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A variety of stratigraphic analyses (particle grain size, iron
concentration, loss on ignition, and macrofossils) from sediments
obtained from two marsh sites are used to reconstruct a middle to
late Holocene record of stream flow into San Francisco Bay.
Browns Island, a freshwater/brackish site, is located at the con-
fluence of the Sacramento and San Joaquin rivers and is domi-
nated by stands of Scirpus americanus. Peyton Hill is a brackish
site located near Carquinez Straits and is dominated by stands of
Scirpus robustus. Twenty-five AMS 14C dates provide chrono-
tratigraphic control. During the Holocene, discharge from the
acramento and San Joaquin rivers was broadly comparable to
odern flows; however, an extended period of higher flow began

800 cal yr B.P. and continued for almost two millennia. At this
ime Browns Island supported Phragmites communis, a freshwater
pecies, and Peyton Hill supported S. americanus. At least two

floods, recognized by discrete increases in sand and silt, occurred
at 3600 and 530 cal yr B.P. © 2000 University of Washington.

INTRODUCTION

The Sacramento and San Joaquin drainage system su
over 50% of the freshwater used for both domestic and
cultural consumption in California (Foxet al., 1990). The
rivers discharge into the San Francisco Bay, across an e
sive delta, and are responsible for 90% of the freshwater
into the San Francisco Bay estuary (Conomoset al., 1985;

ichols et al., 1986; Petersonet al., 1989). Discharge varie
oth annually and interannually with seasonal and longer-
limatic variability (Conomos, 1979; Cayan and Peter
993; Hedgepeth, 1979). These temporal changes in disc
re the principal factors controlling salinity within the estu
Petersonet al., 1989). Changes in discharge reflect regio
limate rather than local factors, because the combined d
ge of the Sacramento and San Joaquin rivers encomp
ver 40% of California’s surface area (Nicholset al., 1986;
0033-5894/00 $35.00
Copyright © 2000 by the University of Washington.
All rights of reproduction in any form reserved.

206
lies
ri-

en-
w

m
,

rge

l
in-
ses

Petersonet al., 1989; Cayan and Peterson, 1993). Histor
records of freshwater inflow span ca. 100 years (Petersonet al.,
1989). During this time extensive modification of the ri
system occurred (e.g., California State Water Project). T
summer inflow is routinely augmented (Nicholset al., 1986);
thus, our understanding of the variability of natural flows
the estuary is limited.

Recent paleoenvironmental reconstructions by Ingram
colleagues (Ingram and Sloan, 1992; Ingram and DeP
1993; and Ingramet al.,1996a,b) used strontium and oxyg
isotope data to determine paleosalinity and infer pale
charge. Maximum temporal coverage of these studies ra
from 5900 to 2000 yr. Both methods highlight general trend
freshwater flow to the estuary, and a cycle of high and
discharge events of ca. 200 yr is suggested. However,
appears to be poor correlation between some events an
flicting interpretation within and between sites. For instanc
data indicate a low-flow regime between 90–110 and 27
yr B.P. (Ingram and DePaolo, 1993), yet oxygen isoto
indicate a high-flow regime between 90–150 and 220–27
yr B.P. (Ingramet al.,1996a). Sr data also suggests a high-
event between 2650 and 2550 cal yr B.P. (Ingram and D
olo, 1993) and oxygen and carbon isotopes suggest a low
event between 2700 and 2600 cal yr B.P. (Ingramet al.,
1996b). The isotope analyses were run on mollusks obt
from bay cores, which may be subject to a greater degr
bioturbation and river flow disturbance than marsh cores
instance, a core from San Pablo Bay has a hiatus of a
1000 years (ca. 750–1670 cal yr B.P.) (Ingramet al., 1996a)
Bay cores are useful in tracking long-term hydrologic tre
but are unlikely to record infrequent extreme events.

Additionally, Ingram and Southon (1996) have identi
significant problems in the consistency of radiocarbon
based on estuarine mollusks in San Francisco Bay. Rad
bon analyses from fiveMytilus edulussamples collected b
tween AD 1939 and 1943 yielded radiocarbon ages that v



00
ila

eci
ti-
o

rro
th

ive
mo
uc
lle

-
s alu
a th
r s
t n
t
1 d
s ifor
n sim
u er
C de
s lly
b im
s orm
t cip
i r-
e a
t sen
( 94

po
d oaq
s ew
c ox
t ta
r nda
b

isc
a

ean
ive
f th
9)

nd
of
ari
uri
a

lt c

ects
ccur

aters
e
rshes
ces
tion.
s low,
ver,
s in

ed by

p
M inez
S s
t -
c s of
D

ition
nce
land)
ent

th a
and
bay

.
o

rom
of

d
-

c
y for

p loss
o veys
o inter-
p dur-
i th of
t n the
m sed a
s for
p justed
f by
X de-
s were
t phy
v eter
b m for
i are

