 1996; Hornberger
and others 1999). Both Cores 90-8 and Rodeo have
been previously studied. Radioisotopic dating along
with inorganic and organic contaminant measure-
ments were used to evaluate the historical inputs of
contaminants to San Francisco Bay (van Geen and
Luoma 1999, and papers therein). Bivalve shells in
the Rodeo core were carbon-14 (14C) dated and ana-
lyzed for Sr isotopes to determine inflow into the bay
from the Sacramento and San Joaquin rivers (Ingram
and others 1996).

Analytical Methods

All geochemical analyses were preformed on the
<63-pm fraction of sediment to minimize grain size
bias (Hornberger and others 1999) and to capture
sediment most easily transported to the San Francisco
Bay. Approximately one-gram subsamples of core
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material were wet sieved through 63-um mesh-screen
into 100-ml beakers and dried. Each dried <63-pm
sample was homogenized with a mortar and pestle
and subsampled. The subsamples were weighed,

dried again in a 70° oven, cooled in a desiccator and
reweighed for geochemical analyses. The >63-pm
fractions were air dried in previously weighed Petri
dishes, then weighed. Total organic carbon (TOC) was
determined by finding the difference between total
carbon and carbonate using a total combustion car-
bon LECO analyzer.

For isotopic and elemental analyses, 100 mg of
<63-pm sediment was digested in a series of concen-
trated HF, HNO3; and 6N HCI dissolutions following
the method described in Marvin-DiPasquale and oth-
ers (2003). Upon complete dissolution, a 20% portion
of each sample was taken for bulk chemical analyses.
This portion was dried, then reconstituted in 50 ml
of 206 HNOj3 plus 0.2 ml of internal standard, which
was added for elemental analyses on an inductively
coupled plasma mass spectrometer (ICPMS). The ana-
lytical errors for all elements presented in this study
were less than +59%.

The remaining 80% of each sample was put through
a series of ion exchange columns to separate Sr and
Nd as described by Bullen and others (1997) and
Marvin-DiPasquale and others (2003), respectively.
The Sr and Nd fractions were dried down with HNOs,
H3P0y4, and H,0,. Sr and Nd isotopic ratios were
measured by thermal ionization mass spectrometry
(TIMS) with the resulting Sr and Nd ratios normalized
to correct for mass fractionation using 86Sr/87Sr =
0.1194 and 43Nd/!#44Nd = 0.7219 (Bullen and Clynne
1990). The maximum uncertainty for 87Sr/80Sr is
+0.00003 and for 143Nd/!44Nd +0.00002. 143Nd/!44Nd
was converted to eéNd using the value 0.512636 for
CHUR (condritic uniform reservoir).

Quartz content relative to plagioclase was determined
by X-ray diffraction. The X-ray diffraction patterns
were obtained on a Philips X-ray diffractometer

with carbon monochromator and Cu K, radiation.
Continuous scans were run from 4-70° 26 at 40 kV
and 45 mA. The quartz/plagioclase ratio was calcu-
lated using the area under the major quartz peak at
26.6° 28 divided by the area under the major plagio-
clase peak at 28.0° 26.
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An experiment to determine Sr exchange was con-
ducted on four unwashed bay sediment samples

and sediment from one hydraulic mine following
the method described by Bullen and others (1997).
Approximately 2.5 g of <63-pm sediment and 50 ml
of ammonium acetate were shaken in 60-ml bottles
for 24 h. The bottles were removed from the shaker
and the sediment settled for 48 h. The supernatant
was filtered through a 0.45 pm filter. A 2-ml aliquot
was taken from the supernatant and analyzed by
ICPMS for elemental concentrations. Approximately
20 ml of the supernatant was dried, taken up in 2 ml
of 2N HCI, and put through cation exchange col-
umns to separate Sr for isotopic analyses by TIMS.
The remaining residue sample was filtered, washed,
and dried. A 100-mg sample of this residue was
digested, split, eluted, and analyzed by ICPMS and
TIMS in the same manner described above for sedi-
ment samples.

Total mercury in the <63-um sediment samples

were determined following the method of Elrick

and Horowitz (1986). The samples were reacted

with aqua regia at 100°C and reconstituted with

10% nitric dichromate. Before analyses, 3% NaBH,
(in 1% NaOH) was added as a reductant. The total
Hg analyses were conducted by cold vapor atomic
absorption spectroscopy. The method detection limit
is 0.01 pg g-! and precision +10% for concentrations
greater than 0.1 pg g~!. No significant loss of Hg
was found during sample drying at temperatures to
105°C when compared to drying at room temperature
(Elrick and Horowitz 1986).

Dating Techniques

The cores were dated using the radionuclides !37Cs,
239,240py, and 219Pb (Fuller and others 1999). The
fallout radionuclides 37Cs and 239:240Py, introduced
into the environment by atomic weapons testing
between 1952 and 1964, are only detected in hori-
zons containing a component of sediment deposited
after 1952 (Figure 2). The detection limit for the low
abundances of excess 2!1%Pb in bay sediments limits
this dating technique to ~60 years (Fuller and others
1999). Thus, for San Francisco Bay, radionuclide dat-
ing cannot define sediment deposited during the time
of hydraulic mining,.

San Pablo Bay
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Figure 2 137Cs activity in picoCuries per gram (pCi g') versus
depth in the three San Pablo Bay cores. Dashed line in Rodeo
core profile indicates depth horizon of onset of hydraulic min-

ing.

Higgins and others (2005) devised a novel approach
for estimating the location of sediment deposited
during the hydraulic mining period in San Francisco
Bay. Data from bathymetric surveys conducted about
every 20 to 30 years since 1856 were reconstructed
on a 100-m grid. Depth soundings were corrected for
tides, and a 50-m bathymetric grid was developed
for each time slice. The grids were brought to a com-
mon vertical datum by removing sea level change
and a sedimentation history was determined for each
of the three core locations (Figure 3). Comparisons
of sediment surfaces for survey dates were then used
to estimate depth changes attributable to sediment
deposition or erosion. These bathymetric reconstruc-
tions from six surveys (1856, 1887, 1898, 1922, 1951,
1983) reveal dynamic changes in bay floor topogra-
phy through time and space. The sedimentation from
1983 to the date of core collection was extrapolated
using the 1951 to 1983 rate for each core. The his-
torical bathymetry model ages for sediment horizons
compared well with radioisotopic dating of sediment
cores (Higgins and others 2007). Results from the his-
torical bathymetric model were used to estimate that
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Figure 3 Historical bathymetry reconstructions of net sedi-
ment deposition at each core location. Dashed lines represent
the dates 1856, 1883, 1922, 1951, and 1983 predicted by the
historical bathymetry model (Higgins and others 2005). Cores
90-8 and 104 were collected in 1990 and Core Rodeo in 1993;
these dates are at the top of the core. Gray shading indicates
the period of hydraulic mining.

a large volume of sediment (400,000,000 m?3) was
deposited between 1856 and 1887 that may be attrib-
uted to hydraulic mining. Geochemical analyses pre-
sented here are used in part to validate this finding.
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Several geochemical properties were used as indica-
tors of the hydraulic mining period. Sediments depos-
ited since the Gold Rush are characterized by trace
element enrichment due to human activities, with the
greatest enrichment for the most elements occurring
after the turn of the century. These enrichments can
be used to generally characterize sediments deposited
in the last 50 to 150 years (Hornberger and others
1999). Large increases in Pb concentrations with less
radiogenic Pb isotopic compositions occur in the core
sediments deposited after ~1880 (Ritson and others
1999).

Carbon-14 ages of shells were used to date sediment
deposited before the Gold Rush (Ingram and others
1996). In addition, the first appearance of certain
bivalve species help bound the age of more recent
sediment. Non-native species have been transported
to San Francisco Bay at various times since the Gold
Rush of 1849. An example is Mya areneria, the east-
ern soft shell clam, that was introduced in to the bay
sometime between 1869 and 1874 (Conomos 1979;
Nichols and others 1986).

