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Analyses of three sediment cores collected from a tidal salt marsh located on the western edge of San Pablo Bay in
the San Francisco Bay estuary have produced long-term records of late Holocene marsh development. The records
from these cores include a suite of elements, organic carbon content, fossil seeds, pollen, and stable carbon isotopes.
The stratigraphy indicates fresher water conditions than present between 3400 and 2000 cal YBP. A tidal marsh
became established at China Camp after about 2000 cal YBP; between 2000 cal YBP and approximately 700 cal YBP,
conditions in the estuary were apparently more saline and variable. This interval was terminated by at least three
or possibly five flood events, as evidenced by coarse clastic materials most likely washed down from the surrounding
uplands. These floods represent high rainfall events, possibly El Nifo years, and occurred during the late Medieval
Climatic Anomaly. Greater plant diversity and pollen from some species with low salt tolerance are found in a core
collected near the upland edge of the marsh and date to about 200 years ago, suggesting fresher conditions than
today. Over the past 50 years, the diversity of marsh vegetation has decreased, and salt tolerant plants (especially
Salicornia virginica) have become the dominant species. These changes are likely a result of the impacts of water
diversions and upstream dams in the San Francisco Bay watershed.

ADDITIONAL INDEX WORDS: Holocene climate, marsh development, sea level rise, stable isotopes, pollen, lead, iron.

INTRODUCTION

In contrast to the eastern seaboard of the United States
(e.g., Belknap et al., 1989; Fletcher et al., 1993; Kelley, Geh-
rels, and Belknap, 1995; Redfield, 1972; Van de Plassche,
1991) and the Pacific Northwest (e.g., Nelson, 1992; Nelson,
Jennings, and Kashima, 1996), there are few studies looking
at the development of California tidal salt marshes (Cole and
Liu, 1994; Mudie and Byrne, 1980; Schwartz, Mullins, and
Belknap, 1986). It is possible that suitable study sites are
lacking because tectonic forces have precluded tidal marsh
formation (Inman and Nordstrom, 1971), and marsh recla-
mation during the last century has resulted in a significant
loss of tidal marsh acreage (Nichols et al., 1986; San Francis-
co Estuary Project, 1992).

Tidal salt marshes, however, where present, can provide a
long and detailed history of not only fluctuations in eustatic
and local isostatic sea level (Gehrels, 1999; Gehrels, Belknap,
and Kelley, 1996; Gehrels et al., 2002; Witter et al., 2003) but
also climate change (e.g., Clark and Patterson, 1985; Davis,
1992; Varekamp, Thomas, and Van de Plassche, 1992). Be-
cause the coastal zone of California contains few lacustrine
sites with continuous records of Holocene environmental
change (e.g., Boyle, Plater, and Anderson, 2003; Reidy, 2002),
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tidal salt marsh deposits provide a potentially valuable ar-
chive of environmental change. In this paper, we examine the
effects of both climate and sea level influences on marsh evo-
lution at a tidal salt marsh in San Francisco Bay, California.

SETTING

China Camp is a large (40.5 hectares), relatively pristine,
tidal salt marsh that forms part of China Camp State Park
(38°02'30" N, 122°30'00” W) located on the west side of San
Pablo Bay (Figure 1; San Francisco Bay National Estuarine
Research Reserve, 2006). In recognition of its ecological sig-
nificance (e.g., providing habitat for rare and endangered spe-
cies, such as the salt marsh harvest mouse, and breeding
grounds for the California clapper rail, as well as migrating
fowl [Josselyn, 1983]), the marsh was included as part of the
San Francisco Bay National Estuarine Research Reserve
(San Francisco Bay National Estuarine Research Reserve,
2006). Mean water salinity at China Camp was 24.6 practical
salinity units (psu) for the period 1965 to 2004 (U.S. Geolog-
ical Survey, 2003), with a maximum salinity of 33.3 psu and
a minimum of less than 1 psu.

Marsh vegetation is clearly zonal (Atwater and Hedel,
1976) and is controlled by tidal inundation and salinity
(Adam, 1990; Cuneo, 1987). The low marsh zone is dominated
by Spartina foliosa (cordgrass), though in 1995 and 1999 the
low marsh contained mixed stands of S. foliosa and Scirpus
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Figure 1. (A) Map showing the San Francisco Bay and key geographic
features within the system. Inset map shows the state of California and
the major drainages that feed into San Francisco Bay. (B) Detail map of
China Camp State Park and the coring localities. The asterisks (¥) indi-
cate the location of the monoliths collected for 2°Pb dating. Dashed line
indicates approximate location of the AD 1850 shoreline. Stippled area
represents marsh plain. Topographic contours are in meters.

robustus (bulrush) (Goman, 2001; Malamud-Roam, 2002).
The ecotone between low marsh and high marsh is abrupt
with Salicornia virginica (pickleweed) dominating the high
marsh plain. Distichlis spicata (salt grass), Jaumea carnosa
(marsh jaumea), and Grindelia stricta (gum plant) are also
common components of the higher marsh plain, typically lo-
cated at slightly higher elevations than the surrounding car-
pet of S. virginica. Marsh vegetation diversity and biomass
increases within the transition area between marsh and up-
land as freshwater runoff from the hills becomes increasingly
important and because the construction of North San Pedro
Road impeded tidal action (Figure 1). In these regions, the
high marsh is presently occupied by a mix of marsh species
including Scirpus californicus, S. robustus, Typha latifolia
(cattail), Salicornica virginica, D. spicata, G. stricta, and Jun-
cus balticus.

