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ABSTRACT

At the confluence of the Sacramento and San Joaquin rivers (the Delta), a 1,400 km?” marsh
region began forming about 7,000 years ago. Within the last 160 years, most of the marsh area
was drained and converted to agriculture. A vertical peat profile from two of these islands,
Browns Island (BRI), and Franks Wetland (FW) contain higher concentrations of inorganic
anthropogenic contaminants including mercury (Hg) and lead (Pb) in the shallow, most-recently
deposited peat compared to concentrations in underlying pre-anthropogenic peat. In the top 65
cm of the BRI profile, where peat was deposited since about 1850 A.D. based on "*’Cs data, Hg
concentrations averaged 320 parts per billion (ppb, dry basis), with a standard deviation (s.d.) of
220 ppb. In contrast, the average Hg concentration was 370 ppb (s.d. 13 ppb) in deeper material
deposited between about 6,300 and 500 calibrated years before present (cal yr BP), based on
radiocarbon dating of plant fossils. In the material of transitional age (500 to 100 cal yr BP)
during which time global or regional anthropogenic effects may be present, average Hg
concentrations were 106 ppb (s.d. 38 ppb).

Average concentrations of Pb were 42 parts per million (ppm, dry basis)(s.d. 17 ppm) in the top
65 cm of the BRI profile compared with 7 ppm (s.d. 4 ppm) in the lower, older (pre-
anthropogenic) material (6,300 to 500 cal yr BP). Normalizing Pb concentrations by Ti to
account for variable amounts of inorganic material resulted in a depth profile with near-constant
values of Pb/Ti between about 6,300 and 2,300 cal yr BP and an increase in Pb/Ti1 values with
decreasing age beginning about 2,300 cal yr BP. Based on linear least-squares regressions of Pb
versus several elements that partition strongly into the inorganic fraction of the peat (Al, Ga, Sc,
Ti, and Zr), it appears that the organic fraction of the peat contains between 0.5 and 1.0 ppm Pb.
The peat in the interval 2,300 and 500 cal yr BP had relatively low ash content and high organic
content. The slight amount of Pb in the organic fraction results in an increase in Pb/Al, Pb/Ga,
Pb/Ti, and Pb/Zr (but not Pb/Sc) for this interval. Therefore, caution must be used in
normalization procedures for samples with low ash content.

Overall patterns in the Franks Wetland core were similar to those observed at the Browns Island
site, however inorganic contents were lower and contaminant (Pb and Hg) concentrations
smaller. These results emphasize the highly heterogeneous nature of the Sacramento-San Joaquin
Delta and demonstrate the importance of hydrogeomorphic setting in controlling marsh accretion
processes.
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Lead isotope ratios *°Pb/**’Pb and ***Pb/**’Pb determined from bulk-sediment digestions on
samples from cores taken at the BRI site indicate the predominant influence of gasoline lead in
the top 65 cm of the peat profile. The observed decline in Pb/Ti values with increasing elevation
in the top 10 cm of the profile and the increase in radiogenic Pb isotopic compositions reflect the
phasing out of leaded gasoline use by automobiles in the U.S.A. during the late 1970s and 1980s.
A systematic shift towards less radiogenic Pb isotope ratios starting at about 450 cal yr BP
(approx. 1,500 A.D.) may reflect increased mining and metallurgical activity in Mexico after
Spanish colonization.

1. INTRODUCTION

The history of anthropogenic lead and mercury pollution has been investigated worldwide using
various geologic materials as archives. Lead pollution has been investigated including ice (e.g.
Song et al., 1994), lake sediments (e.g. Renberg et al., 2001, 2002), marine sediments (e.g. Soto-
Jimenez et al., 2006), and peat (e.g. Shotyk, 1996 and 2002; Shotyk et al., 1997, 1998, and
2001). Global mercury pollution has also been documented using various geologic materials
including ice (Schuster et al., 2002), lake sediments (e.g. Engstrom et al., 1994; Engstrom and
Swain, 1997) and peat bogs (Biester et al., 2006 and references therein).

Peat deposits have received considerable attention in the last several decades as archives of
environmental change. In general, ombrotrophic peat deposits are considered optimal for
studying trends in atmospheric deposition because of the lack of mineral input from stream
sources. However, minerotrophic peats can also be useful archives of historical and recent
anthropogenic pollution, especially in areas where ombrotrophic bogs are not available (e.g.
Shotyk et al., 1996; Espi et al., 1997; Weiss et al., 1999; Shotyk, 2002; Monna et al., 2004).

Mercury is well established as a global pollutant (e.g. Hurley et al. 2007). Lead pollution is also
global in extent (Patterson, 1992; Hong et al., 1994; Settle and Patterson, 1980), and lead
isotopes have been useful in documenting the contributions of regional and local mining and
smelting sources (e.g. Alfonso et al., 2001; Monna et al., 2004; Baron et al., 2005).

Stable lead isotopes provide a robust way to evaluate the source of anthropogenic lead (e.g.
Settle and Patterson, 1980; Renberg et al., 2001, 2002). The extensive use of alkyl lead additives
during the mid-20" century caused widespread, global lead contamination. Because the isotopic
signature of lead used in alkyl lead gasoline additives was different than that of average
atmospheric dust, it is possible to trace the contamination. Mining sources of lead are also
generally less radiogenic (lower in 2*°Pb/*"’Pb and ***Pb/*°’Pb) which allows them also to be
distinguished from pre-anthropogenic background Pb (e.g. Dunlap et al., 2008).