RESULTS AND DISCUSSION

Geochemical Characteristics of Source Materials:
Hydraulic Mine and River Sediments

The geochemical characterization of sediments

from the hydraulic mine sites and streams draining
these areas provide end members to which the San
Francisco Bay core sediment can be compared. The
analyses show that the chemistry of the hydraulic
mine gravels is relatively similar among the mines
(Table 1). The deposits all have a high chemical
index of alteration (CIA > 90), where CIA = Al,05/
(Al,05+Ca0+Na,0+K,0) *100 (Nesbitt and Young
1982; Taylor and McLennan 1985). This weathering
index measures the degree of alteration of feldspar
to clay. A CIA greater than 90 indicates that most
of the alkali and alkaline earth elements have been
lost through extensive weathering. By comparison,
the average CIA for shale is 70 to 75. In particular,
Al/Ca in the hydraulic mines is much higher than in
the Sacramento River bed sediment and background
core sediment in the bay. It would be expected that
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Table 1 Geochemistry and isotopic ratios of sediment from hydraulic gold mines

You Bet Pit Highway 80 Highway 80 Gold Run Gold Run Dutch Flat Malakoff Malakoff
upper cliff face roadcut east of roadcut east of upper cliff face lower cliff face middle cliff face upper cliff face lower cliff face
in mine Gold Run exit Gold Run exit above monitor near monitor in mine area mine west side mine west side

Al03 (ug g™ 213,101 >150,000 >150,000 >150,000 >150,000 >150,000 128,211 195,373
K20 (ug 9'1) 18,145 16,887 14,324 11,740 11,366 11,822 12,178 12,078
NaO (ug g™ 895 623 709 277 477 1337 432 456
CaO (ug g™ 468 546 505 162 249 298 167 384
CIA 92 >90 >90 >90 >90 >90 91 94
Fe (%) 4.1 35 3.1 6.0 2.9 5.2 1.8 1.6
Nd (ug g 20.0 23.2 21.6 17.7 17.0 18.8 17.2 25.3
Ni (ug g'w) 16 14 20 11 12 36 28 17
Pb (ug 971) 14.8 14.8 10.4 20.9 15.2 15.5 10.0 7.9
Sr (ug 9_1) 88 65 39 18 23 39 13 15
Zr (ug g 134 96 104 91 60 104 86 116
Al/Ca 337 >200 >200 >200 >200 >200 568 377
Zr/Hf 37 34 33 36 36 36 35 38
Ca/Sr 4 6 9 6 8 5 9 18
Ni/Zr 0.1 0.1 0.2 0.1 0.2 0.3 0.3 0.1
eNd -5.6 -5.7 -5.9 -6.9 -8.0 -8.7 -12.0 -13.9
T44Nd/3Nd - 0.512348 (10) 0.512344 (28) 0.512336 (16) 0.512281 (14) 0.512224 (11) 0.512138 (10) 0.512021 (16) 0.511925 (20)
875r/86Sr 0.71087 (2) 0.71147 (1) 0.71092 (1) 0.71318 (1) 0.71804 (1) 0.72551 (1) 0.74330 (1) 0.74553 (4)

a large influx of sediment from hydraulic mines into
the bay would raise the Al/Ca of bay sediment.

Although the elemental concentrations are similar
among the hydraulic mines, there is a wider range
of isotopic values, for example: eNd = -5.6 to -13.9
and 87Sr/8°Sr = 0.711 to 0.746 (Table 1). The least
negative ¢eNd sample also has the highest potassium
concentration and comes from the top of You Bet
Pit. This sample is likely representative of the upper
most gravels and some of the volcanic overburden
that was removed by the hydraulic mining. The
gravels along Highway 80 at Gold Run have similar
eNd and 87Sr/8%Sr to those in upper You Bet Pit. The
eNd at the base of the You Bet Mine is more nega-
tive and was taken from the bank of Steephollow
Creek below the mine (Table 1). The most negative
eNd is a sample from the Malakoff Diggins that has
the highest Nd concentration and the lowest Sr and
Pb concentrations.

There is a progression to less negative eNd down-
stream from the hydraulic mining areas to sediments

in the Sacramento River. The eNd values from the
bed sediment of two streams in the hydraulic mine
area are Steephollow Creek at -8.74, and three miles
downstream, Greenhorn Creek at -7.10; (Figure 1;
Tables 1 and 3). Fifty kilometers downstream, the eNd
of Bear River sediment at Wheatland is -6.14 while
Sacramento River bed sediment below Bear is -2.6
(Table 3). A progression is also found in 87Sr/80Sr:
0.71174, 0.70967, 0.70692, and 0.70603, respectively.
In comparison, bed sediment transported toward the
bay from the south via the San Joaquin River near
the town of Stockton has eNd of -5.6 and 87Sr/80Sr
of 0.7072 (Figure 1).

The isotopic compositions of hydraulic mine sedi-
ments are significantly higher in 87Sr/80Sr and more
negative in ¢Nd than the Sacramento River bed sedi-
ment. Bed sediment in the north Sacramento River
(near Lake Shasta) has ¢Nd of -1.6. Below the con-
fluences of the Yuba and Bear rivers, Sacramento
River bed sediment (near Verona) has ¢Nd of -2.6
and 87Sr/8°Sr of 0.70603. Below the confluence of
the American River (near Hood), eNd decreases to



-3.7 and 87Sr/8Sr increases to 0.70629 (Figure 1).

It appears that sediment released from the hydrau-
lic mining areas may have increased the 87Sr/8°Sr
and decreased the ¢Nd of bed sediment in the rivers,
but their effect is diluted by background sediment
from non-mined areas as the sediment is transported
toward the bay (Figure 1).

Core Descriptions and Age Constraints

The depositional environment of San Francisco Bay
is complex; areas of erosion, deposition, and no net
change in sedimentation are distributed through-

out the system (Fuller 1982; Jaffe and others 1998;
Higgins and others 2005, 2007). This complex depo-
sitional history makes it difficult to capture a com-
plete history of sediment deposition in San Francisco
Bay at a single site. Three San Pablo Bay cores: Core
90-8, Rodeo Core, and Core 104 (Figure 1B) provide

a composite depositional history where hydraulic
mining debris can be contrasted with modern and
pre-Gold Rush sediments. All three cores contain
sediment deposited during recent times (~1900-1990).
Two cores (90-8 and Rodeo) contain sediments depos-
ited during the hydraulic mining period (1852-1884).
One core (Rodeo) contains 5.4 m of sediment depos-
ited before the major period of human activity that
began with the Gold Rush (pre-1849).

Core 90-8

Core 90-8 is 240 cm long and >75% silt and clay.
Laminations of silt, clay, and fine sand are evident
throughout the core. Sandy layers are more prevalent
between 110 cm and 170 cm. The maximum thick-
ness for a sandy layer is approximately 5 cm. There
is little evidence of bioturbation and shell material is
sparse.

Core 90-8 was characterized in earlier studies (papers
in van Geen and Luoma 1999), and it was determined
that it does not extend into pre-Gold Rush sedi-
ment. The disappearance of unsupported 21°Pb below
120 cm suggests that sediment below this depth is

at least 60 years old. Below 120 cm to the bottom

of the core, unsupported 219Pb, 137Cs, and 23%:240py
are all undetectable (Fuller and others 1999). Core
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reconstructions from the historical bathymetry model
indicates that sediment between 110 cm and 268 cm
was deposited during the time of hydraulic mining
(Figure 3A). The model also suggests that between
1922 and 1951 erosion removed 104 cm of sediment
and juxtaposed sediment deposited in 1883 with sedi-
ment deposited in 1951 at ~110 cm (Fuller and others
1999; Higgins and others 2007). This unconformity in
the core correlates within 10 cm to the abrupt disap-
pearance of unsupported 219Pb, 137Cs, and 239-240py.
A maximum !%Be activity at 212 cm also suggests
that this core does not extend into sediment deposited
before anthropogenic disturbance of the estuary (van
Geen and others 1999) and may reflect some of the
overburden disturbed in the mining process. These
data are consistent with the suggestion that sediment
below 120 cm to the bottom of the core at 240 cm
was deposited during the hydraulic mining period
(Figures 2 and 3). This sediment between 120 cm and
240 cm is grayish orange (10YR 6/2) when dried and
shell material is nearly absent.