HOLOCENE RIVER FLOW, SAN FRANCISCO BAY ESTUARY 207
from 7106 60 to 10006 70 yr, a spread of ages of almost 3
years from an effectively coeval suite of sample. A sim
analysis of the radiocarbon ages of three different sp
(Mytilus, Macoma,andOstrea) sampled from the same stra
graphic layers in a sediment core yielded ages that spread
140014C years. With this large an inherent reproducibility e
in age estimation, the absolute timing of climatic events
are believed to be,300 yr long must be considered tentat

General circulation models (GCMs) indicate that at
spheric circulation was different from the present during m
of the Holocene, as a consequence of orbitally contro
increases in summer insolation (Kutzbachet al., 1993). Sea
onal contrasts in insolation approached their maximum v
bout 9000 yr B.P. (Kutzbach and Webb, 1993) and
esulted in the enhancement of the summer low pressure
em in the continental United States and the intensificatio
he Pacific subtropical high pressure cell (Thompsonet al.,
993). This atmospheric organization would have tende
teer storms northward, resulting in dry conditions in Cal
ia during the early Holocene. The results of this model
lation are confirmed by paleoclimatic data from north
alifornia (e.g., Edlund and Byrne, 1991; Koehler and An
on, 1994; Rypinset al., 1989). Insolation values gradua
egan to approach present values about 6000 yr B.P. Cl
imulations for ca. 6000 yr B.P. indicate that the winter st
rack was slightly north of its current position and that pre
tation differed little from today. Paleoclimatological infe
nces suggest that precipitation levels in the Sierra Nevad

his period were similar or slightly drier than those at pre
e.g., Edlund and Byrne, 1991; Koehler and Anderson, 19

The purpose of the present research is to extend the tem
atabase of discharge trends of the Sacramento/San J
ystem and integrate these into an understanding of stat
hanges in climate. To this end, we employ a multipr
echnique combining chemical, biological, and sedimen
ecords from wetland peats located near the historical bou
etween brackish and freshwater marshes.

ENVIRONMENTAL SETTING

A well-defined salinity gradient exists in the San Franc
Bay estuary (Conomoset al.,1985). This salinity gradient is
function of the mixing of saline water from the Pacific Oc
and freshwater from the Sacramento and San Joaquin r
The Carquinez Straits marks the approximate position o
mixing zone of river water with ocean water (Krone, 197
Surface water salinities range between 0 and 18‰, depe
on the season (Conomoset al., 1985). Near the confluence
the Sacramento and San Joaquin rivers salinity typically v
seasonally between about 0 and 5‰ (Conomos, 1979). D
drought years saline waters can intrude up the rivers,
vegetation can change in response to the increased sa
centrations within the water and soils (Atwateret al., 1979;
Knight, 1980).
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The marsh vegetation growing within Suisun Bay refl
the dominantly brackish conditions; vegetation changes o
gradually toward the western edge of the delta as w
progressively freshen (Atwateret al.,1979; Knight, 1980). Th
vegetation assemblages found in brackish and fresh ma
are statistically distinct (Goman, 1998). Distinct differen
also occur within marshes as a function of tidal inunda
Traditionally these marsh zones have been categorized a
middle, and high marsh (Atwater and Hedel, 1976); howe
statistical analysis of vegetation distribution within marshe
the San Francisco Bay suggests two divisions, separat
mean higher high water (MHHW) (Goman, 1998).

Both brackish and fresh marshes support a mixture ofScir-
us acutus, Scirpus californicus,andTypha angustifoliabelow
HHW. Above MHHW brackish marshes near the Carqu
traits are dominated by stands ofScirpus robustus,wherea

oward the Delta this marsh region is dominated byS. ameri
anus.Both marsh types above MHHW also support patche
istichlis spicataandSalicornia virginica(Goman, 1996).