Most of the published studies of historical lead and mercury deposition in peat deposits have
been done in Europe. There are relatively few data available for geochemical peat archives
showing anthropogenic pollution of heavy metals in North America. Some recent studies (Cooke
et al., 2007, 2008) have applied Pb isotopes to deposits in South America that document mining
and metallurgy by native cultures prior to European colonization.

page 2



DRAFT — not for distribution Dec. 30, 2008

Prior to about 1850, there was minimal mining in California. After the discovery of gold by
James Marshall at Sutter’s Mill in 1848, the California Gold Rush caused major disruption and
contamination of Sierra Nevada watersheds. The widespread use of mercury for gold
amalgamation led to the loss of approximately 4.5 x 10° kg of mercury to the environment from
placer gold mining operations during the latter half of the 19" century, and an additional 1.4 kg
from stamp mills at hard-rock mines from the 1870s through the 1930s (Churchill, 2000; Alpers
et al. 2005a). In the early 20" century, cyanidation became common practice in the gold mining
and extraction industry and the use of mercury amalgamation was phased out, but legacy
mercury contamination continues to affect the creeks and rivers of the Sierra Nevada. During and
after the California Gold Rush, mercury was transported through the Delta to San Francisco Bay,
where elevated Hg concentrations were noted in sediments deposited since 1850 (Hornberger et
al., 1999). In addition, the mining of mercury in the Coast Ranges of northern California led to
extensive contamination of watersheds such as Cache Creek, a tributary to the Delta through the
Yolo Bypass (Domagalski et al. 2003, 2004).

To date there have been no published studies of lead or mercury archived in peat deposits in
western North America. Given that ombrotrophic peat deposits are not known to occur in
California, the purpose of this study is to evaluate whether the minerogenic deposits of the
Sacramento—San Joaquin Delta of northern California (hereinafter referred to as the Delta) are
useful archives of anthropogenic heavy metal contamination in the environment.

2. MATERIALS AND METHODS
2.1 Site Description

The Delta is located at the confluence of the Sacramento and San Joaquin Rivers and receives
runoff from over 40% of the land area of California (California Department of Water Resources,
1995) (Figure 1). During the last several hundred years, the Delta has been primarily a
freshwater tidal system, however current salinity may have been brackish during at least some of
its history (Malamud-Roam et al., 2006). Tides are semidiurnal with normal tidal range of
approximately one meter, however, during floods river stage can exceed two meters (Shlemon
and Begg, 1975; Atwater, 1980). The climate in the Delta is characterized as Mediterranean with
cool winters and warm, dry summers (Atwater 1980). Mean annual precipitation is
approximately 36 cm, but actual yearly precipitation varies from half to almost four times this
amount. More than 80% of precipitation occurs from November through March (Thompson,
1957).

Beginning in the mid-1800s, the Delta was largely drained for agriculture (Thompson, 1957;
Atwater, 1980), resulting in its current configuration of more than 100 islands and tracts
surrounded by 2250 km of man-made levees and 1130 km of waterways (Prokopovich, 1985).
Subsequent to drainage, the farmed islands experienced land-surface subsidence. Recent rates of
land-surface subsidence range from approximately 0.5-3.0 cm yr' (Rojstaczer and Deverel,
1993, 1995; Deverel and Leighton, 2008).
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Study sites chosen for geochemical analysis are from contrasting geomorphic settings and
salinity regimes of the Delta. One site (Browns Island) was selected in a high energy
environment near the confluence of the Sacramento and San Joaquin Rivers and the other
(Franks Wetland) is in a more quiescent environment, associated with a distributary of the San
Joaquin River (Fig. 1). The study sites are part of a larger project focused on peat formation and
loss in the Delta. In the larger study, a total of eight sites were chosen including four remnant,
relatively undisturbed marsh islands and four nearby drained farmed islands (Figure 1). Both of
the study sites chosen for geochemical analysis are natural marsh islands. On the farmed islands,
much of the peat (in some cases the top 5 meters of the ~7 meter deposit) has been lost to land-
surface subsidence processes, namely microbial oxidation (Drexler et al., in press).

Vegetation on the marsh islands is dominated by emergent macrophytes and shrub-scrub wetland
species. On Browns Island (BRI), the more brackish of the study sites, vegetation is dominated
by Schoenoplectus americanus (American bulrush) and Distichlis spicata (salt grass). On Franks
Wetland (FW) the vegetation is dominated by Cornus sericea and Salix lasiolepis, with the
coring site having a large population of Athyrium filix-femina (western lady fern). Several
species such as Schoenoplectus acutus (hardstem bulrush), Phragmites australis, and Typha spp.
are found at both sites. All botanical nomenclature follows Hickman (1993).

2.2 Coring and sample handling

Cores were collected during 2005 using a Livingstone corer, as described by Drexler et al. (2007
and in press). Individual drives were generally 1 meter in length. Sampling for determination of
bulk density and loss on ignition was done at 2-cm intervals (Drexler et al., 2007). A subset of
the 2 cm samples was selected for analysis of trace elements, stable lead isotopes, and
radiometric dating. Cores, samples, and subsamples were stored chilled at 5 °C or less.

Samples selected for trace-element analysis were excised with a ceramic (ZrO,) knife to remove
material that had been in contact with the core liner. The material was placed in a pre-cleaned
glass jar with Teflon-lined lid (I-Chem), frozen on dry ice, and shipped to the USGS laboratory
in Boulder, Colorado. After freeze-drying, the samples were milled and a subsample of
approximately 100 mg was digested in a Teflon bomb with a mixture of concentrated acids
including HCI, HNOs, and HF, as described by Alpers et al. (2006). Determination of bulk
density and loss on ignition were made using standard methods described by Drexler et al. (in
press).

2.3 Trace element determinations

At the U.S. Geological Survey Laboratory in Boulder, Colorado, samples were freeze-dried
before analysis. Trace-metal concentrations were determined using inductively coupled plasma
mass spectrometry (ICP-MS) using a Perkin Elmer Elan Model 6000. Samples were completely
dissolved using an HCI-HNO;—-HF acid, microwave, total-digestion procedure (Hayes, 1993).
The digested samples were diluted at 1:10 (volume:volume, digest:deionized water) with 18
megaohm-cm deionized water and were preserved with distilled nitric acid. Aerosols of
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acidified aqueous samples were introduced into the spectrometer with a cone-spray pneumatic
nebulizer. Multiple internal standards (indium, iridium, and rhodium), which covered the mass
range, were used to normalize the system for drift. Additional details regarding the specific
analysis techniques, procedures, and instrumental settings for ICP-MS analyses can be found in
Garbarino and Taylor (1996) and Taylor (2001). Mercury was determined by atomic
fluorescence spectrometry on the digested samples.