The marsh plain can be divided into an old and young
marsh on the basis of tidal channel morphology (Abbe and
Bennett, 1991). Sinuous branching tidal channels dissect the
old marsh plain (Figure 1), whereas on the young marsh (ap-
proximate 150 m from the shoreline) the channels are
straight and rarely branch. The young marsh formed follow-
ing rapid accretion of the shoreline in the late 1880s in re-

sponse to the input of hydraulic mining debris to San Fran-
cisco Bay (Abbe and Bennett, 1991). Mosquito ditches were
dug on the marsh surface in the early 1970s and have not
been expanded. Gabet (1998) determined that the channels
on the old marsh plain are migrating laterally at a rate of 23
* 23 mmy L

Earlier stratigraphic analysis by Atwater et al. (1979) was
conducted within the confines of the “young” marsh. Maxi-
mum coring was to a depth of ~2 m. Sediment stratigraphy
in this region is relatively simple with tidal mudflats overlain
by Spartina roots, which in turn are overlain by Salicornica
virginica roots; these changes occur approximately 50 cm be-
low the surface.

FIELD METHODS
Sediment Coring

The marsh was cored on several occasions between 1993
and 1999 using a Livingstone corer. Sediments were cored
until further manual retrieval was impossible. The 1993
(CC93) core was located in the tidally dominated S. virginica
“old” marsh plain, whereas the 1999 cores (CC99-S1 and
CC99-S2) were located north and south of North San Pedro
Road and have strong upland influences (Figure 1). Two sed-
iment blocks were extracted using a shovel and were used for
210Ph analysis and are located in the young and old S. virgin-
ica marsh (Figure 1).

Vegetation Surveys

Four vegetation surveys were conducted across the marsh
plain at China Camp. These surveys had several goals: (1) to
understand the surface plant distribution in relation to tidal
inundation and upland influences; (2) to compare surface veg-
etation to the fossil seed bank and carbon isotopic ratios con-
tained in surface sediments; and (3) to relate surface vege-
tation to sediment surface characteristics. The results from
these data, which have been discussed in detail elsewhere
(Goman, 2001; 2005; Malamud-Roam and Ingram, 2001), are
used to interpret past environmental changes in the cores.

LABORATORY METHODS AND ANALYSES
Characterization of the Inorganic Component

All cores were described by color (Munsell), texture, and
the presence of plant fragments. The CC93 core was sampled
for sedimentary grain size and elemental analysis. Grain size
analysis followed standard procedures (Folk, 1980), except
that a small sample size was used to preserve temporal res-
olution. Over 40 samples were analyzed for elemental com-
position. This involved preparation by using a “heavy leach”
of HC1 and HNO, designed to dissolve all elements that are
not structurally bound in silicate minerals. Hydrogen perox-
ide was added after heating to ensure complete oxidation of
organic materials (Martin, Creed, and Long, 1992). The acid-
digested component of the sediments was analyzed by a Per-
kin-Elmer Model 3100 atomic absorption spectrometer fitted
with an HGA-600 graphite furnace. Samples were analyzed
for iron (Fe) and lead (Pb).
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Relative amounts of iron found in marsh sediments are
used as an analogue for tidal inundation and sediment de-
position because more frequently inundated regions have a
higher iron concentration (Fletcher et al., 1993; Goman and
Wells, 2000; Thomas and Varekamp, 1991). Lead is a known
historic contaminant of estuarine sediments and thus pro-
vides a useful marker for dating historic sediments (Valette-
Silver, 1993).

The CC93 core was also x-radiographed, and magnetic sus-
ceptibility and gamma ray density data were obtained at ap-
proximately 1-cm intervals along the length of the core.
Changes in density reflect changes in lithology, and thus de-
gree of tidal inundation, while magnetic susceptibility can be
used as a proxy for the minerogenic composition of the sedi-
ments.

Characterization of the Organic Component

Loss-on-ignition (LOI) analysis was used to determine the
amount of organic matter in the cores (Dean, 1974). The
CC93 core was analyzed for fossil seeds from 1 cm thick sam-
ples at 30 levels located at 5-50 cm intervals. The weight of
each sample was recorded. Samples were soaked in distilled
water overnight with 5-10 ml of sodium hexametaphosphate
added to disperse the clays. These samples were then sieved
through 2-mm and 500-pm sieves. The organic material re-
tained in the sieves and the fine material that passed
through the 500-pm sieve were examined under a dissecting
microscope at 70X magnification. Whole seeds and fragments
of seeds were identified, counted, and tabulated. Seeds were
identified using herbarium samples, a personal reference col-
lection, as well as seed atlases, keys, and floras (Goman,
2001; Hickman, 1993; Martin and Barkley, 1961; Mason,
1957; Montgomery, 1977; Munz, 1973).

Both sediment cores collected in 1999 (CC99-S1 and CC99-
S2) were analyzed for carbon isotopes, and CC99-S1 was an-
alyzed for fossil pollen.