Above 120 cm, dried core samples are light olive grey
(5Y 5/2), shell material is more abundant, and sedi-
ment was deposited after 1952 (Figure 2A). In these
upper layers, 210Pb, 137Cs, and 23%240Py are all pres-
ent (Fuller and others 1999). An average sediment
deposition rate for the last 40 years of 4 cm/yr was
calculated from the radioisotope profiles. This is in
contrast to a predisturbance sedimentation rate of
0.07 cm/yr determined for the estuary (van Geen and
others 1999).

Rodeo Core

The Rodeo Core, collected in 1996, is 6.7 m long and
consists of laminated fine sand, silt, clay, and shell-
rich layers. It is coarser grained than cores 90-8 and
104 (50% to 75% silt and clay) and shell material is
more abundant. The coarser grain size in the Rodeo
Core suggests a higher energy environment, likely
because of its proximity to the channel.

The Rodeo Core contains sediment deposited before
the Gold Rush from 123 c¢m to the bottom of the
core at 670 cm (Figure 2B). Below 123 cm, dried
core sediment is olive grey (5 Y 4/1) and inter-
spersed with shell layers down to the bottom of
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the core. The 14C ages on shells below 123 cm are
130 cm = 1670 yr BP, 208 cm = 1790 yr BP, 330 cm
= 1980 yr BP, and 670 cm = 2130 yr BP (Ingram and
others 1996). These 14C ages and lack of metal con-
tamination indicate that sediment below 123 cm was
deposited before anthropogenic disturbance of the
estuary. Hereafter in this paper, the Rodeo sediment
below 123 cm will be referred to as pre-Gold Rush
sediment or background values.

There is a noticeable transition in the Rodeo Core at
123 cm. Between 40 and 123 cm, dried sediment is
grayish orange (10 YR 6/2), shell material is less abun-
dant, and cross bedding and laminations are evident.
Above 123 cm, Macoma and Mya arenia shells pre-
dominate. Below 123, a 20 c¢m thick shell layer con-
tains mostly the native species Mytilus edulis (95%)
and Ostea lurida shells. Ingram and others (1996)
noted that the transition at 123 c¢cm in the Rodeo Core
is coincident with a strong seismic reflector in San
Pablo Bay and may be the result of an extreme hydro-
logic event. We suggest that this transition is associ-
ated with the deposition of hydraulic mining debris.

Above 40 cm, the dried sediment color is a mix
between the olive gray and grayish orange and shell
material is abundant. 137Cs was detected only in the
uppermost interval analyzed (2-4 cm) and not in the
22-24 cm interval or below indicating the 1952 hori-
zon occurs above 22 cm (Figure 2B). In contrast, the
historical bathymetry model suggests that 1951 is at
49 cm (Figure 3B). This difference may be due in part
to possible loss of surface sediment during the piston
coring. The historical bathymetry model also suggests
that sediment deposited during the time of hydraulic
mining should extend from 49 cm to 240 cm (191 cm
thick) (Figure 3B). The thicknesses of sediment
deposition or erosion from the bathymetry model

for this core are as follows: 1856-1887 = 221 cm,
1887-1898 = 36 cm, 1898-1922 = -5 cm, 1922-
1951 = -61 cm, 1951-1983 = 37 cm, 1983-1993 =
12 cm. The 14C date at 130 cm of 1670 BP indicates
that hydraulic mining debris does not extend below
130 cm in the Rodeo Core. The geochemical data

(see below) is consistent with the '4C age at 130 cm
and suggests that the hydraulic mining layer extends
from ~40 to 123 c¢m (~83 cm thick).
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Core 104

Core 104 is 192 cm long. There is a 6 cm sand layer
at the bottom of the core (186-192 cm). The majority
of the core between 50 and 186 cm is over 90% silt
and clay. The upper 50 cm are coarser grained with
up to 52% sand. The dried core sediments are light
olive gray (5Y 5/2).

Core 104 contains only sediment deposited after
the hydraulic mining period. 137Cs is present until
150 cm and peaks at 115 cm (Figure 2C). Assuming
a constant sedimentation rate, the age at the bot-
tom of the core at 192 cm is 1935. Historical
bathymetry suggests that the age at the bottom of
the core is approximately 1922 (Figure 3C). The
thicknesses of sediment deposition or erosion from
the bathymetry model for this core are as fol-
lows: 1887-1898 = 110 cm, 1898-1922 = 125 cm,
1922-1951 = 60 cm, 1951-1983 = 108 cm,
1983-1990 = 24 cm. All of Core 104 contains
anthropogenic Pb and Hg contamination and does
not extend into sediment layers that were deposited
before anthropogenic influence on the estuary.

Accuracy of Historical Bathymetry

A key component of identifying hydraulic mining
debris is the use of historical bathymetry to fill in
identification of sediments deposited during times
when radioisotopic identification is not possible.
Thus, it is also worthwhile to explicitly consider
how well the bathymetric reconstructions match
geochemical indications of age. The disappearance
of 137Cs and the 1951 horizon predicted by histori-
cal bathymetry agree within 14 cm in Core 90-8. In
Core 104, the two horizons are off by 18 cm. Poorer
agreement was observed in the Rodeo Core where the
disappearance of 137Cs occurs between 4 and 22 cm.
The bathymetry model predicts the 1951 horizon

at 49 cm for a difference of as much as 45 cm. The
navigational error on the core locations is 100 m
which introduces variation in depth estimates where
the bay bottom is sloping. The combination of this
variation and sounding error (Schallowitz 1964)
results in uncertainty in the bathymetric reconstruc-
tions of up to £25 cm. The maximum uncertainty on
the 1952 horizon from '37Cs dating is =10 cm. In the



three San Pablo Bay cores, the range of difference

of 14 to 45 cm between *7Cs data and the historical
bathymetry model is consistent with these combined
uncertainties. However, the increased sedimentation
rates (Jaffe and others 1998) and the estimated aver-
age of a 1 meter thick hydraulic mining horizon in
the bay (Gilbert 1917), even a 45 cm uncertainty has
proven useful in bounding sediment deposited during
the time of hydraulic mining. The range of geochemi-
cal analyses consistently suggests that there is good
agreement between the historical bathymetry predic-
tions and changes in the geochemistry in Cores 90-8
and 104. In the Rodeo Core, the geochemical analyses
suggest that the hydraulic mining debris is less thick
and nearer to the surface than predicted by the his-
torical bathymetry.

Hydraulic Mining Signature

The geochemical ranges for sediment deposited
before, during, and after hydraulic mining are sum-
marized in Table 2. The details are presented below.

Bulk Chemistry

A ternary Al,03-Ca0-K,0 plot indicates that San
Pablo Bay core sediments trend between average
shale (Krauskopf 1967; Taylor and McLennan 1985)
and hydraulic mine sediments (Figure 4; Table 3).
The core sediments that plot closest to the average
shale values are the pre-Gold Rush sediments in the
Rodeo Core and are considered background values.
Sediments that plot closest to the sediment from
the hydraulic mining source areas are core hori-
zons deposited during the hydraulic mining period:
horizons below 120 cm in Core 90-8, and hori-
zons 62-63 cm and 102-103 cm in the Rodeo Core.
Modern sediments deposited since 1952, span almost

Table 2 Ranges of values in core sediment from San Francisco Bay
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Figure 4 Ternary plots of selected geochemical constituents
comparing bay sediments to average shale and hydraulic mine
sediments. The bay sediment is higher in Al;03 and lower in
K50 and Ca0 than average shale. Hydraulic mine sediments
plot near the Al,03 apex (solid triangles).

the entire range of the trend from background values
to stream sediment in the hydraulic mine area sug-
gesting a mixture of these sediment components and
therefore continuing deposition of hydraulic mining
sediment from the watershed and/or remobilized from
within the bay.