2.4 Stable Pb isotopes

Isotopic compositions of Pb in peat samples were determined at the USGS Yucca Mountain
Project Branch laboratory in Denver, Colorado, on splits of samples digested for the ICP-MS
analyses. Aliquots were spiked with **Pb-enriched isotope tracer (Neymark and Amelin, 2008)
followed by anion-exchange columns and loading on outgassed Re filaments along with silica gel
for Pb-isotope analyses. The Pb isotopic analyses were conducted using multi-collector
ThermoFinnigan Triton™ thermal ionization mass spectrometer (TIMS) in a static mode. Use of
high-efficiency silica gel (Gerstenberger and Haase, 1997) allowed measurements of all Pb
isotope ratios (**°Pb/***Pb, 2°°Pb/***Pb, and ***Pb/***Pb) on Faraday cups. Raw Pb-isotope ratios
were corrected for spike and blank contributions, and for mass fractionation of 0.0010+0.0003
per mass unit using data for Pb-isotope standards SRM-981 and SRM-982 from the National
Institute of Standards (NIST) measured under the same run conditions. A weighted average Pb
blank of 0.02+0.01 nanogram per milliliter was measured by isotope dilution (ID) TIMS on eight
splits used for ICP-MS blanks. Lead concentrations in peat samples determined by ICP-MS and
ID TIMS are in excellent agreement (Spearman rank correlation coefficient 0.995). Pb isotopes
were determined for 40 samples in the BRI profile representing the full depth range of the cores.

2.5 Dating by **C and ®'Cs

Radiocarbon (**C) analyses were done at the Lawrence Livermore National Laboratory in
Livermore, California, using accelerator mass spectrometry (AMS) methods. Achenes (fruiting
bodies of Scirpus spp.) and charcoal recovered from the peat cores were considered to be the
most reliable materials available (Drexler et al., in press)

Activity of *’Cs in the core sections was counted using a gamma detector (sodium iodide
crystal, low background germanium detector) and a multi-channel analyzer. Analyses were done
at the USGS laboratory in Denver, Colorado. Samples were analyzed for 24 to 48 hours to
achieve desired sensitivity. The sediment surface from 1963, the time of peak atmospheric
fallout from nuclear testing, was identified based on the maximum activity of '*’Cs.
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3. RESULTS
3.1 Development of age-depth models

Analyses of radiometric "*C age in achenes (Scirpus spp.) and charcoal recovered from peat
cores were used by Drexler et al. (in press) to develop age-depth models for peat deposits at the
cored locations (Fig. 2). The age-depth models based on '*C are considered reliable for deposits
at least 300 cal yr BP (A.D. 1650) based on uncertainty analysis (Drexler et al. in press).

Analyses of *’Cs provided additional constraints on age-depth relationships in the shallower,
more recent peat deposits. Both the FW and BRI profiles had peaks in unsupported *’Cs in
depth range of 18-20 cm (Fig. 3). The peaks were assigned to the year 1963 and dates were
assigned assuming a constant rate of peat accretion (Ritchie and McHenry 1990). Because
compression and compaction of peat is minimal in the top meter of the vertical profiles (Drexler
et al., in press), the accretion rate for 1963—present was applied to material deposited prior to
1863 to provide an estimate of the depth of the 1850 surface.

3.2 Variation of inorganic and organic components with depth

Several elements have been used in studies of organic rich soils to provide a quantitative
estimate of the amount of inorganic material present. The qualities of a suitable inorganic-proxy
element are that it should not phytoaccumulate and that it should occur uniformly over a range of
grain sizes so that variations in grain size will not lead to variations in the proxy element. For
this study we explored the use of Al, Ga, Sc, Ti, and Zr as inorganic proxies.

At the BRI site, large variations with depth were observed in the inorganic content of the peat.
Ash content and concentrations of the inorganic-proxy elements Al, Ga, Sc, Ti, and Zr were
relatively abundant in the lower part of the vertical profile and were relatively low (reflecting
high organic content) in the depths interval 2.1 to 0.5 meters below mean sea level (MSL), which
corresponds to the period 2,300 to 500 cal yrs BP (Fig. S-1A). At the FWI site, the inorganic
content was much more uniform through depth (Fig. S-1B), indicating a more stable and
quiescent hydrogeomorphic setting.

Each of the five potential inorganic-proxy elements (Al, Ga, Sc, Ti, and Zr) correlated well with
ash content. Spearman rank coefficients for ash content with respect to individual elements
range from 0.86 to 0.91 at the BRI site (Figure S-2A, n=119) and from 0.79 to 0.94 at the FW
site (Fig. S-2B, n=25).

3.3 Variation of Pb and Hg with depth

At both study sites, concentrations of Pb were relatively high (> 15 pg/g) in the more recent peat
deposits (post-1850 A.D.) near the top of the vertical section, and lower (< 15 pg/g) in the older
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deposits (pre-1850 A.D.) at depths greater than 0.2 meters below MSL (Fig. 4). Clay-rich
material at the base of the BRI profile had a Pb concentration of about 10 ug/g, similar to Pb in
the peat in the lower half of the profile. Moving upward in the vertical BRI profile, Pb
concentrations declined to values consistently less than 10 pg/g starting at a depth of about 3 m
below MSL. The depth interval with Pb < 10 pg/g (about 3 m to 0.5 m below MSL) corresponds
to a zone with lower concentrations of inorganic proxy elements (Fig. S1A). Pb concentrations
in the FW profile had a similar overall pattern to those in the BRI profile, with values between
10 to 15 pg/g at depth, values < 10 pg/g in the middle portion, and values > 15 ug/g in the upper
portion.

Comparing the variations of Pb to the age of peat determined by '*C and '*’Cs methods, there are
two time horizons when Pb increased sharply — one at about 500 cal yr BP (~1450 A.D.) and
another at about 100 cal yr BP (~1850 A.D.) (Fig. 4). The period 1940 to 1980 had consistently
high Pb concentrations, and there was a systematic decline in the Pb content of peat younger than
1980.