Pollen preparation followed standard techniques described
by Faegri and Iverson (1989) and a spike of Lycopodium was
added to the samples (Stockmarr, 1971). Thirty-seven levels
were analyzed for pollen with an average sample distance of
10 cm. A Leitz Laborlux microscope at 400X magnification
was used for identification and counting. The pollen sum for
each level was >300 pollen and spore grains.

Pollen analysis has been used successfully as a proxy for
estuarine paleosalinity (e.g., Byrne et al., 2001; Davis, 1992;
May, 1999; Mudie and Byrne, 1980) and can provide details
of past plant assemblages on the marshes. A pollen salinity
index was calculated by dividing the amount of Chenopodi-
aceae pollen (probably S. virginica) by the sum of Chenopo-
diaceae and Cyperaceae pollen (probably Scirpus spp.).

The stable carbon isotopic composition of tidal marsh sed-
iments has been shown to be a reliable indicator of vegetation
changes (Byrne et al., 2001; Chmura et al., 1987; Delaune
1986). The isotopic composition of sedimentary organic car-
bon (3C/*2C, or 8'C) primarily reflects the source plants,
with only slight modifications over time due to decomposition
(Chmura and Aharon, 1995; Fogel et al, 1989). While the
majority of terrestrial vascular plants are C, (average 3'3C =

—29%o0), certain wetland grasses (specifically D. spicata and
S. foliosa) are C, and are thus easily detected by their isotopic
composition (average 8*C = about —12%c). The reasons for
the differences in the isotopic composition are well under-
stood (O’Leary 1981, O’Leary, Madhavan, and Paneth, 1992).
The 8'3C value can be determined using a gas source mass
spectrometer.

A total of 60 samples (5-cm intervals) of material greater
than 125 pm from CC99-S1 and 43 samples (5- to 10-cm in-
tervals) from CC99-S2 were processed and analyzed for car-
bon isotopic composition. This material represents decom-
posed plant matter mixed with coarser mineral sediments.
Sediment samples were pretreated with a 0.1N HCI acid bath
to remove carbonate material and then rinsed with deionized
water. Samples were dried and ground to a fine homogenous
powder (Malamud-Roam and Ingram, 2001). Samples weigh-
ing between 0.007 and 0.020 g (depending on organic content)
were analyzed for *C/*2C ratios on an automated 20/20 Eu-
ropa mass spectrometer. The capsules were dropped auto-
matically into the mass spectrometer and combusted at ap-
proximately 1000°C. The CO, produced was purified through
several traps before introduction into the mass spectrometer.
The '3C/*2C ratios were calibrated against the standard NIST
1547 peach leaves and precision was better than 0.1%0 stan-
dard deviation for five replicates (Malamud-Roam, 2002).
Stable carbon isotope ratios are reported in the conventional
delta notation in per mil (%0) relative to the PeeDee Belem-
nite standard (PDB), where (Craig, 1957)

613Csample = [(13C/IZCsample)/(ISC/IZCstandard) - 1] X 1000

Sediment Dating

Fourteen samples, comprising seeds and rhizomes, were
radiocarbon dated at the Center for Accelerator Mass Spec-
trometry at Lawrence Livermore National Laboratories (Ta-
ble 1). All dates are calibrated (Stuiver and Reimer, 1993;
Stuiver et al.,, 1998).

Two sediment blocks were obtained from the S. virginica
high marsh plain of China Camp. Samples from these blocks
were analyzed for 21°Pb by counting beta emissions and nor-
malizing the results with a spike of 2°°Po. After correction for
background radiation, ages were determined using the ratio
of surface level disintegrations per minute (dpm) (R,) to tar-
get level dpm (R,). Age (y) = (1/0.03114) log(R/R,).

RESULTS
Determination of Paleoenvironments

Analyses of the cores from China Camp reflect the complex
interplay of estuarine and upland influences. To determine
marsh paleoenvironments, qualitative and quantitative anal-
yses of sedimentary surface biotic and abiotic characteristics
from marshes within the San Francisco Bay estuary were
undertaken (Goman, 1996, 2001, 2005; Goman and Wells,
2000; Malamud-Roam, 2002; Malamud-Roam and Ingram,
2001). Table 2 presents a synthesis of the key sediment sur-
face characteristics relevant to China Camp and is used as
the basis for interpreting the results from the cores.

Muds, muddy peats, and occasional sand lenses dominate
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Table 1. Radiocarbon data from China Camp State Park, San Pablo Bay, California.