The K,0 values are relatively constant in the core
sediments, while CaO changes significantly (Figure 4).
When Ca is ratioed to aluminum, a relatively immo-
bile element, the pre-Gold Rush sediment in the
Rodeo Core has Al/Ca < 7.1. Shell rich layers in pre-
Gold Rush horizons have the lowest Al/Ca

(Al/Ca = 2.1) (Table 3). In contrast, sediment depos-

eNd 87gr/86gy Al/Ca Ni/zZr TOC (%) Hg (ug g1
Post hydraulic mining -3.32to -5.50 0.7081 - 0.7092 5.0-85 1.24 -1.76 1.1-1.7 0.16 - 0.79
Hydraulic mining debris ~ -4.64 to -7.10 0.7087 -0.7103  7.8-18.9 0.77-1.15 05-1.0 0.09 - 0.45
Pre-Gold Rush -2.65 t0-4.02 0.7075-0.7086 2.1 -7.1 1.11-1.30 09-14 0.03 -0.08
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Table 3 Geochemistry of stream bed sediment and bay core sediment

Al/Ca Ca/Sr Zr/Hf Ni/zr Fe(%) Ph(ugg') Hg(ugg') Qtz/Plag
Rivers
Steephollow Creek (at You Bet Pit) 12.6 62 37 0.90 4.39 13.7
Greenhorn Creek 19.2 51 35 1.36 4.46 141
Bear River at Wheatland 8.0 92 36 0.78 517 10.2
Sacramento River #1a (near Verona) 4.8 113 37 1.35 5.02 10.7
Sacramento River #1b (near Verona) 5.1 115 36 1.19 5.19 13.5
SacramentoRiver #2 (near Hood) 5.2 118 36 5.00 12.0
Old River (Hwy. 4 bridge) 5.0 73 35 0.87 5.17 38.2
San Joaquin (Hwy. 4 bridge) 45 72 33 0.80 4.35 29.5
Core 90-8
0-2cm 8.1 70 36 1.26 418 23.1 0.29
9-10cm 8.2 75 35 1.28 4.16 24.6 0.29 1.5
22 -23 cm shell rich layer 5.0 95 34 1.47 4.18 18.8 0.22
29-30cm 7.5 78 37 1.24 4.36 25.2 0.33 4.3
55 -56 cm 7.2 78 37 1.30 4.23 31.7 0.36
69 -70 cm 7.7 76 36 1.32 4.43 39.1 0.42
89-90 cm 7.9 81 36 1.24 452 425 0.46 3.3
92 -93 cm 5.5 95 37 1.42 4.33 15.9
109 -110 cm 8.5 72 37 1.76 4.92 19.9
114 -117 cm post-1952 8.2 70 33 1.52 4.60 50.6 0.70
129 -130 cm 12.1 66 36 0.98 3.87 13.5 0.36 4.6
133 -134 cm 12.3 68 36 1.07 3.96 11.9 0.39 10.0
149 - 150 cm 0.38
153 - 154 cm 10.0 65 36 0.96 4.60 13.8 11.8
169 - 170 cm 16.8 60 37 0.77 4.22 12.7
189 - 190 cm 18.9 57 36 0.83 4.08 12.3 0.31 6.0
209-210 cm 0.35
224 - 225 cm 10.6 68 34 5.53 12.8 0.31
235 - 237 cm 1.1 74 33 4.40 12.9
Core 104
1-2cm 0.33
11-12cm 0.20
25-25cm 0.42
45 - 46 cm 0.36
65 - 66 cm 0.26
85-86 cm 0.40
105 - 106 cm 0.55
125-126 cm 0.64
145 - 146 cm post-1952 0.79
165 - 166 cm 0.73
185 - 186 cm 0.73
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Table 3 Geochemistry of stream bed sediment and bay core sediment (Continued)

Al/Ca Ca/Sr Zr/Hf Ni/Zr Fe (%) Pb(ugg?) Hg(ugg') Qtz/Plag
Rodeo Core
2-3cm post-1952 6.2 86 35 1.36 4.74 26.8 0.16
143 - 144 cm shell rich layer 3.8 103 35 1.14 4.42 9.5 0.06
188 - 189 cm 5.2 90 34 1.25 5.05 8.9 0.04 2.79
260 - 261 cm 4.3 95 36 1.18 4.77 8.6 0.08
360-361 cm shell rich layer 2.1 138 35 1.20 4.71 8.5
380-381cm 7.1 92 34 1.12 4.83 8.5
450 - 451 cm 4.3 95 35 1.15 4.38 7.9 0.06
550 - 551 cm 6.5 93 34 1.20 4.87 8.8
650 - 651 cm 4.5 90 35 1.29 5.04 8.9
Other Background Values
Richardson Bay
119-120 cm 5.5 83 34 1.30 3.62 7.8 0.06
130-131 cm 3.7 88 35 1.38 3.76 7.8 0.06
139 - 140 cm 4.2 78 36 1.28 3.95 7.9 0.06 3.45
South Bay
199 - 200 cm 6.3 81 36 4.50 8.6
219-220 cm 6.5 80 36 4.59 8.2
Grizzly Bay
199 - 200 cm 0.03 3.31

ited during the hydraulic mining period in both the
Rodeo Core and in Core 90-8 have the highest
Al/Ca (Table 3), ranging from 7.8 to 18.9. In the
modern sediments (post-1952), Al/Ca is 8.5.

Ca/Sr varies inversely with Al/Ca. The pre-Gold

Rush sediments have the lowest Al/Ca and the high-
est Ca/Sr. In contrast, sediment deposited during the
hydraulic mining period have the highest Al/Ca and
lowest Ca/Sr (Tables 1 and 3). Al/Ca increases and
Ca/Sr decreases in intervals deposited during the
hydraulic mining period (Figure 5). These changes
likely reflect a decrease in carbonate material relative
to plagioclase feldspar.

In all the sediments analyzed, the consistent Zr/Hf
suggests that there was complete dissolution of sam-
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ple and that mineral fractionation was not significant
(Table 3). Thus, trace elements ratioed to Zr, another
relatively immobile element, can be used to normal-
ize the data. Pre-Gold Rush sediment in the Rodeo
Core, has Ni/Zr > 1.1 (Figure 6B; Table 3). Sediment
deposited during the hydraulic mining period has
Ni/Zr < 1.1 (Table 3) and should decrease Ni/Zr in
bay sediment. Ni/Zr is decreased in sediment depos-
ited during the time of hydraulic mining in both the
Rodeo Core and Core 90-8 (Figure 6). Modern sedi-
ment has Ni/Zr values > 1.2 (Table 3) likely due to
anthropogenic contamination.

The total organic carbon (TOC) in the core sediments
follows Ca/Sr and Ni/Zr and decreases as

Al/Ca increases. Thus, in both Core 90-8 and the
Rodeo core, there is a decrease in TOC in sedi-
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Figure 5 Ca/Sr versus Al/Ca illustrates the low Al/Ca and high
Ca/Sr of pre-Gold Rush sediments and the change toward
higher Al/Ca and lower Ca/Sr in sediments deposited dur-

ing the time of hydraulic mining. Sediments containing more
hydraulic mining debris plot closer to creeks and rivers in the
hydraulic mining area.

ments deposited during the hydraulic mining period
(Figure 7). Core sediments with TOC higher than 1.1%
are olive gray. In contrast, core sediments deposited
during the hydraulic mining period have TOC < 1.0%
and are a grayish orange. However, Fe content in the
olive gray and grayish orange sediment are similar
(Table 3). Although the hydraulic mine sediments
were not analyzed for TOC, it is likely that the mine
sediments are depleted in C and also carbonate.

In summary, the major chemistry of sediments depos-
ited in the bay during the hydraulic mining period is
fundamentally different from the sediments depos-
ited both before and after hydraulic mining occurred
(Table 2, which summarizes these results). These
differences reflect a disparity between undisturbed
bay sediment and the chemistry of sediments in the
hydraulic gold mining areas. Depending upon their
depositional date, the bay sediments reflect mixing
between the two sources. Compared to sediments that
dominated deposition in the bay before hydraulic
mining, high Al/Ca, low Ca/Sr, low Ni/Zr ratios, and
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Figure 6 Profiles of Ni/Zr versus depth in sediment show Ni
depletion in sediment deposited during the time of hydraulic
mining (depicted by the gray shading)

low TOC concentrations all are characteristics of sedi-
ments containing hydraulic mining debris.