The vertical distribution of Hg at the two study sites was similar to that of Pb, in that the highest
concentrations were found in a zone just beneath the shallowest, most recent deposits. At depths
greater than about 0.5 m below MSL, Hg concentrations were consistently < 40 ng/g at the FW
site and < 75 ng/g at the BRI site (Fig. 5). In contrast, nearly all samples from the top meter of
both profiles had Hg concentrations > 100 ng/g.

As with Pb, there were sharp increases in Hg concentration with decreasing depth at
approximately 500 and 100 cal yr BP. In the BRI core, which had the higher density of samples,
the highest Hg concentrations were in peat samples from 0.28 to 0.40 m above MSL,
corresponding to *’Cs ages of about 1940 to 1970 A.D. During this period, Hg concentrations
consistently were greater than 400 ng/g. At the very top of the BRI profile, between 0.4 m above
MSL and the surface (0.56 m above MSL), Hg concentrations in peat ranged from 190 to 310

ng/g.

3.4 Variation of Pb isotopes with depth

A plot of 2°°Pb/*"’Pb vs. depth for the BRI site (Fig. 6) shows that most of the samples in the age
range 2,300 to 500 cal yr BP have “**Pb/*"’Pb values in the same range as pre-anthropogenic
background (1.216 to 1.224). The oldest sample that is clearly different isotopically from the pre-
anthropogenic samples is the sample corresponding to 527 cal yr BP in the '*C age-depth model.
The sample just below it, from a depth corresponding to an age of 840 cal yr BP, has a slight
variation in **Pb/**’Pb but does not show a significant difference in ***Pb/**’Pb (Fig. S3) and
therefore does not demonstrate clear evidence of anthropogenic contamination.
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4. DISCUSSION
4.1 Distinguishing between natural and anthropogenic Pb using Ti

A variety of methods have been used to distinguish between natural and anthropogenic Pb in
peat deposits. Assuming that all Pb occurs in the inorganic fraction of the peat, the concentration
of an inorganic proxy element (such as Al, Ga, Sc, Ti, or Zr) and the assumption of a constant
ratio of Pb concentration to the concentration of the proxy element (e.g. Pb/T1) can be used to
calculate the lithogenic (natural) Pb contribution. The lithogenic Pb can then be subtracted from
the total Pb concentration to yield the anthropogenic Pb contribution. For example, Shotyk et al.
(2002b) used Pb/Sc in this manner to compute anthropogenic Pb in peat cores from Switzerland.

In this study, we evaluated the possible use of Al, Ga, Sc, Ti, and Zr as inorganic proxies for
improving the understanding of Pb sources and temporal trends. As shown in Figures S-1 and S-
2, each of these elements correlates well with ash content, and has similar concentration-depth
profiles in both the FW and BRI cores. Ti was chosen as the proxy of choice for this report
because its behavior was most consistent.

In the FW core, Pb/Ti ranged from 0.003 to about 0.006 in samples older than 500 cal yr BP,
increased sharply to values above 0.01 in samples younger than 100 cal yr BP, then declined in
the most recent samples, younger than 1963 A.D. (Fig. 7A). In the BRI core, Pb/Ti was near-
constant at values between 0.002 and 0.003 in the age range 6300 to 2300 cal yr BP (Fig. 7B). In
the age range 2300 to 500 cal yr BP, there was an increase in Pb/Ti to values between 0.003 and
0.006. This comes at an intriguing time in history, when Roman mining activity was active at
several sites in Europe, and anthropogenic Pb is well documented in cores of ice (Song et al.,
1974) and peat (Shotyk et al., 2001) starting around 2000 cal yr BP. In samples younger than 500
cal yr BP in the BRI core, there was a further increase in Pb/Ti, to values greater than 0.006. The
most extreme values of Pb/Ti (> 0.02) were from the period younger than 100 cal yr BP (1850
A.D., around the start of the California Gold Rush), including the mid-1900°s when leaded
gasoline was in widespread use.

Correlation plots of Ti vs. Pb (Fig. 8) reveal a more complex story, including a cautionary tale
regarding the use of inorganic proxies. Looking at the entire BRI data set, there is a clear
distinction between samples older than 500 cal yr BP, which have Pb/Ti < 0.006, and those
younger than 500 cal yr BP, which have Pb/Ti > 0.006. Samples in the time range 2,300 to 500
cal yr BP had much lower inorganic content than others in the BRI profile, so they plot closer to
the origin in Fig. 8. Subsets of the BRI data from 3,550 to 2,300 cal yr BP and from 2,300 to
500 cal yr BP are normally distributed with regard to Pb, Ti, and the other inorganic proxy
elements considered, so linear least-squares regressions could be computed. Assuming that the
Ti concentration in the organic fraction of the peat is zero, the intercept on the Pb axis represents
an estimate of the Pb content of the organic fraction of the peat. The regressions for Pb vs. Ti for
the BRI site (Fig. 8B) indicate an intercept on the Pb axis of approximately 0.5 to 0.9 pg/g. Plots
of Ti vs. Pb for the FW site indicate similar values of the Pb intercept, between 0.5 and 0.7 pg/g.
(Fig. S4). Similar plots for Pb versus the other inorganic proxy elements (Al, Ga, Sc, and Zr) in
the FW and BRI cores (Figs. S5-S8) show similar results to those for Ti (Figs. 8 and S4). A
summary of regression coefficients for 6 inorganic proxies (Al, Ga, Sc, Ti, Zr, and ash content)

page 8



DRAFT — not for distribution Dec. 30, 2008

is given in Table 1. Using the top five inorganic proxies (based on the regression coefficient,
R?), the average Pb estimated content of the organic fraction in pre-anthropogenic peat at
Browns Island was 0.7 to 0.8 pg/g and at Franks Wetland was 0.3 to 0.5 pg/g.

The similarity of estimated Pb concentrations from the intercepts of the various regressions
indicate a high probability that the increase in Pb/T1 in the points between 2,300 and 500 cal yr
BP at Browns Island (Fig. 7B) is a consequence of the Pb content of the organic fraction, and
does not represent anthropogenic (i.e. Roman) lead. Lead isotopes (as presented above and
discussed below) provide independent confirmation of that conclusion.