METHODS

Two coring sites were selected based upon their pos
relative to the mixing zone (Peyton Hill) and to the conflue
of the Sacramento and San Joaquin rivers (Browns Is
(Fig. 1). Each site was cored at or above MHHW. Sedim
cores were collected using a Livingstone corer fitted wi
plastic sleeve. At Peyton Hill marsh, two cores (PH93A
PH93B) were collected approximately 900 m inland of the
edge in an area dominated byS. virginica and D. spicata
Dense stands ofS. robustusgrow bayward of the core site. Tw
sediment cores (BI92 and BI93) were also collected f
Browns Island (Fig. 1). BI92 was collected from a region
marsh dominated byS. americanus,and BI93 was collecte
toward the center of the island in an area supportingS. ameri
anusandD. spicata.
The cores from both sites were analyzed in the laborator

article grain size, iron concentration, percentage weight
n ignition (LOI), and seed content. Comparisons with sur
f the same parameters from the modern marshes aided
retations (Table 1; Goman, 1996). Sediment compaction

ng coring was experienced at all sites. Because the leng
he sampled sediment core was consistently shorter tha
easured penetration distance due to compaction, we u

imple linear extrapolation to “decompact” the core data
resentation. Depths mentioned in the text have been ad

or compaction. All sediment cores were archived
-radiography. Lithology and contact relationships were
cribed using the techniques of Nelson (1992). Samples
aken at 10- to 20-cm intervals, or closer if lithostratigra
aried at a finer resolution. BI93 was sampled every centim
etween 230 and 375 cm and thereafter every 10 to 50 c

ron concentrations. Detailed procedures and protocols
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GOMAN AND WELLS208
found in Goman (1996). Unless otherwise stated, sample
was approximately 1 cm3.

LOI and Iron Concentration

Organic content of the sediment was determined acco
to standard LOI procedures (Dean, 1974). Pizzuto and R
(1992) and Goman (1996) have shown that the organic co
in modern marshes varies significantly according to m
subenvironment (ANOVA, significance#0.5). Organic con
ent increases as tidal inundation decreases and organic c
ncreases toward the Delta (Table 1; Fig. 1).

The acid-digestible component of sediments was ana
y a Perkin-Elmer Model 3100 atomic absorption spectrom
tted with an HGA-600 graphite furnace, following digest
n HNO3 and HCl. Thomas and Varekamp (1991) have sh
that the relative amount of iron in marsh sediments can be
as an analog for tidal flooding frequency. The lower m
regions, which are more frequently inundated by tidal w
have a higher iron concentration than the less-frequ
flooded higher marsh regions. This relationship has been
successfully in several regions as a proxy for marsh sub
ronment (Thomas and Varekamp, 1991; Fletcheret al., 1993;

aoustet al., 1996). Goman (1996) determined average
ace iron concentrations from three marsh sites in the es
Table 1). Iron concentrations are highest at China Cam
idal marsh site that supports stands ofSpartina foliosabelow
HHW and S. virginicaabove MHHW. The lowest conce

rations are found at Browns Island above MHHW, w
oncentrations from Peyton Hill and Browns Island,MHHW
re indistinguishable. Surface samples have a consis
igher iron concentration than samples from depth (Go
996). This may reflect recent anthropogenic contaminatio

FIG. 1. Map of San Francisco Bay showing core locations and
entioned in text. Inset maps show state of California and drainage area
acramento and San Joaquin rivers and details of individual core sites
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b is also high in the surface sediments (Goman, 1996).
he absolute value of iron cannot be calibrated to su
onditions due to the modern contamination, the chang
ron concentrations at depth are interpreted relative to
ron concentrations below the surface. Surface iron conce
ions and organic content are strongly negatively corre
P , 0.01) (Goman, 1996); thus, lower LOI values sho
ave higher iron concentrations (Fletcheret al.,1993; Goman
996).

rain Size

Samples for sediment grain size analysis were init
ieved to remove large pieces of organic matter (.63 mm); the

procedure then followed Folk (1980). A small sample siz
cm3) was used, both because of the high organic content a
maintain temporal resolution. We therefore determined a
ple clay:silt:sand ratio for the inorganic fraction.

Analysis of samples collected from the modern marsh p
show little grain-size variability, both between and wit
marshes, and clays strongly dominate the mineral comp
of these sediments (Goman, 1996; Pestrong, 1972). Pe
(1972) documented a slight variation in grain size, with

TABLE 1
Selected Surface Sediment Characteristics and Vegetationa

Sediment surface
characteristic ,MHHW $MHHW

China Camp
No. of samples 5 8
Vegetation Spartina foliosa Salicornia
Dominant seeds No seeds Salicornia
Organic (%) 10.36 0.7 16.36 3.3
Clay (%) 63.96 6.0 63.06 6.9
Iron (g kg21) 55 6 8.5 43.06 8.9