Mineralogy

The upper auriferous gravels that were hydraulically
mined in the Sierra-Nevada predominantly consist
of quartz clasts (Lindgren 1911; Gilbert 1917; Yeend
1974; James 1991a). Thus, bay sediment deposited
during the time of hydraulic mining is expected to
be enriched in quartz. X-ray diffractometry (XRD)
results show that the ratio of quartz to plagioclase
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Figure 7 Profiles of TOC versus depth in sediment show TOC minima in sediment deposited during the time of hydraulic mining

(depicted by the gray shading)

Qtz/Plag
0o 2 4 6 8 10 12 14
E | | | | | |
3 ___
g /8 Post 1952 - Core 90-8
\\ E\
- \ \
\ |
\\u__//
// \\\
! AN
! Core 908 ¢ AN
\ Hydraulic Mining Debris ,\
. -
\\* _________ -
,’/A\\ Background - Pre Gold Rush
= {'A I Rodeo Core
3 ™ | Richardson Bay
% \ &/ Grizzly Bay
©
S
o
o 1 1 1 1 1 1

Figure 8 Quartz/plagioclase ratio in bay sediments determined
from X-ray diffraction. In Core 90-8, sediment below 120 cm
(sediment deposited during the time of hydraulic mining) has

a higher quartz/plagioclase ratio than bay sediment deposited
before hydraulic mining started (pre-Gold Rush) and after 1952
(upper 120 cm of Core 90-8).
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of background sediment in the Rodeo Core is similar
to pre-Gold Rush sediment in other nearby embay-
ments (Grizzly Bay and Richardson Bay) (Figure 8). In
Core 90-8, sediment deposited during hydraulic min-
ing has higher quartz/plagioclase than pre-hydraulic
mining sediment and modern sediment deposited
after 1952.

Sr and Nd Isotopic Compositions

The most definitive characteristics of bay sediments
that distinguish hydraulic mining debris from other
sediment sources are the lithogenic isotope signa-
tures. As noted earlier, sediments from the mine areas
contain distinctly negative eNd values and elevated
87Sr/86Sr values as compared to historic (pre-Gold
Rush) sedimentation in the bay.

The 87Sr/86Sr of pre-Gold Rush or background sedi-
ments are consistently below 0.7089 (Figure 9D). In
sediments deposited during the hydraulic mining
period, the 87Sr/86Sr values increase to a maximum
of 0.71025. In Core 90-8, a board horizon of sedi-
ment deposited during the hydraulic mining period
has 87Sr/86Sr > 0.7095 and transition zones above
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Figure 9 Profiles of eNd and 8Sr/88Sr versus depth in sediment show sediments deposited during the time of hydraulic mining have

more negative eNd and higher 8Sr/88Sr. Gray shading indicates hydraulic mining period.
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and below where the 87Sr/80Sr values move toward
the pre-Gold Rush values (<0.7089). In the Rodeo
Core, the hydraulic mining layer 87Sr/80Sr values are
similar to those in Core 90-8 ranging from 0.7091

to 0.7101. In post-1952 sediment, the 87Sr/86Sr is
0.7084 in the Rodeo Core, 0.7080 to 0.7092 in Core
90-8, and, 0.7082 to 0.7092 in Core 104 (Figure 9D,
9E, 9F; Table 4). In both Core 90-8 and Core 104, the
87Sr/80Sr values decrease toward the surface suggest-
ing a decrease in hydraulic mining debris towards the

surface.
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The pre-Gold Rush 87Sr/86Sr values of 0.7075 to
0.7086 in the Rodeo Core (Figure 9D) are consistent
with values found in old uncontaminated sediment
in other bays within the estuary (0.7079 to 0.7082)
(Table 4). The range of background 87Sr/8°Sr values
are consistently higher than 87Sr/8°Sr values bed
sediment in the Sacramento and San Joaquin riv-
ers (0.7061 and 0.7072, respectively; samples taken
~50 km upstream of where each river meets the bay,
salinity = 0) (Figure 1; Table 3). This suggests that
interaction and exchange between Sr of oceanic ori-

Table 4 Sr and Nd concentrations and isotopic ratios of stream bed sediment and bay core sediment

Sr(ug g Nd (ug g") 87g/86Sr 143N d/"**Nd eNd

Rivers

Steephollow Creek (at You Bet Pit) 80 24.2 0.71174 (1) 0.512188 (09) -8.74
Greenhorn Creek 62 25.6 0.70967 (1) 0.512272 (11) -7.10
Bear River at Wheatland 90 20.6 0.70692 (1) 0.512321 (15) -6.14
Napa River (Hwy. 29 bridge) 0.70782 (1) 0.512530 (09) -2.07
Sacramento River #1a (near Verona) 114 145 0.70603 (1) 0.512504 (10) -2.56
Sacramento River #1b (near Verona) 0.70613 (1) 0.512505 (12) -2.55
Sacramento River #2 (near Hood) 120 16.0 0.70629 (1) 0.512445 (11) -3.73
Old River (Hwy. 4 bridge) 174 19.2 0.70766 (1) 0.512408 (09) -4.45
Middle River (Hwy. 4 bridge) 0.70727 (1) 0.512350 (12) -5.57
San Joaquin River (Hwy. 4 bridge) 214 21.3 0.70723 (1) 0.512346 (09) -5.66
Core 90-8

0-2cm 105 15.0 0.70836 (1) 0.512421 (14) -4.20
9-10cm 106 14.8 0.70821 (2) 0.512431 (09) -3.99
22 -23 cm 91 14.5 0.70813 (1) 0.512457 (12) -3.50
29-30cm 92 14.2 0.70821 (1) 0.512461 (10) -3.41
55 -56 cm 96 14.3 0.70850 (1) 0.512395 (13) -4.70
69-70 cm 100 14.9 0.70846 (2) 0.512414 (20) -4.33
89-90 cm 91 16.0 0.70888 (1) 0.512405 (11) -4.50
92-93 cm 104 16.2 0.70848 (2) 0.512396 (17) -4.68
109 -110 cm 97 15.3 0.70924 (3) 0.512354 (10) -5.50
115-117 cm post-1952 95 16.5 0.70871 (1) 0.512433 (15) -3.96
129-130 cm 89 16.7 0.70950 (1) 0.512320 (14) -6.16
133-134 cm 66 17.9 0.71023 (1) 0.512330 (12) -5.97
149 - 150 cm 0.71008 (1) 0.512272 (14) -7.10
153 - 154 cm 67 17.0 0.71025 (1) 0.512320 (24) -6.16
169 - 170 cm 71 18.4 0.71010 (1) 0.512317 (07) -6.22
189-190 cm 82 17.9 0.70960 (1) 0.512341 (33) -5.75
209 - 210 cm 0.70990 (1) 0.512322 (10) -6.12
224 - 225 cm 99 19.9 0.70900 (1) 0.512379 (10) -5.01
235- 237 cm 95 17.0 0.70868 (2) 0.512398 (17) -4.64
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Table 4 Sr and Nd concentrations and isotopic ratios of stream bed sediment and bay core sediment (Continued)