4.2 Determining the predominant sources of Pb using Pb Isotopes

Other recent studies have documented the Pb isotope composition of sediments in the
Sacramento River, the major tributary to the Delta, as well as cores in San Francisco Bay,
downstream of the Delta (Dunlap et al., 2008 and references therein). On a plot of ***Pb/**’Pb vs.
206pp297pp, the deep samples from the BRI profile (6,300 to 2,300 cal yr BP) plot exactly in
coincidence with the deep cores from San Francisco Bay (Fig. 9). A shift to less radiogenic lead
begins with the sample mentioned above corresponding to an age of 527 cal yr BP, and continues
for the samples in the age range 500 to 100 cal yr BP. The most radiogenic of these samples,
from a depth corresponding to an age of 447 cal yr BP, is demonstrably older than the California
Gold Rush with 95% confidence, based on the error analysis associated with the '*C age curve
(Fig. 2B; Drexler et al., in press). As there was no obvious geologic or mining source in
California at that time (approximately 1500 A.D.), it is worth considering the possibility that the
associated anthropogenic lead came from mining in another area such as China or Mexico, and
the lead was transported to California as atmospheric dust.

The most extremely non-radiogenic Pb in peat samples in the BRI profile have Pb isotope data
that plot in the field for leaded gasoline used in U.S.A during 1964—1979. These peat samples
are from depths corresponding to ages of ~1900 to 1970 based on *’Cs dating. Because lead
wasn’t added to gasoline until the 1930’s it is necessary to explain the occurrence of lead
contamination isotopically tied to gasoline in peat that is apparently older than 1930. It is
possible that Pb was transferred to lower elevations by a physical or chemical process that did
not transfer Cs. The three most recent peat samples for which there are Pb isotope data plot in
the field for leaded gasoline from the 1980s (Fig. 9). Based on our interpretation of the *’Cs
data, these peat samples are from depths with ages approximately 1980 to 1995 A.D. (Fig. 3).

Our data contain evidence that anthropogenic Pb partitions into the organic fraction of the peat
more readily than non-anthropogenic Pb. Four pairs of samples from within the top meter of the
BRI profile represent organic-rich and clay-rich subsamples from the same 2-cm vertical interval
(triangles and squares, respectively, as indicated on several figures). The Pb concentration of the
organic-rich subsamples was greater than or equal to that of the co-located clay-rich subsamples
(Fig. 4). Pb isotopes of the organic-rich subsamples were less radiogenic than the clay-rich
counterparts (Figs. 6 and 9). This is consistent with the fact that alkyl lead gasoline additives are
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an organic form of lead that partitions preferentially into the organic fraction (Shotyk et al.
2002b).

4.3 Mercury from the California Gold Rush and other mining sources

Anthropogenic mercury in the Delta peat deposits likely includes local mining-related sources as
well as regional and global industrial sources. Local mining-related sources increased
dramatically around 1850, at the start of the California Gold Rush. Schuster et al. (2002)
documented Hg contamination in an ice core from a glacier in the Wind River Range, Wyoming,
in which the California Gold Rush is clearly represented by a significant increase in Hg, as are
other industrial events such as the World War II era (early 1940s) during which munitions plants
with Hg emissions were active in the San Francisco Bay Area. Global production and U.S.
consumption of mercury were at a maximum during the period 1940-1970 (Engstrom and
Swain, 1997), which corresponds well to the age of the peat with the highest Hg content at
Browns Island (Fig. 5).

Given the history of mining and industrial activity in northern California, the observed increase
in Hg of the FW and BRI peat deposits starting about 1850 is understandable. However the cause
of the increase observed about 500 cal yr BP is less certain, as there was no large-scale mining
activity in California at that time. In the BRI profile, the interval of 2300 to 500 cal yr BP had Hg
concentrations between about 70 to 200 ng/g, a range that is significantly elevated over pre-
anthropogenic baseline conditions. As there are no obvious local sources in California for this
contamination, the most likely possibilities are: (1) global sources (Europe), (2) Asian sources
(China), and (3) other North American sources (Mexico). Because lead isotopes indicate sources
of non-radiogenic lead contamination during this period, a source related to mining and smelting
activity is most likely.

Spanish colonization of southern North America (now Mexico) and western South America (now
Peru, Bolivia, and Ecuador) started during the early 16™ century, approximately 450 cal yr BP
(1500 A.D.). Mining activity in Mexico produced lead and mercury along with gold and silver
(Nriagu, 1998). The timing of the anomalous Pb in the BRI core is consistent with a source
related to Spanish mining and smelting activity in Mexico, but there remains the question of
atmospheric circulation. Given global wind patterns, is it reasonable for a sufficient quantity of
atmospheric dust to be transported from south to north? There is the additional uncertainty
regarding global wind patterns 500 years ago compared to present-day patterns. There are
various global circulation models aimed at understanding climate change that may be
informative on this aspect, but this possibility has not yet been explored.

4.4 Comparison of Lead and Mercury Trends

Both lead and mercury remained at pre-anthropogenic concentrations in Browns Island and
Franks Wetland peat cores until about 500 cal yr BP (1450 A.D.). During the period 500 cal yr
BP to 100 cal yr BP (1450 to 1850 A.D.), both Pb and Hg were elevated above the pre-
anthropogenic baseline. As there was no large-scale mining in California during that time, the
sources of the Pb and Hg were likely outside California. Variations in the ratio Pb/Hg (Figs. S9,
S10A, and S10B) shed some light on the timing of increases in both constituents and the degree
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to which they may share a common source. With the exception of a few outliers, most samples
from both cores had Pb/Hg in the range of 50 to 500. In the BRI core, most material in the age
range 6300 to 2,300 cal yr BP had Pb/Hg values around 200. The material of age 2,300 to 500
cal yr BP had values of Pb/Hg in the range of 50 to 200, lower than those in the underlying
material. This change was caused by significantly lower Pb in this interval associated with the
lower inorganic content (Figs. 4, S1B). Although Hg concentrations were somewhat lower in
this interval compared with the deeper section, Hg partitions into the organic fraction to a greater
degree than Pb. Thus, the variations in Pb/Hg are consistent with non-anthropogenic sources
prior to 500 cal yr BP.