Depth (cm)* Material Dated Laboratory Number (CAMS)® Radiocarbon Agec (*C YBP) Calibrated Age Range! (10)
CC93
1(2) Salicornia seeds 20546 >Modern 0 (0)

25 (41) Salicornia seeds 20547 200 = 50 0-293 (147)
110 (181) Salicornia seeds 20548 930 = 130 696-953 (825)
199 (250)¢ Salicornia seeds 20549 690 = 80 557-673 (615)
295 (303) Salicornia seeds 20550 2330 £ 60 2322-2355 (2339)
447 (450) Distichlis (?) seeds 26039 3260 * 110 3364-3624 (3494)
580 (580) Scirpus seeds 20551 3960 * 60 4312-4508 (4410)

CC99-S1

55 (63) Scirpus seeds 80346 405 = 40 509-344 (496)
154 (161) Scirpus seeds 80347 915 = 40 915-763 (826)
183 (194) Rhizome® 80349 930 = 40 923-788 (831)
369 (368) Scirpus seeds 80350 2540 * 40 2743-2511 (2728)
451 (451) Scirpus seeds 75225 3330 * 40 3633-3474 (3568)
471 (471) Scirpus seeds 75226 3430 * 60 3816-3591 (3655)
254 (267) Scirpus seeds 80348 520 = 640° 534-1060 (640)

2 Depths in parentheses are decompacted sediment depths used to calculate rates of sedimentation (Goman, 1996; Malamud-Roam and Ingram, 2004).
» Lawrence Livermore National Laboratories, Center for Accelerator Mass Spectrometry (CAMS).

¢ One sigma error range as reported by CAMS.

4 CALIB 3.0 (Stuiver and Reimer, 1993). Numbers in parentheses are the midpoints of calibrated range.
e Distichlis spicata rhizomes, implying that date is younger than surrounding material at that depth. Dates are corrected for the larger 8'3C value of this

C, plant.
fCAMS# 80348 has large errors due to the small (10 pg) size.

the sediment cores. Stratigraphic profiles are presented in
Figures 2, 3, and 4. A number of sedimentary environments
have been identified and correlated between cores and a re-
constructed paleoenvironmental history developed. The ra-
diocarbon dates from CC93 and CC99-S1 provide chronostra-
tigraphic control (Table 1). A comparison of the depth to age
between CC93 and CC99-S1 shows excellent overall corre-
spondence (Figure 5). Further, analysis of sediment density
by gamma ray spectrometry at CC93 (Figure 2) suggests that
autocompaction is not a significant problem at the site (Kaye
and Barghoorn, 1964). The average density is 1.3 = 0.1 g
cm 3, with little variability between the clay-rich mud and
muddy peats. This finding supports the concept of a buoyant-
peat model (McCaffrey and Thomson, 1980).

Sedimentation rates vary significantly within and between
the cores. These variations may be due in part to proximity
to channels and uplands surrounding the landward edge of
the marsh and to sediment type (Table 3). The samples col-

Table 2. Selected surface sediment characteristics and vegetation.

Location on Marsh
above or equal to
Mean Higher

Location on Marsh
below Mean Higher

Sediment Surface High Water High Water
Characteristic (<MHHW?#) (=MHHW)

Vegetation Spartina foliosa Salicornia

Dominant seeds No seeds Salicornia

Dominant pollen Poaceae Chenopodiaceae/

Amaranthaceae

313C (%o) —12.68 —27.21

Organic (%) 10.3 = 0.7 16.3 £ 3.3

Clay (%) 63.9 = 6.0 63.0 = 6.9

Iron (g kg™ 55 = 8.5 43.0 £ 8.9

a MHHW is the average height of the higher of the daily tides.

lected from muddy peats, for example, maintain an age res-
olution of ~4-8 y cm™!, whereas samples collected from
muds ranged from ~7-11 y cm ™!, based on interpolations be-
tween calibrated *C dates. Within-core variations may also
result from storm events, which would alter the sedimenta-
tion patterns. On average, a 1-cm sample comprises 6.6 years
in the sediment cores collected from the tidal marsh at China
Camp.

The 2'°Pb data from the old marsh plain indicates a mean
sedimentation rate of 0.2 cm y~! for the last century (ca. 5y
cm~! age resolution) (Figure 6). This compares well with cal-
culated sedimentation rates from regions of the cores with
comparable lithology (Table 3). The data from the young
marsh plain indicates a perturbation in 2'°Pb chronology and
possibly reflects recent progradation, which may be the result
of the incorporation of historic gold mining sediment into the
San Francisco Bay system (Gilbert, 1917; Jaffe, Smith, and
Torresan, 1998).

Zonation

The 5000-year-long sediment history at China Camp can
be divided into four zones based on the records in cores CC93
and CC99-S1. Zones were designated following a qualitative
assessment of the data and chronology of the cores. Material
from core CC99-S2 was not dated, but the sediment types and
proxy records between the sites show comparable records
(Figures 3 and 4). The higher overall LOI values at CC99-S1,
and the lower 8'3C values near the surface of CC99-S2 likely
reflect the fresher conditions of that site since it is closer to
creeks draining the local hill slopes.

Zone 4: ~4700-3400 cal YBP

Zone 4 at CC93 is characterized by inorganic muddy clays
(LOI 13% = 5%), high Fe concentration (31 g/kg * 6 g/kg),

Journal of Coastal Research, Vol. 24, No. 5, 2008
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Figure 2. Summary diagram for core CC93, including age, lithostratigraphy,
acteristics, and macrofossil stratigraphy.

density, magnetic susceptibility, iron and lead abundance, sediment char-

and in situ Spartina (Figure 2). Further inland, at site CC99-
S1, sediment is characterized by alternating mud and muddy
peat lenses (LOI range 10-69%), Poaceae pollen is abundant,
and 8'C values increase upward from —22.8%0 to as high as
—16.9%0 at 450 cm (Figure 3). Overall 83C values increase,
despite variability in this zone. At 445 cm in core CC99-S1,
a 1 cm thick sand lens is present, while a silt lens is present
from the more bayward site at CC93 (475 cm depth). These
lenses date by interpolation to ca. 3570 and 3600 cal YBP,
respectively.