Sr(ug g Nd (ug g'1) 879865y 143N d/144Nd eNd
Core 104
1-2cm 0.70863 (1) 0.512449 (20) -3.65
11-12cm 0.70820 (1) 0.512462 (10) -3.39
25-25cm 0.70820 (1) 0.512430 (13) -4.00
45 -46 cm 0.70847 (1) 0.512461 (10) -3.41
65 - 66 cm 0.70884 (1) 0.512466 (10) -3.32
85 -86 cm 0.70830 (2)
105 - 106 cm 0.70862 (1) 0.512443 (14) -3.76
125-126 cm 0.70861 (1) 0.512437 (07) -3.88
145 - 146 cm 0.512464 (11) -3.36
165 - 166 cm 0.70916 (1)
185 - 186 cm 0.70920 (2) 0.512466 (09) -3.32
Rodeo Core
2-3cm post-1952 110 18.8 0.70843 (2) 0.512358 (13) -5.38
22 -23 cm 103 19.6 0.70914 (2) 0.512370 (10) -5.18
62 - 63 cm 94 17.2 0.71011 (4) 0.512341 (11) -5.75
102 - 103 cm 101 19.2 0.70927 (2) 0.512321 (13) -6.07
123-124 cm transition 116 171 0.70887 (1) 0.512411 (22) -4.39
143 - 144 cm shell rich layer 168 15.1 0.70746 (3) 0.512458 (11) -3.47
188 -189 cm 129 16.4 0.70832 (4) 0.512430 (14) -4.02
260 -261 cm 132 16.1 0.70798 (5) 0.512444 (16) -3.74
360 - 361 cm shell rich layer 171 14.2 0.70862 (3) 0.512469 (09) -3.25
380-381 cm 117 14.4 0.70818 (2) 0.512476 (07) -3.12
450 - 451 cm 127 15.0 0.70805 (2) 0.512476 (08) -3.12
550 - 551 cm 120 15.0 0.70800 (2) 0.512499 (10) -2.67
650 - 651 cm 122 14.7 0.70861 (2) 0.512480 (08) -3.04
Other Background Values
Richardson Bay
119-120 cm 118 0.70785 (1) 0.512448 (09) -3.66
130-131 cm 110
139-140 cm 116 0.70793 (1)
South Bay
199 - 200 cm 109 14.5 0.70815 (4)
219-220cm 106 15.7
Grizzly Bay
199 - 200 cm 0.70802 (2) 0.512500 (10) -2.65
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gin (seawater 87Sr/80Sr = 0.70906) and the terrestri-
ally derived Sr in the sediments could cause such a
shift to higher values. An experiment was performed
using ammonium acetate extraction (see methods
section) to determine if the exchangable fraction of
Sr in the sediment contained more of an oceanic
than a terrestrial Sr signature (Table 5). Sr exchange
was determined for three samples from the bay cores,
one river bed sediment, and one hydraulic mine sedi-
ment (Table 5). The 87Sr/80Sr of supernatants from
the three bay sediments increased from their original
composition and shifted toward a seawater value. In
these three supernatants, there was also a decrease

in Ca/Sr and an increase in Na/Ca that are consistent
with seawater exchange. In contrast, the 87Sr/80Sr of

Table 5 Exchange experiment results

MAY 2010

the supernatants from the Sacramento River sample
and the Gold Run hydraulic mine sample changed
little from the original composition of the sediment.

While seawater and carbonate material increase the
87Sr/80Sr of pre-Gold Rush sediment, they could
decrease the 87Sr/80Sr of sediment released from

the hydraulic mines. Hydraulic mine sediment has
87Sr/80Sr values that range between 0.7105 and
0.7455 (Table 1). In the cores where sediment is
interpreted to have been deposited during the time
of hydraulic mining, the 87Sr/80Sr is higher than the
seawater value of 0.7092. These higher Sr isotopes
correlate with the more negative eNd values and sug-
gest that although the 87Sr/86Sr may have been low-

Sediment Supernate Residue % in % in Total
Sr(ug g1) Sr(ug g1) Sr(ug g1) Supernate Residue %
Rodeo, 380 - 381 cm 117 31 76 26% 65% 91%
Richardson Bay, 130 - 131 cm 110 28 82 25% 75% 100%
Core 90-8, 153 - 154 cm 67 14 58 21% 87% 107 %
Sacramento River #2 120 20 90 17% 75% 92%
Gold Run #2 (near monitor) 23 3 17 13% 74% 87%
Ca/Sr Ca/Sr Ca/Sr
Rodeo, 380 - 381 cm 92 63 88
Richardson Bay, 130 - 131 cm 90 70 84
Core 107, 153 - 154 cm 71 61 70
Sacramento River #2 113 106 113
Gold Run #2 (near monitor) 8 8 8
Na/Ca Na/Ca Na/Ca
Rodeo, 380 - 381 cm 0.70 1.59 0.39
Richardson Bay, 130 - 131 cm 1.61 3.87 0.68
Core 90-8, 153 - 154 cm 2.16 4.99 0.89
Sacramento River #2 0.47 0.02 0.51
Gold Run #2 (near monitor) 1.99 0.42 2.38
878868y 87gy/868y 87gy/86gy
Rodeo, 380 - 381 cm 0.70806 0.70907 0.70784
Richardson Bay, 130 - 131 cm 0.70783 0.70909 0.70734
Core 90-8, 153 - 154 cm 0.71025 0.70880 0.71079
Sacramento River #2 0.70613 0.70601 0.70614
Gold Run #2 (near monitor) 0.71804 0.71834 0.71796
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ered by seawater exchange, they still reflect hydraulic
mines as a probable source. However, the isotopic
exchange process does limit the use of Sr isotopes
and concentrations for determining the fraction of
hydraulic mining debris in the core layers.

Nd isotopes should be a more reliable indicator of
sediment sources (Linn and others 1992). Nd and its
radiogenic parent Samarium (Sm) are rare earth ele-
ments and the Sm/Nd is similar in most minerals. As
a result, the parent to daughter ratio in sediments is
not easily changed by weathering, sorting, or dia-
genesis. Thus, for the most part, Nd isotope ratios are
independent of grain size (Goldstein and others 1984;
Frost and Winston 1987; DePaolo 1981; McLennan
and others 1989; Linn and others 1992). Also, seawa-
ter interaction is not as much of a concern because
of the low Nd concentration in seawater compared

to the sediment Nd concentrations. In the Rodeo
Core, the pre-Gold Rush sediments have Nd con-
centrations that range from 14.2 to 16.4 pg g~ and
144Nd/143Nd isotopic ratios that range from 0.512499
to 0.512430. The ¢Nd values range from -2.67 to
-4.02, respectively. In contrast, in Rodeo core sedi-
ments deposited during the hydraulic mining period,
Nd concentrations increase and range between 17.9
and 19.2 pg g1, and eNd values decrease and range
between -5.18 to -6.07 (Figure 9C; Tables 3, 4).

In Core 90-8, sediment deposited during the time of
hydraulic mining has eNd values that range from
-4.64 to -7.10 and Nd concentrations between 16.7
and 18.4. There is a broad horizon of sediment with
eNd between -5.97 and -7.10, away from which the
eNd values move toward baseline sediment values
near the bottom of the core. The eNd of sediment
deposited after 1952 increases toward the surface
from -5.5 to a series of values between -4.20 and
-3.41. Similarly, the more modern sediments in Core
104 have eNd between -4.00 and -3.32 (Figure 9A,
9C, 9E; Table 4).

An 87Sr/86Sr versus eNd plot shows that the bay sedi-
ments are offset in 87Sr/80Sr from the Sacramento
and San Joaquin River bed sediment toward the
87Sr/86Sr of seawater (Figure 10). The eNd of back-
ground sediment in the Rodeo Core ranges between
-2.7 and -4.0. Background samples plot between the
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present day values of seawater and the Sacramento
River bed sediment (Figure 10).

The ¢Nd background values in the Rodeo Core, sug-
gest that: (1) in the past, either the eNd of San
Joaquin River sediment was less negative or that San
Joaquin input into San Pablo Bay was insignificant
compared to the Sacramento; and/or (2) sediment
input from the Napa and perhaps Petaluma rivers was
more significant in the past than it is today; and/or,
(3) the eNd of Sacramento River bed sediment is more
negative today than it was in the past. It is likely
that between the hydraulic mining areas and the bay,
hydraulic mining debris increased the isotopic values
of sediments stored in the tributary streambeds and
banks (in the watershed) and in the bay.