In peat of age 500 to 100 cal yr BP, both Pb and Hg concentrations were greater than in the
material older than 500 cal yr BP, and the Pb/Hg ratio for most samples was in the range 70 to
100 (Fig. S9). A plot of Ti vs. Pb/Hg (Fig. S10C) is consistent with the interpretation that Pb
partitions more strongly than Hg into the inorganic fraction. Much of the variation in Pb/Hg
appears to be controlled by variations in the inorganic / organic content. An exception is the most
recent peat (post-1963) which had lower Pb/Hg for a given Ti concentration compared with the
overall trend (Fig S10C). Thus, despite a high level of global and regional Pb contamination
from leaded gasoline during about 1940 to 1980, global mercury emissions appear to have had
proportionately more influence on Delta peat chemistry during the mid-1900s.

Concentrations of both Pb and Hg increased sharply during the California Gold Rush and stayed
elevated during the first several decades of the 20" century. Lead concentrations increased
greatly because of gasoline additives, peaking in the early 1960s, then declined as leaded
gasoline was phased out in late 1970s and early 1980s. Mercury reached a maximum globally
and regionally during 1950 — 1970, then declined as Hg use declined. The peat deposits of the
Sacramento—San Joaquin Delta appear to track expected environmental changes in Pb and Hg
emissions and deposition on a decadal scale. This would be expected for ombrotrophic peat that
gets atmospheric deposition directly, however minerogenic peats may experience a lag time
associated with erosion and river transport. The close correspondence of Pb and Hg variations to
expected fluxes indicates that the lag time for the Delta system, if any, is apparently less than
about 10 years.

5. CONCLUSIONS

1. The peat deposits of the Sacramento—San Joaquin Delta contain an archive of pre-
anthropogenic, natural conditions in the region. Consistent results were obtained on
cores from two unfarmed marsh locations in the Delta, Browns Island and Franks
Wetland.

2. Based on uniform concentrations of Pb/Ti (normalized to account for variable
inorganic content) and Pb-isotope composition (a sensitive indicator of
anthropogenic lead), the peat deposits older than 2,300 cal yr BP (350 B.C) in these
undisturbed marshes were clearly unaffected by anthropogenic activity.
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3. Peat deposited during the period 2,300 to 500 cal yr BP (350 B.C. to 1450 A.D.) at
Browns Island, based on Hc dating, had elevated values of the Pb/Ti ratio relative to
the material at depth, but this Pb is likely non-anthropogenic. The peat had relatively
low inorganic content and the ratio Pb/Ti was influenced by finite Pb concentrations
(~0.5 to 0.9 ppm) in organic material. The Pb-isotope data indicate non-
anthropogenic sources of Pb during this period.

4. In the material younger than 500 cal yr BP (350 B.C.), there are two clear non-
radiogenic peaks in Pb-isotopes indicating anthropogenic Pb: the older peak at ~450
cal yr BP (~1500 A.D.) is likely related to mining and/or smelting activity. As there
was no major mining activity in California at that time, the likely source(s) were (1)
Mexico and/or (2) China. The younger peak (20th century) is likely related to alkyl
lead gasoline additives.

5. In the 20" century peat samples, a more pronounced Pb-isotope signature relating
the samples to alkyl lead gasoline additives was found in organic-rich samples vs.
inorganic-rich samples from the same depths. This is consistent with the organic
nature of the lead added to gasoline.

6.  Maximum concentrations of Hg (> 400 ng/g or ppb) in Browns Island peat were
found in deposits from ~1940—1970 based on '*’Cs dating. This period had the
highest global production and highest U.S. consumption of mercury, and was a
period of relatively low mining activity in California, suggesting that atmospheric
sources dominated over local mining sources during this period.

7. Minerogenic peats such as those found in the Sacramento—San Joaquin Delta can be
useful archives of environmental change at decadal to millenial time scales.
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Tables

Table 1. Results of linear least-squares regressions of lead vs. various inorganic proxies in the
Browns Island and Franks Wetland cores.
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Table 1. Results of linear least-squares regressions of lead vs. various inorganic proxies

Regressions of the form: (Pb) = b(1)[x] + b(0), where (x) = independent variable and (Pb) is lead concentration

Rz, correlation coefficent; n, number of data points; cal yr BP, calibrated years before present (1950) based on 4 age model
b(0) intercept represents estimate of Pb concentration of organic component, assuming Ti concentration is zero.

A. Browns Island

Independent Model age Model age

variable (cal yr BP) b(1) b(0) R’ n (cal yr BP) b(1) b(0) R’ n
Ti (%) 2300-3550 23.5 0.49 0.96 27 500-2300 24.3 0.85 0.85 18
Zr (ppm) 2300-3550 0.092 0.49 0.95 27 500-2300 0.097 0.69 0.85 18
Al (%) 2300-3550 1.26 0.23 098 27 500-2300 1.2 0.74 0.81 18
Sc (ppm) 2300-3550 0.31 1.56 0.57 27 500-2300 0.38 0.42 0.78 18
Ga (ppm) 2300-3550 0.47 1.01 0.98 27 500-2300 0.51 0.77 077 18
ash (%) 2300-3550 0.065 0.17 0.24 27 500-2300 0.11 -0.15 0.64 18
average (top 3) 0.40 0.76

average (top 5) 0.76 0.69

B. Franks Wetland

Independent Model age Model age

variable (cal yr BP) b(1) b(o) R’ n | (calyrBP)  b(1)  b(0) R? n
Ti (%) 2300-5550+ 39.6 0.49 0.76 9 500-2300 33.6 0.65 0.94 9
Zr (ppm) 2300-5550+ 0.13 1.01 0.66 9 500-2300 0.15 0.40 0.85 9
Al (%) 2300-5550+ 1.91 -0.26 0.81 9 500-2300 1.48 0.22 0.87 9
Sc (ppm) 2300-5550+ 0.38 2.1 0.39 9 500-2300 0.47 0.42 0.47 9
Ga (ppm) 2300-5550+ 0.74 0.04 0.92 9 500-2300 0.76 0.27 0.94 9
ash (%) 2300-5550+ 0.15 0.2 0.90 9 500-2300 0.08 0.95 0.91 9
average (top 3) -0.01 0.62

average (top 5) 0.30 0.50
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Figure Captions

Figure 1. Map showing coring locations for the REPEAT project in the Sacramento—San Joaquin
Delta, California. Adapted from Drexler et al. (in press).