Zone 3: ~3400-2000 cal YBP

For the most part, the CC93 core is dominated by clay-rich
mud during this period (Figure 2). On three distinct occa-
sions, the core is characterized by the gradual replacement
of mud with laminated mud and peat sequences, then peat,

and then a return to laminated mud and peat. Using inter-
polation, the midpoint dates of these units are 3300, 2300,
and 2100 cal YBP. Seeds of Salicornia and Distichlis are pres-
ent, and Fe averages 23 g kg~! = 6 g kg~' with lows of 14—
15 g kg~! occurring within the mud and peat and peat sec-
tions, and peaks (29-31 g kg~ 1) occurring within the clay-rich
mud (Figure 2).

Mud and clayey peats are present in the more landward
core (CC99-S1). Organic content in this section is higher than
25% throughout, with a maximum of almost 40% at 382 cm
(Figure 3). The carbon isotopic value declines from a maxi-
mum value of —18.1%0 at 435 cm to a minimum of —25.6%0
at 360 cm, and remains low. This represents a decrease in
the fraction of C, plant material contributing to the sedimen-
tary carbon from about 60% to less than 10%. Marsh taxa
comprise the majority of the pollen from 435 to 405 cm, but

Journal of Coastal Research, Vol. 24, No. 5, 2008
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China Camp 99-S1 (CC99-S1)
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Figure 3. Summary diagram for core CC99-S1, including age, lithostratigraphy, organic content, stable carbon isotopic, and pollen stratigraphy for the
CC99-S1 core. The salinity index is calculated by dividing the total Chenopodiaceae pollen by the sum of Chenopodiaceae and Cyperaceae pollen (unity

reflects 100% dominance by Chenopodiaceae pollen).

drop to low percentages (lowest at 26%) over the next 50 cm
of the core before increasing again at 357 cm (Figure 3). The
marsh pollen in the first half of this zone is primarily Cyper-
aceae (Scirpus spp.) and Chenopodiaceae (Salicornia virgin-
ica), with low percentages of Poaceae. Typha also appears in
this zone, paralleling the Cyperaceae pollen. The salinity in-
dex during this period fluctuates, but shows a general in-
crease in salinity toward the later part of this zone and into
the next zone.

Zone 2: 2000-680 cal YBP

Core CC93 is dominated by clayey peats (LOI 19% = 5),
relatively low and stable Fe (26 g kg™' = 6 g kg™!), and Sal-
icornia seeds (Figure 2). Magnetic susceptibility data show
consistent negative values during this zone (prior to this pe-
riod magnetic susceptibility was variable with no apparent
trend) (Figure 2).

The comparable interval in CC99-S1 is dominated by clay-

rich sediments with little organic material (LOI 11% = 4%j;
Figure 3). The 8'3C values increase up zone toward C, types,
and the pollen salinity index is high (median of 0.81). The
sedimentation rate during this period is low in both cores
(CCY99-51 0.92 mm y~* and CC93 0.81 mm y—*; Table 3). Two
sand beds are present between 164 and 162 cm and 129 and
123 cm in CC99-S1, possibly corresponding to two silty clay
layers present in CC93 at 150-146 cm and 128-124 cm.

Zone 1: 680-0 cal YBP

Core CC93 is characterized by muddy peats (LOI = 18.1%
+ 5%), low Fe concentrations (27 g kg=* = 5 g kg™1), and
Salicornia and Triglochin seeds (Figure 2), whereas CC99-S1
is characterized by peats with increasing LOI (maximum of
80%), high 8'3C values (maximum of —16.4%0), and Poaceae
and Triglochin pollen (Figure 3). Magnetic susceptibility data
show consistent positive values during the later part of this

Journal of Coastal Research, Vol. 24, No. 5, 2008
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Figure 4. Summary diagram for core CC99-S1, including lithostratig-
raphy, organic content, and carbon isotopic stratigraphy for the CC99-S2
core.

zone (Figure 2). In CC93, peaks in Pb occur at 42, 33, and 7
cm (0.07, 0.03, and 0.04 g kg~'; Figure 2).

DISCUSSION
Tidal Marsh Development

The sediment cores from China Camp State Park demon-
strate the stratigraphic succession of tidal mudflat to low
marsh and high marsh. At the most bayward site (CC93) at
4700 cal YBP, conditions were subtidal because clay-rich
muds and high Fe concentrations indicate a long inundation
period; occasional Spartina foliosa roots, which occur in
growth position, suggest that the rate of sea level rise was
declining such that this plant, which is a pioneer species,
could colonize the intertidal zone (Josselyn, 1983). The gen-
erally low LOI values also suggest that overall conditions
were subtidal. At the more inland and topographically higher
site of CC99-S1, S. foliosa, a plant that occupies the mudflats,
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Figure 5. Plot of calibrated radiocarbon ages (cal YBP) vs. depth in core
(cm) for cores CC93 and CC99-S1.

was present, as reflected in the high isotopic values, indicat-
ing that S. foliosa was the dominant vegetation.