The hydraulic mine sediment data plot at the oppo-
site end of the eNd versus 87Sr/8°Sr diagram from
background bay sediment, with more negative eNd
and higher 87Sr/80Sr (Figure 10). River sediment data
in the hydraulic mine areas are offset from the mine
sediment data suggesting that they not only contain
mine sediment but a mix of other rock units in the
watershed. In Core 90-8, data for sediment depos-
ited during hydraulic mining plot away from back-
ground sediment data toward the hydraulic mining
field, except for one sample at the bottom of the core
(horizon 235-237 cm). Rodeo Core sediment deposited
during hydraulic mining period has ¢Nd values (-5.2
to -6.1) within the range of values from that period
in Core 90-8. In Core 90-8, the eNd values begin to
change back toward background values toward the
surface. Few samples reach either the end member
background values or hydraulic mine values. This is
also true for Core 104 sediments. In the Rodeo Core,
the eNd values do not decrease and suggest that the
post 1952 sediment at this location contains a large
component of redeposited hydraulic mining debris
sediment. All three cores indicate that to varying
degrees there has been remobilization and redeposi-
tion of the hydraulic mining debris within the bay.
Remobilization and redeposition of sediment and
contaminants within the bay has been previously
shown with Pb isotopic ratios (Ritson and others
1999).
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Figure 10 Plot of eNd versus 8Sr/88Sr illustrates the isotopic mixing among end members. Bay sediment background end member,
the pre-Gold Rush sediment in bay cores, has eNd between -3 and -4 and 8Sr/86Sr between 0.7075 and 0.7086. Another end member,
sediment in abandoned hydraulic gold mines, has eNd between -6 and -14 and 8Sr/88Sr between 0.7105 and 0.7455. Core sediment
deposited in the bay during the time of hydraulic mining time has isotopic values that plot in the hydraulic gold mine field. Sr exchange
with seawater shifts core sediments away from river sediment toward the seawater 87Sr/8Sr value. Core sediments deposited during
the time of hydraulic mining and that contain larger amounts of hydraulic mining debris have 8Sr/88Sr higher than seawater. Isotopic
values for core sediments deposited after hydraulic mining stopped are between the values of sediment deposited during hydraulic

mining and background values.

Other Characteristics of Hydraulic Mining Debris in
Bay Sediments

Once sediment intervals containing hydraulic mining
debris were identified by their dates of deposition and
their geochemical and isotopic similarity to mine and
river sediments in the hydraulic mining areas, other
general characteristics of those sediments became
evident. There is a color change in the sediment from
olive grey to grayish orange that accompanies the
geochemical and isotopic changes that are consistent
with hydraulic mining debris as the source. In the
hydraulic mining areas the upper gravels are weath-
ered to orange hues in many places. In the cores, the
background sediment with the darkest olive grey sed-
iment has the highest TOC and highest visible shell
content. Because hydraulic gold mining was the first
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large-scale anthropogenic endeavor in the bay area
watershed, it makes sense that the first shift from the
background olive grey to grayish orange sediment
was likely caused by hydraulic mining.

The sparse amount of shell material and low TOC are
also consistent because hydraulic mine debris would
not contain shells and organic material in abundance.
Large increases in sedimentation rate would make it
hard for some benthic animals to survive. The core
sediment deposited during the time of hydraulic min-
ing is laminated and shows little evidence of biotur-
bation. Not only is the shell material sparse but the
type of shells found also changes. In pre-hydraulic
mining sediment, the predominate bivalves are oys-
ter and mussel shells. After hydraulic mining started,
mussel shells are no longer present in the cores. It
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is likely that the onset of hydraulic mining and the
increased sedimentation in the bay caused the mus-
sels to no longer thrive.

In the interpreted hydraulic mining debris in Core
90-8 there is an increase in grain size upcore from
240 cm to 120 cm. There are more sandy lay-

ers between 120 and 170 cm than between 170

and 240 cm. By comparison, the Core 90-8 inter-
val between 120 and 170 cm has the lowest eNd,
TOC, and Ni/Zr and, the highest 87Sr/8°Sr, Al/Ca,
and quartz/plagioclase, all of which are character-
istic of the mine material. This coarsening upward
sequence is consistent with a shallowing of the bay
from hydraulic mining debris. It is also likely that
fine-grained material from the hydraulic mine area
washed into the bay in greater proportions earlier in
the history of hydraulic mining. Fine-grained mate-
rial could easily be carried in suspension in water
overflowing sluices and rapidly make its way down-
stream, while the heavy and/or coarse-grained mate-
rial sank to the bottom of the sluice and was either
taken away for gold separation or dumped nearby.
Soil in the area disrupted by both road building and
hydraulic mining, contains fine-grained material that
the miners would have rapidly washed away. As time
went on, higher proportions of the coarse-grained
material may have made its way to the bay.

Estimates of Hydraulic Mine Sediment Percentage
in Bay Sediments

Because Nd isotopes the most reliable indicator of
sediment source, we used them to calculate the frac-
tion of hydraulic mining debris mixed into the core
sediment. The following mixing equation is used:

eNd . = (eNd),, (Nd, ) (1 - £)+(eNd) ,, (N ) (f) (1)
(Nd,,.)

where ¢Ndg = the average background (pre-hydraulic
mining) sediment, eNdy = the average hydraulic
mine sediment, eNd,;x = the mixture in the bay sedi-
ments, and f = fraction of hydraulic mine debris in
the core sediments. Ndg, Ndpy;, and Nd,;x represent
the Nd concentration of these components, respec-
tively. Because the relative contribution of each
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mine is unknown, the average Nd signature from all
mines sampled was used to represent the hydraulic
mine sediment. The average calculated for eNd of the
hydraulic mines is -8.38 pg g™! (+2.90) and average
Nd concentration is 20.56 pg g! (+3.15), where + is
the standard deviation. The average eNd of pre-Gold
Rush sediments was calculated using background
sediment values in the Rodeo core (below 143 cm),
and also background sediments in Richardson Bay,
South Bay and Grizzly Bay. The average ¢Nd, for
pre-Gold Rush sediment is -3.27 (+0.44) and the
average Nd concentration is 14.28 pg g! (x1.71).
Using these average values for mine source and pre-
mining background, the fraction of hydraulic mine
sediment, f, in each core interval was determined.
The uncertainty in f was calculated by propagating
the uncertainty defined by the standard deviation for
each component through Equation 1. For sediment
intervals deposited during the time of hydraulic min-
ing, the maximum hydraulic mine material contribu-
tion is 54% in Core 90-8 and 56% in the Rodeo Core
(Table 6). These results suggest that the hydraulic
mine signature was diluted by other sediment trans-
ported downstream during the hydraulic mining
period and from sedimentary processes within the
bay. In post-1952 sediment, there is a maximum of
30% of the mining material in Core 90-8 and 43% in
the Rodeo Core. The results suggest that modern sedi-
ment inputs diluted the hydraulic mining signature,
but to various degrees depending upon location and
that a significant amount of hydraulic mining debris
remains in surface sediment. Surface sediment at the
Core 90-8 location contains 10% hydraulic mining
debris and at the Rodeo Core location surface sedi-
ments contain 43% hydraulic mining debris.

Protocol for Identifying Hydraulic Mining Debris

Since there is concern that hydraulic mining debris
could be an important source of mercury contamina-
tion in water bodies downstream from the mines, a
protocol is necessary to identify such sediments. In
San Francisco Bay, a primary characteristic of sedi-
ments deposited during hydraulic mining is that they
do not contain unsupported 2!9Pb or 137Cs. Likewise,
they are too young to be dated by '#C. The window
constrained by radionuclides was broader than the



Table 6 Percent hydraulic mining debris bay core sediment

% of Hydraulic

Mining Debris Error ()

Core 90-8

0-2cm 13 10
9-10cm 10 8
22 -23 cm 3 7
29-30cm 1 7
55 -56 cm 16 11
69 -70cm 14 10
89-90 cm 20 12
92 -93 cm 23 14
109-110 cm 30 17
115-117 cm post-1952 15 10
129-130 cm 45 24
133-134 cm 48 26
153 - 154 cm 46 25
169 -170 cm b4 29
189 - 190 cm 45 24
224 - 225 cm 42 23
235-237 cm 26 15
Rodeo Core

2-3cm post-1952 43 24
22 -23cm 44 24
62 - 63 cm 42 23
102 - 103 cm 56 30
123-124 cm  transition 23 14

period of deposition, however, geochemical param-
eters coupled to sediment ages constrained by the
bathymetry model and radioisotopes were used to
define time horizons in cores to within 50 cm.