Figure 2. Age-depth models based on '*C data showing uncertainty envelope. (A) Franks
Wetland (FWTI) (B) Browns Island (BRI). Adapted from Drexler et al. (in review).

Figure 3. Plots of '*’Cs with depth: (A) FW site, (B) BRI site. Purple symbols indicate age of
1963 A.D. or younger based on '*’Cs. Light blue symbols indicate age older than 1963 A.D. but
younger than 1850 A.D.

Figure 4. Plots of Pb concentration versus depth: (A) FW site (B) BRI site: full profile, upper 3
meters and upper meter. Symbol colors: Purple, 1963 A.D. to present; light blue, 1850 A.D. to
1963 A.D.; green, 1450 A.D. (500 cal yr BP) to 1850 A.D. (100 cal yr BP); red, 350 B.C. (2300
cal yr BP) to 1450 A.D. (500 cal yr BP); black, 4350 A.D. (6300 cal yr BP) to 350 B.C. (2300
cal yr BP); gray, older than 4350 B.C. (6300 cal yr BP).

Figure 5. Plots of Hg concentration versus depth: (A) FW site, (B) BRI site: full profile, upper 3
meters and upper meter. Symbol colors: Purple, 1963 A.D. to present; light blue, 1850 A.D. to
1963 A.D.; green, 1450 A.D. (500 cal yr BP) to 1850 A.D. (100 cal yr BP); red, 350 B.C. (2300
cal yr BP) to 1450 A.D. (500 cal yr BP); black, 4350 A.D. (6300 cal yr BP) to 350 B.C. (2300
cal yr BP); gray, older than 4350 B.C. (6300 cal yr BP).

Figure 6. Plots of °Pb/**’Pb ratios vs. depth in BRI core: full profile and top 3 meters. Error
bars represent 2-sigma analytical uncertainty. Numbers represent model ages for individual depth
intervals. Symbol colors: Purple, 1963 A.D. to present; light blue, 1850 A.D. to 1963 A.D.;
green, 1450 A.D. (500 cal yr BP) to 1850 A.D. (100 cal yr BP); red, 350 B.C. (2300 cal yr BP) to
1450 A.D. (500 cal yr BP); black, 4350 A.D. (6300 cal yr BP) to 350 B.C. (2300 cal yr BP);
gray, older than 4350 B.C. (6300 cal yr BP).

Figure 7. Plots of Pb/Ti versus depth: (A) FW site, (B) BRI site. Symbol colors: Purple, 1963
A.D. to present; light blue, 1850 A.D. to 1963 A.D.; green, 1450 A.D. (500 cal yr BP) to 1850
A.D. (100 cal yr BP); red, 350 B.C. (2300 cal yr BP) to 1450 A.D. (500 cal yr BP); black, 4350
A.D. (6300 cal yr BP) to 350 B.C. (2300 cal yr BP); gray, older than 4350 B.C. (6300 cal yr BP).

Figure 8. Plots of Ti versus Pb in peat in BRI core: (A) full profile. Symbol colors: Purple, 1963
A.D. to present; light blue, 1850 A.D. to 1963 A.D.; green, 1450 A.D. (500 cal yr BP) to 1850
A.D. (100 cal yr BP); red, 350 B.C. (2300 cal yr BP) to 1450 A.D. (500 cal yr BP); black, 4350
A.D. (6300 cal yr BP) to 350 B.C. (2300 cal yr BP); gray, older than 4350 B.C. (6300 cal yr BP);
(B) lower profile showing linear-least squares regressions for samples in two age ranges: red:
2300 to 500 cal yr BP; blue: 3500 to 2300 cal yr BP. Ti and Pb are normally distributed within
the red and blue age-depth intervals. Black symbols indicate samples in age range 6300 to 3500
cal yr BP (not included in regressions). Colored dashed lines represent linear least-squares
regressions; dotted lines represent 95% confidence intervals. Grey lines show constant values of
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Pb/Ti, passing through the origin. The intercepts on the vertical axis represent estimates of the Pb
content of the organic fraction of the peat.

Figure 9. Plots of **Pb/*"’Pb vs. 2?°Pb/**’Pb: (A) BRI cores. Symbol colors: Purple, 1963 A.D. to
present; light blue, 1850 A.D. to 1963 A.D.; green, 1450 A.D. (500 cal yr BP) to 1850 A.D. (100
cal yr BP); red, 350 B.C. (2300 cal yr BP) to 1450 A.D. (500 cal yr BP); black, 4350 A.D. (6300
cal yr BP) to 350 B.C. (2300 cal yr BP); gray, older than 4350 B.C. (6300 cal yr BP). (B)
Sacramento River and San Francisco Bay sediments (from Dunlap et al. 2008). Fields for leaded
gasoline used in U.S.A from Dunlap et al. (2008) and sources within.
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Supplemental Figures

Figure S1. Vertical profiles of ash content and, concentrations of inorganic-proxy elements Al,
Ga, Sc, Ti, and Zr: (A) FW site, (B) BRI site. Symbol colors: Purple, 1963 A.D. to present; light
blue, 1850 A.D. to 1963 A.D.; green, 1450 A.D. (500 cal yr BP) to 1850 A.D. (100 cal yr BP);
red, 350 B.C. (2300 cal yr BP) to 1450 A.D. (500 cal yr BP); black, 4350 A.D. (6300 cal yr BP)
to 350 B.C. (2300 cal yr BP); gray, older than 4350 B.C. (6300 cal yr BP).

Figure S2. Plots of ash content versus concentration of various elements (Al, Ga, Sc, Ti, and Zr)
indicative of the inorganic component of peat: (A) FW cores, (B) BRI cores.