The vegetation changes seen in zone 3 at CC99-S1, repre-
sented by a drop in 8*C values and an increase in pollen from
Cyperaceae (Scirpus spp.) and Typha spp., indicate a fresh-
ening of conditions experienced at the site beginning about
3400 years ago and continuing until about 2000 years ago.
Declines in estuarine salinity and inferred increases in river
flow from the San Joaquin and Sacramento rivers, which de-

Table 3. Calculated rates of sedimentation for China Camp State Park,
San Pablo Bay, California.

Sediment
Sediment Accumulation Deposition
Accumulation Rate Rate Time
Depth Range (cm)* Dominant Sediment (em y 1) (y em™)
CC93
1-25 (2-41) Inorganic peat 0.27 3.77
25-110 (41-181) Inorganic peat 0.21 4.84
110-295 (181-303)  Mixed 0.08 12.41
295-447 (303-450)  Mixed 0.13 7.86
447-580 (450-580)  Clay-rich mud 0.14 7.05
CC99-S1
055 (0-63) Muddy peat with peat 0.13 7.81
lens and roots
55-154 (63-161) Clay-rich mud with some 0.30 3.37
muddy peat in top cm
154-183 (161-194)  Muddy peat 6.60 0.15
183-369 (194-368)  Clay-rich mud 0.09 10.90
369—451 (368-451)  Mixed 0.10 10.24
451-471 (451-471)  Mixed 0.23 4.35
Average
0.70 6.6

2 Depths in parentheses are decompacted sediment depths used to cal-
culate rates of sedimentation (Goman, 1996; Malamud-Roam and Ingram,
2004).

b Surface sediment is assumed to have a modern age.
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Figure 6. 2'°Pb data for the two sediment monoliths collected from the
“young” and “old” marsh plain. The connected dots measure the rate of
radioactivity in the core in disintegration per minute (dpm), and the dates
are calculated based on this decay (see text).

liver over 90% of the freshwater inflow to the estuary (Peter-
son et al., 1989), are documented from elsewhere within the
estuary. Goman (1996, 2001) and Goman and Wells (2000)
used multiple proxy data from modern brackish and fresh-
water sites in Suisun Bay and San Pablo Bay and determined
a period of increased fluvial discharge between 3800-2000 cal
YBP. Strontium and oxygen isotopic data also indicate a pe-
riod of increased freshwater inflow at this time, as identified
by an overall decline in salinity within bay cores collected
from San Pablo Bay and Richardson Bay (Ingram and De-
Paolo, 1993; Ingram, Ingle, and Conrad, 1996a, 1996b).

However, the complex lithostratigraphy at CC93 suggests
either fluctuations in the rate of relative sea level (RSL), or
fluctuations in estuarine circulation, such that deposition
was enhanced in this part of San Pablo Bay. Enhanced sed-
imentation would have caused incipient marsh emergence;
however, a decline in sedimentation or increase in RSL would
have caused submergence of these marsh surfaces. These
fluctuations occurred during the overall fresher water con-
ditions.

By 2000 years ago, the generally fresher conditions expe-
rienced within the bay system appear to have ended. De-

creased LOI values and low sedimentation rates (less than 1
mm y~'; Table 1) depict an impoverished marsh during much
of the approximately 1300 years in zone 2. These conditions
suggest a reduction in freshwater inflow to the site, reducing
the influx of inorganic detrital sediments and inhibiting plant
growth. It could be argued that the low organic content re-
flects subtidal conditions. However, surface sediments col-
lected from China Camp and several other marshes around
the northern reach of San Francisco Bay also have measured
organic content as low as 10% (Goman, 2005; Malamud-
Roam, 2002; F. Malamud-Roam, unpublished data). Typical-
ly, S. virginica dominates in these marshes, and the pollen
and 33C values reflect this dominance in zone 2, though
shifts in the 8'3C record reflect some input from S. foliosa,
suggesting that elevation of the marsh plain at the sites of
CC99-S1 and CC99-S2 during this period was not at MHW
(mean high water) and more likely at MTL (mean tide level)
(Mahall and Park, 1976a, 1976b).

The stratigraphy for core CC99-S2 is similar to that of
CC99-S1, including an early period with fluctuating organic
content and isotopic values shifting between relatively high
and low input values of C, vegetation (probably S. foliosa; see
Malamud-Roam and Ingram, 2001), followed by a prolonged
period of low organic content. The two cores are compared by
depth, rather than age, because CC99-S2 was not dated. The
LOI values for CC99-S2 below 270 cm are generally above
20%, with a maximum of 34% occurring at 305 cm. The 3'3C
values for CC99-S2 are generally higher (less negative) than
for CC99-S1 and more variable in the lower section of the
core.

Interestingly, CC93 also has very low rates of sedimenta-
tion for this period (0.08 cm y~1; Table 3); further, the mag-
netic susceptibility data are indicative of a decline in miner-
alogic material reaching the site (Figure 2). This suggests
that marsh accretion and the decline in RSL rise by this time
were sufficient to enable the formation of a Salicornia-dom-
inated tidal marsh plain.