Peyton Hill
No. of samples 6 15
Vegetation S. acutus, S. robustus

S. californicus,
T. angustifolia

Dominant seeds Scirpusspp., Salicornia
Atriplex, Asteraceae

Organic (%) 14.06 3.0 21.56 6.8
Clay (%) 58.16 9.7 63.06 6.9
Iron (g kg21) 34.76 5.9 35.96 5.9

Browns Island
No. of samples 4 8
Vegetation S. acutus, S. american

S. californicus,
T. angustifolia

Dominant seeds Scirpusspp., Scirpusspp.,
Asteraceae Triglochin

Organic (%) 19.46 10.5 55.96 13.3
Clay (%) 51.36 23.2 68.46 14.0
Iron (g kg21) 37.46 18.3 20.36 13.8

a For further details, see Goman (1996).
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dominating at the mudflat/tidal plain transition on salt mar
of southern San Francisco Bay. Changes in sediment grai
are therefore interpreted as reflecting changes in sed
deposition either caused by marsh evolution (Pethick, 198
as a result of floods.

Macrofossils

Seeds and roots from 9 cm3 of sediment were isolated a
identified using herbarium specimens, and samples collec
the field (Hickman, 1993; Martin and Barkley, 1961; Mas
1957; Montgomery, 1977; and Munz, 1973). Whole seeds
fragments of seeds were counted and summed for each s
layer (Goman, 1996).

Seed and root macrofossils are used to infer marsh s
vironment (Goman, 1996, 1998). A comparison of seeds f
in surface sediments with the standing vegetation indica
significant relationship (P # 0.01) (Goman, 1998) and, thu
seeds are assumed to be autochthonous to the marsh,
roots found in growth position.

Radiocarbon Analysis

Twenty-five AMS 14C dates provide chronostratigrap
ontrol. Seeds are the preferred medium, as earlier
Wells, 1995) showed more consistent ages and fewe
eversals using seed-derived ages than those obtained
ulk peat or root samples (Table 2). All radiocarbon dates
een calibrated using CALIB 3.0 (Table 2; Stuiver and Rei
993).

RESULTS

Peyton Hill

Peyton Hill core A (PH93A) is 715-cm-long and the ba
sediments date to 5460 cal yr B.P. (Fig. 2). The second
PH93B is only 310 cm long and no geochronologic control
obtained. The lithostratigraphy from PH93B correlates
with that of the upper portions of core A; therefore, un
specified, the following description is of core A.

From 0 to 375 cm the sediments are very-dark-brown m
peats (LOI, 336 13%; Fe, 206 9 g kg21) with occasional thi
clay laminae. A bed of sandy clay is present between 15 a
cm depth. Seeds ofSalicornia and Triglochin are most com
mon in the upper 311 cm. Gray clayey mud deposits (LOI 16
7%; Fe 266 9 g kg21) persist below the muddy peat depo
o the base of the core. Rare to common, very-fine to
ootlets run through these deposits. Achenes ofScirpusand

seeds of unidentified Cyperaceae dominate. Within the
clayey muds, four stratigraphic reversals occur. Each rev
includes the following lithostratigraphy: bay mud is abruptl
gradually replaced by a very thin to thinly bedded silty-san
silty-clay deposit (thickness, 4–16 cm) with abundant a
thonous debris (charcoal fragments, high seed diversity
cluding seeds ofPotamogeton) that in turn is abruptly overla
s
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by a discrete layer of organic-rich sediment that cont
discrete clay laminae (2–5 mm thick). The clayey peats
present at 481–503, 531–542, 552–565, and 586–61
depth. Potamogetonseeds are present throughout the c
except between 291 and 405 cm. The distribution of cla
fairly constant (676 14%), although a region of anomalou
high silt was found from 416 to 446 cm (75% by weight
inorganic fraction). Sedimentation rates at Peyton Hill v
from 0.11 to 0.14 cm yr21, except for two periods of muc
higher sedimentation (0.31 and 0.21 cm yr21) (Table 3).