Sediments deposited during the mining period are not
from hydraulic mining alone; and sediments deposited
after that period likely contain mine debris mixed in
some proportion. Separating the contribution of min-
ing required a suite of analyses. The analyses should
be conducted at different levels of screening to avoid
unnecessary expense. The first signs of a high propor-
tion of mining debris are an orange grey color, sparse
shell material, laminations, and little bioturbation.
These signal a rapid increase in sedimentation rate
that inhibited biological productivity and low TOC.
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Second order analyses should be X-ray diffraction to
determine increase in quartz content, accompanied by
analyses of major elements and trace elements. These
approaches identify geologic/geochemical anomalies
that differentiate the characteristics of the gold depos-
its from sediments typical of the bulk of the water-
shed. In San Francisco Bay, the anomalies are low
TOGC, low Ni, high Al, and low Ca concentrations that
provide indicators of hydraulic mine sediment. Some
of these parameters were used to calculate the percent
of hydraulic mining debris for comparison to results
from using the Nd signature. Reasonable agreement to
f only was found for Ca/Sr, such that it could provide
a screening tool for choosing intervals for measuring
Nd isotopes (Figure 11).

None of the above traits, however, are unique to
hydraulic mining debris. Anomalies could have other
sources. But if those traits are present, a multi-isoto-
pic approach provides the most convincing evidence,
although time-consuming and expensive. Nd isotopic
composition is the least susceptible to interferences
(most reliable), but is also the most expensive and
time-consuming analyses. When Nd analyses are sup-
ported by Sr analyses, and the visual and geochemi-
cal characteristics are present, the signature of the
debris can be convincingly demonstrated; and the

% Mix of HM Debris

50

100

Depth (cm)

150

200

250 1 1 1 1 1

Figure 11 Comparison of the percent hydraulic mining debris
versus depth for core 90-8 calculated using eNd and Ca/Sr
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degree of contamination determined.

Because each characteristic alone or even several
characteristics together can be indicative of other
sediment sources, it is not hard to imagine why
hydraulic mining debris had not been identified in
bay cores before now; even though earlier studies
suggested it had to be present and even estimated
deposition, based on sediment transport (Gilbert
1917). The present study suggests that not only do
deposits of one meter depth estimated by Gilbert
(1917) occur in the bay but that mine debris contin-
ues to be transported into the bay, remobilized, and
mixed into surface sediments. Our data suggest that
the input of hydraulic mining debris is decreasing
with time, but the legacy of 30 years of hydraulic
mining remains a strong component of bay sedi-
ments, despite the cessation of mining more than
130 years ago.

Mercury in Bay Cores

Mercury concentrations in pre-Gold Rush sedi-

ment range between 0.04 and 0.08 pg g~! (see also
Hornberger and others 1999). Mercury concentrations
higher than background values occur in both Cores
90-8 and Rodeo in sediment deposited during the
time of hydraulic mining. The mercury concentrations
are as high as 0.45 pug ¢! in the hydraulic mining
layers but more commonly range between 0.3 and
0.4 pg g! (Figure 12). In post-1952 bay sediment, in
some areas (like Grizzly Bay) mercury concentrations
as high as 1.0 pug ¢! have been reported (Hornberger
and others 1999). In Cores 90-8 and 104, the highest
mercury concentrations occur around 1952 and then
decrease toward the surface. The isotopic and geo-
chemical indicators of hydraulic mining debris in the
bay suggest that it is not a large component of these
layers and that the mercury likely has more than

one source. These higher mercury concentrations are
probably related to the onset of mechanized mercury
mining in the bay area.

Despite the distance for mercury transport from the
Sierras across the Central Valley and into the bay
(>200 km), it is clear that an enormous increase

in sediment input into the bay occurred during

the hydraulic mining period (Gilbert 1917; Jaffe
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Figure 12 Profiles of sediment mercury concentration versus
depth for cores 90-8, 104, and Rodeo

and others 1998) with some mercury transported
with it. The historical bathymetry estimates that

over 400,000,000 m> of sediment was deposited in
north San Francisco Bay (San Pablo and Grizzly
bays) between 1856 and 1887. The average mer-
cury concentration in (dried) sediment deposited
during that time is ~0.4 pg g™! or 4.0 x 1077 g.
Assuming an average bulk density of 1.1 g cm™ for
the 400,000,000 m3 of wet sediment, the amount of
mercury deposited in the bay is approximately 176
tonnes. It is estimated that 40,000 tonnes of mercury
were used in the Sierra Nevada gold-mining, and that
25% of it was lost to the environment (Nriagu 1994).
Thus, potentially 10,000 tonnes of mercury could
have reached the bay. Our calculations suggest that
<29% of the mercury that was lost to the environment
was present in the bay in 1990. Schoellhamer (2009)
suggested that erosion of the bed sediments in the
bay had depleted the erodible bed sediment pool in
the bay by 1999, suggesting at least some of the mer-
cury input from mining could have been lost to the
ocean. Nevertheless, it seems likely there is consider-
able mercury left in the watershed, beyond the many
tonnes of mercury that have already reached the
bay. Identification and control of those deposits is an
important goal for the future.



CONCLUSIONS

Sediment deposited in San Pablo Bay during the time of
large-scale hydraulic gold mining in the Sierra Nevada
(1852-1884) is geochemically different from earlier
deposited sediment. A combination of radioisotopic age
dating, visual characteristics, geochemical analyses,
mineralogy, and isotopic compositions provide a set of
parameters that are internally consistent with hydraulic
mining being a large component of sediment deposited
during this period. This general protocol should be use-
ful in any depositional system suspected of receiving
large sediment loads from such mining.

Sediment deposited after hydraulic mining stopped
can still contain a significant fraction of hydraulic
mining debris. The persistence of this material in
surface sediments is due in part to remobilization
and redeposition within the bay and in part to sedi-
ment stored in the rivers and flood plains that are
still recovering from the deposition of enormous
quantities of hydraulic mine sediments (Gilbert 1917,
James 1989, 1991b). Because of the sheer volume of
hydraulic mining debris containing mercury that has
been released into the watershed, much of this mate-
rial that remains in the Sierra piedmont (James 1989)
is of great concern.

In San Francisco Bay, core intervals containing
hydraulic mining debris have mercury concentrations
of 5 to 10 times background levels. The combination
of 400,000,000 m3 of mercury contaminated hydrau-
lic mining debris and the more recent mercury con-
tamination in bay sediment potentially poses ecolog-
ical risks for San Francisco Bay. Much of San Pablo
Bay is eroding today (Jaffe and others 1998). Erosion
in and around San Pablo Bay may expose horizons
with higher mercury concentrations. Restoration of
wetlands created by hydraulic mining debris may
attract biota to areas with increased mercury meth-
ylation. A related concern is that the dynamic pro-
cesses that result in the persistence of hydraulic min-
ing debris in recently deposited sediments indicates
that other particle bound contaminants will persist in
surface sediments for many years after inputs cease,
consistent with other findings in the bay for Pb
(Ritson and others 1999; Steding and others 2000)
and PCBs (Davis 2004).
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Our estimates indicate that only 2 to 5 percent of the
mercury lost during the hydraulic mining process is
retained in San Francisco Bay. Some of this mercury
could have been carried out to sea, but there is also
potentially much mercury that remains in the streams
and river beds upstream. Some of it is known to
have been left behind in the mine sites (Hunerlach
and others 1999) and some may reside in reservoir
sediment behind dams (Alpers and others 2005). In
any dam removal, the possibility of encountering
mercury-laden sediments should be considered, with
concomitant implications for the bay.

Primitive mining practices such as those used dur-
ing the Gold Rush in the Sierra Nevada have or are
currently being used in many parts of the world. The
effects of such mining practices can be far reaching.
In this paper, using a combination of techniques,
mercury-laden sediment was traced over 250 km
from its historic source. The geochemical indicators
presented may be useful in other mining areas where
comparable contamination is suspected in the water-
shed.
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