Figure S3. Plots of 208pp/27pp ys. depth in BRI core: (A) full profile, (B) top 3 meters. Symbol
colors: Purple, 1963 A.D. to present; light blue, 1850 A.D. to 1963 A.D.; green, 1450 A.D. (500
cal yr BP) to 1850 A.D. (100 cal yr BP); red, 350 B.C. (2300 cal yr BP) to 1450 A.D. (500 cal yr
BP); black, 4350 A.D. (6300 cal yr BP) to 350 B.C. (2300 cal yr BP); gray, older than 4350 B.C.
(6300 cal yr BP).

Figure S4. Plots of Ti versus Pb in peat in FW core: (A) full profile, (B) lower profile. Symbol
colors: Purple, 1963 A.D. to present; light blue, 1850 A.D. to 1963 A.D.; green, 1450 A.D. (500
cal yr BP) to 1850 A.D. (100 cal yr BP); red, 350 B.C. (2300 cal yr BP) to 1450 A.D. (500 cal yr
BP); black, 4350 A.D. (6300 cal yr BP) to 350 B.C. (2300 cal yr BP); gray, older than 4350 B.C.
(6300 cal yr BP).

Figure S5. Plots of Al versus Pb in peat: (A) FW site, full profile, (B) FW site, lower profile, (C)
BRI site, full profile, (D) BRI site, lower profile. Symbol colors for (A), (B), and (C): Purple,
1963 A.D. to present; light blue, 1850 A.D. to 1963 A.D.; green, 1450 A.D. (500 cal yr BP) to
1850 A.D. (100 cal yr BP); red, 350 B.C. (2300 cal yr BP) to 1450 A.D. (500 cal yr BP); black,
4350 A.D. (6300 cal yr BP) to 350 B.C. (2300 cal yr BP); gray, older than 4350 B.C. (6300 cal
yr BP); Symbol colors for (D): red: 2300 to 500 cal yr BP; blue: 3500 to 2300 cal yr BP; black:
6300 to 3500 cal yr BP. Al and Pb are normally distributed within the red and blue age-depth
intervals. Colored dashed lines in (B) and (D) represent linear least-squares regressions.

Figure S6. Plots of Ga versus Pb in peat: (A) FW site, full profile, (B) FW site, lower profile, (C)
BRI site, full profile, (D) BRI site, lower profile. Symbol colors for (A), (B), and (C): Purple,
1963 A.D. to present; light blue, 1850 A.D. to 1963 A.D.; green, 1450 A.D. (500 cal yr BP) to
1850 A.D. (100 cal yr BP); red, 350 B.C. (2300 cal yr BP) to 1450 A.D. (500 cal yr BP); black,
4350 A.D. (6300 cal yr BP) to 350 B.C. (2300 cal yr BP); gray, older than 4350 B.C. (6300 cal
yr BP); Symbol colors for (D): red: 2300 to 500 cal yr BP; blue: 3500 to 2300 cal yr BP; black:
6300 to 3500 cal yr BP. Ga and Pb are normally distributed within the red and blue age-depth
intervals. Colored dashed lines in (B) and (D) represent linear least-squares regressions.

Figure S7. Plots of Sc versus Pb in peat: (A) FW site, full profile, (B) FW site, lower profile, (C)
BRI site, full profile, (D) BRI site, lower profile. Symbol colors for (A), (B), and (C): Purple,
1963 A.D. to present; light blue, 1850 A.D. to 1963 A.D.; green, 1450 A.D. (500 cal yr BP) to
1850 A.D. (100 cal yr BP); red, 350 B.C. (2300 cal yr BP) to 1450 A.D. (500 cal yr BP); black,
4350 A.D. (6300 cal yr BP) to 350 B.C. (2300 cal yr BP); gray, older than 4350 B.C. (6300 cal
yr BP); Symbol colors for (D): red: 2300 to 500 cal yr BP; blue: 3500 to 2300 cal yr BP; black:
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6300 to 3500 cal yr BP. Sc and Pb are normally distributed within the red and blue age-depth
intervals. Colored dashed lines in (B) and (D) represent linear least-squares regressions.

Figure S8. Plots of Zr versus Pb in peat: (A) FW site, full profile, (B) FW site, lower profile, (C)
BRI site, full profile, (D) BRI site, lower profile. Symbol colors for (A), (B), and (C): Purple,
1963 A.D. to present; light blue, 1850 A.D. to 1963 A.D.; green, 1450 A.D. (500 cal yr BP) to
1850 A.D. (100 cal yr BP); red, 350 B.C. (2300 cal yr BP) to 1450 A.D. (500 cal yr BP); black,
4350 A.D. (6300 cal yr BP) to 350 B.C. (2300 cal yr BP); gray, older than 4350 B.C. (6300 cal
yr BP); Symbol colors for (D): red: 2300 to 500 cal yr BP; blue: 3500 to 2300 cal yr BP; black:
6300 to 3500 cal yr BP. Zr and Pb are normally distributed within the red and blue age-depth
intervals. Colored dashed lines in (B) and (D) represent linear least-squares regressions.

Figure S9. Plots of Pb/Hg ratio versus depth: (A) FW site, (B) BRI site, full profile, top 3 meters,
and top meter. Symbol colors: Purple, 1963 A.D. to present; light blue, 1850 A.D. to 1963 A.D.;
green, 1450 A.D. (500 cal yr BP) to 1850 A.D. (100 cal yr BP); red, 350 B.C. (2300 cal yr BP) to
1450 A.D. (500 cal yr BP); black, 4350 A.D. (6300 cal yr BP) to 350 B.C. (2300 cal yr BP);
gray, older than 4350 B.C. (6300 cal yr BP).

Figure S10. Plots relating Pb, Hg and Ti for the BRI site: (A) log(Pb) vs. log(Hg), (B) log(Pb/Ti)
vs. log(Hg/T1), (C) Ti vs. log(Pb/Hg). Symbol colors: Purple, 1963 A.D. to present; light blue,
1850 A.D. to 1963 A.D.; green, 1450 A.D. (500 cal yr BP) to 1850 A.D. (100 cal yr BP); red,
350 B.C. (2300 cal yr BP) to 1450 A.D. (500 cal yr BP); black, 4350 A.D. (6300 cal yr BP) to
350 B.C. (2300 cal yr BP); gray, older than 4350 B.C. (6300 cal yr BP).
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