Paleoclimate records from sites throughout the estuary,
California, and the West indicate this period was marked by
droughts, some lasting centuries (Cook et al., 2004). Isotopic
compositions from sediment cores from sites in the San Fran-
cisco Bay show that during the last 2000 years salinity was
higher than present-day, nondiversion values and was more
variable (Ingram and DePaolo, 1993; Ingram, Ingle, and Con-
rad, 1996a, 1996b), reflecting reduced and variable freshwa-
ter inflow through the Sacramento—San Joaquin delta (the
Delta) as well as an increasing trend in the rate of sea level
rise (Malamud-Roam, 2000). Tidal marsh cores reflect the in-
creased abundance of salt tolerant plants at several sites in
the northern reach of the estuary (e.g, Byrne et al., 2001;
Goman and Wells, 2000; Malamud-Roam and Ingram, 2004).
Decreased inflow through the Delta, as well as lower precip-
itation in the local watershed, would result in increased sa-
linity and also decreased influx of sediments to the local tidal
marshes.

By ca. 700 cal YBP, the data from the core sites indicate
maturation of the marsh to high marsh levels, with tidal con-
ditions similar to present. The upper sediments in the cores
also contain evidence of human modifications to the estuary
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during the last 200 years. In core CC99-S1, the sediments
above 39 cm are highly inorganic and at CC93 the magnetic
susceptibility data is also suggestive of an increase in min-
eralogic material to the marsh plain; a pattern also recog-
nized in the upper sediments of numerous marsh sites within
the northern reach of the estuary (e.g., Byrne et al, 2001;
Goman and Wells, 2000; Malamud-Roam, 2002; Malamud-
Roam and Ingram, 2004; May, 1999). These mineral-rich sed-
iments may represent the influx of sediments washed in dur-
ing and after the hydraulic mining of the late 1850s—1884
(Gilbert, 1917; Jaffe, Smith, and Torresan, 1998). They may
also reflect changing land use practices in the surrounding
San Francisco Bay region, including hay production and cat-
tle ranching, which in many cases led to very high sediment
inputs into local streams (Collins, 1998).

Relatively high isotopic values and increased importance of
Cyperaceae and Poaceae pollen detected in CC99-S1 during
most of the last 200 years suggest relatively fresh conditions.
The Poaceae pollen, most likely is from D. spicata (found on
the marsh above MHW), which, while being salt tolerant, is
indicative of fresher conditions than S. virginica in a salt
marsh setting (Byrne et al., 2001). However, the near-surface
sediments reveal evidence of increased salinity experienced
at the sites in recent history. Chenopodiaceae pollen increas-
es sharply in the top 5-7 cm of CC99-S1 (Figure 3), a pattern
seen in other marsh cores from the San Francisco Bay estu-
ary (e.g., Malamud-Roam, 2002; May, 1999).

Interpolating dates based on the sedimentation rates at
sites CC99-S1 and CC93 suggests that these near-surface
sediments may reflect vegetation responses occurring in the
last 60 years. These vegetation responses result from human
modifications of estuary hydrology, particularly freshwater
diversions and the construction of dams on major tributaries
during the 1940s. Modern flows to the Sacramento—San Joa-
quin delta are now less than 40% of historic, prediversion
levels (Nichols et al, 1986). It has been argued that the av-
erage annual estuarine salinity has not significantly changed
during the last century despite significant alteration of the
hydrology of its watershed (Fox, Monogan, and Miller, 1990).
This likely reflects management practices that control fresh-
water influx to alleviate the consequences of overall reduced
flows, such that the extremes of high salinity occurring in the
dry season, or low salinity during the rainy season, have been
moderated (Knowles, 2000; Malamud-Roam, 2002; May,
1999). Knowles (2000) used models of estuarine salinity to
determine how monthly salinity patterns in the estuary have
changed over the 20th century and found that average salin-
ity for the month of May has increased steadily throughout
the San Francisco Bay estuary during this century (Knowles,
2000; see also Knowles and Cayan [2002] for a discussion of
the possible impacts of anthropogenic climate change on es-
tuarine salinity). The impact of such a change in seasonal
patterns of estuarine salinity on marsh vegetation may cause
reduced flushing during the critical periods of seedling estab-
lishment, possibly resulting in a shift to more salt tolerant
plant taxa.

Peaks in Pb concentrations (maximum 0.184 g kg='; Go-
man, 1996) from surface sediments collected across the
marsh, indicate anthropogenic sources of Pb within the

marsh presumably from the in-wash of Pb used as a gasoline
additive. A near surface peak at 7 cm (0.04 g kg—!) approxi-
mately corresponds to AD 1960 (Figures 2 and 6). Surface
levels of contamination are for the most part, an order of
magnitude less, possibly reflecting the positive effects of the
introduction of unleaded gasoline after AD 1970 (Goman,
1996; Schmidt and Reimers, 1991). These data are in agree-
ment with the comprehensive analysis of historical trends in
metal contamination in San Francisco Bay by Hornberger et
al. (1999). Interestingly, the highest down-core Pb concentra-
tion occurs at 42 cm (0.074 g kg~1), which corresponds ap-
proximately to 150 years ago. It is likely that this peak in Pb
concentration marks contamination from the Selby lead
smelter, which was located adjacent to San Pablo Bay and
began operation in the late 1800s and ceased operation by
AD 1970 (Ritson et al., 1999).

Evidence for High Rainfall and El Nino Events

Sand and silt beds are found within the cores from China
Camp. The beds with larger grain sizes are found in the more
landward site (CC99-S1), while the site closer to the bay
(CC93) has silt and silty-clay lenses. The changes in grain
size are marked by well-defined contacts indicating that they
were deposited over a relatively short time interval and that
bioturbation has not obscured the deposits. We hypothesize
that these discrete layers correlate with significant rainfall
events that occurred within the local China Camp watershed,
washing coarse clastic material down the upland slopes into
the marsh. The larger-sized material was deposited closest to
the slope while the smaller-sized grains were distributed in
the direction of the bay.

The earliest evidence for a high rainfall event, occurring at
ca. 3600 cal YBP, is found in both CC99-S1 and CC93 cores.
These layers correlate with evidence for a large flood event
that affected the San Francisco Bay estuary and the Delta
system as a whole (Goman and Wells, 2000; West, 1977) and
also correlate with other records in California that show an
unusually wet period around 3800-3600 cal YBP (e.g., Enzel
et al., 1989; Stine, 1990).

Two sand lenses are present within zone 2 at CC99-S1. The
oldest, at 164-162 cm, is dated to ca. 830 cal YBP, while the
younger, much thicker (6 cm) lens is dated by interpolation
to ca. 700 cal YBP Three silt lenses are present at CC93;
however, the interpolated ages place them within zone 1. The
older silt layer at 150 cm is ~ 675 years old, while the middle
layer at 128 ¢cm is ~570 years old. Based upon age interpo-
lation, it is possible that the youngest sand layer (CC99-S1)
and oldest silt layer (CC93) are coeval. The third silty-clay
layer present within zone 1 at CC93 is present at 108 cm,
which dates by interpolation to 470 cal YBP. It is possible
that this younger silty-clay deposit may correlate with flood
deposits identified at Browns Island, located close to the con-
fluence of the Sacramento and San Joaquin rivers (Goman
and Wells, 2000), within the Sacramento Valley (Sullivan,
1982), and further south within the Santa Barbara Basin
(Schimmelmann, Lange, and Meggers, 2003; Schimmelmann
et al., 1998). Schimmelmann, Lange, and Meggers (2003) and
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Schimmelmann et al. (1998) suggest that this event may cor-
respond to a strong El Nifio precipitation event.

While further radiocarbon analysis is required to deter-
mine whether any of the clastic layers found in CC99-S1 are
coeval with those in CC93, the clastic layers are interpreted
as recording three, possibly five, high or extreme precipita-
tion events within the China Camp watershed. These events
occurred during the period between 850 and 450 years BP,
the earlier part of which is coeval with the Medieval Climate
Anomaly (1050-650 BP; see Stine, 1994 for nomenclature),
and have an estimated return frequency of approximately one
event every 100 years. This result compares well with Jones
and Kennett’s (1999) oxygen isotope data from the central
California coast, which indicates greater seasonal variation
in sea surface temperatures between 700 and 500 years ago
as a result of El Nifio. Our data from China Camp suggest
that El Nifio events may have been more frequent and stron-
ger in the past because recent historic El Nifio events (such
as the AD 1983 event) are not recorded in the sediments.

Using a regional winter (November to April) precipitation
index for the last 130 years for northern California, John-
stone (2007), determined that there is a strong 15-year El
Nifio oscillation. Active El Nifio periods are associated with
precipitation extremes in northern California while inactive
stages are characterized by droughts. Because of its latitude,
the central California coast may experience wetter, drier, or
normal precipitation during El Nifio years. Flood evidence in
the marsh sediments at China Camp may be an indicator of
periods in the past when the central coast was more heavily
affected by stronger El Nino years.

CONCLUSIONS

The stratigraphic data from China Camp reveals a complex
history of salinity changes reflecting conditions within San
Pablo Bay. Fresher water conditions than modern prevailed
between 3400 and 2000 cal YBP. Following this period until
about 700 cal YBP, conditions within San Pablo Bay were
more saline and variability was greater. The 400-year period
between 850 and 450 cal YBP is distinguished from later and
earlier periods by evidence for high precipitation events,
which may correlate with estuary-wide floods, possibly relat-
ed to El Nifio. Geochemical evidence indicates the likelihood
of pronounced salinity intrusions and also freshening condi-
tions within this period. The impacts of historic water diver-
sions and retention by dams upstream since the mid-20th
century are also reflected in core stratigraphy since plant di-
versity decreases in the near surface deposits.

Thus, the multiproxy data from China Camp indicates that
tidal salt marshes not only have the potential to record
changes in local sea level, but also provide a valuable source
for determining local (e.g., flood events) and more regional
(e.g., prolonged droughts or periods of higher moisture) El
Nifno and La Nina climate events, and as such their potential
as recorders of climate change has been undervalued. Fur-
ther, the relatively small number of years encompassed in a
single 1-cm sample indicates that intensive sample collection
(every 0.5—-1 cm) from tidal salt marsh cores is appropriate,

thus permitting high-resolution climate reconstructions that
would have a resolution on the order of decades to millennia.
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