Browns Island

BI92 core is 779 cm long and has a basal age of 6310 c
B.P. BI93 core is 1061 cm long and has a basal date of
cal yr B.P. The top 1 m of BI93 was not recovered. P
comprises the upper 8 m ofboth cores (Figs. 3 and 4). This p
is composed of roots, rhizomes, and stems in variable sta
preservation, with a clear increase in humification with d
(Fig. 3) LOIs for BI92 and BI93 were 556 17 and 656 7%,
respectivelyScirpusachenes (S. californicus, S. americanu
acutus,and S. robustus) dominate the peat sections of
cores, with the exception of the portions between 350–51
at BI92 and 427–705 cm at BI93, where leaf sheafs
Phragmites/Typhadominate. Clay is the predominant in
ganic component of the peats (BI92, 726 17%; BI93, 926
3%), which have no inorganic laminations, except for a s
sandy lamina at 73 cm in core BI92. The silty sand horizo
approximately 5 mm thick and contains abundant mica,
minifera (Trochominna inflata), andPotamogetonseeds. Iro
concentrations in the peats are higher in BI92 (176 10 g kg21)
han for BI93 (86 4 g kg21), indicative of more-frequent tid
inundation at this site.

In BI93, a large woody rhizome (6-cm thick) rested abru
on a clay layer at 809 cm depth. Overlying this rhizome w
23-cm-thick layer of peat with a crumbly soil structure
relatively low cohesion compared to other peat in the c
Beneath the large rhizome, the sediments between 809 an
cm are predominantly clay with common organic laminat
(LOI 34 6 25%). Below 942 cm, a marked shift to silty sa

ccurs (LOI, 46 0.5%; silt, 736 5%; sand, 56 5%). Elevated
concentrations of iron (296 8 g kg21) and a high seed divers
are found in the inorganic sediments from BI93.Najas and
Zannichelliaseeds, both submerged fresh- and brackish-w
plants, are common in the silty sands.

The mean rate of sedimentation at the two Browns Is
coring sites is 0.16 cm yr21 at BI92 and 0.17 cm yr21 at BI93
(Table 3). However, considerable variability in rates of s
mentation occurs within the cores. Peak sedimentation rat
measured in core BI92 between 526 and 553 cm (0.41 cm21)

nd 180 and 277 cm (0.31 cm yr21). The lowest sedimentatio
rates were measured near the basal peats of BI92 (0.0
yr21). In the BI93 core sedimentation rates are highest in
basal silty sands and clays where a value of 0.24 cm yr21 is
calculated (Table 3).
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Interpretation

We interpret the stratigraphy in these deposits to recor
past 6700 years of marsh evolution and fluvial discharge
Suisun Bay. Events prior to 5500 cal yr B.P. are interpr
from data retrieved from the Browns Island cores. Events s
then are documented in the stratigraphy of both mar

TAB
Radiocarbon Data for Samples fr

Depth (cm)a Sampleb CAM

Peyton Hill
309 (310) Salicornia and Scirpusseeds
353 (358) Scirpusseeds
406 (407) Scirpusseeds
450 (455) Scirpusseeds
590 (592) Scirpusseeds
642 (656) Scirpusseeds
705 (708) Scirpusseeds

Browns Island 1992
6 (40) Scirpusseeds
12 (80) Scirpusseeds
12 (80) Stem
43 (66) Root
43 (66) Scirpusseeds
112 (116) Root
160 (180) Scirpusseeds
160 (180) Root
203 (204) Leaf
272 (277) Leaf
339 (350) Leaf
339 (350) Scirpusseeds
523 (526) Scirpusseeds
528 (532) Root
547 (553) Leaf
605 (606) Leaf
634 (636) Leaf
648 (651) Leaf
687 (692) Scirpusseeds
715 (719) Leaf
723 (728) Leaf
747 (756) Scirpusseeds
758 (769) Bulk peat
779 (794) Leaf

rowns Island 1993
409 (409) Scirpusseeds
801 (801) Woody debris
801 (801) Woody debris
928 (929) Scirpusseeds
928 (929) Bulk peat
1000 (1000)e Woody debris
1060 (1064) Leaves

Note.Samples in bold are used for age estimates.
a Depths in parentheses are decompacted sediment depths used to
b Roots, stems, and leaves are from herbaceous marsh plants.
c Lawrence Livermore National Laboratories, Center for Accelerator M
d Calibrated using CALIB 3.0 (Stuiver and Reimer, 1993) and 1s error ran

ange.
e Sample identified as contamination (Goman, 1996).
he
to
d
ce
s.

Zonations provided below are based on a compilation o
proxy data at the two sites.

Zone 5 (6700–6200 cal yr B.P.)

The early Holocene Sacramento and San Joaquin
controlled sediment deposition at Browns Island until a

2
Peyton Hill and Browns Island

aboratory No.c Age (14C yr B.P.) Calibrated age rangd

20552 25806 60 2715–2756 (2736)
20553 29206 60 2954–3201 (3078)
20554 32706 60 3400–3563 (3482)
20555 34106 60 3575–3699 (3637)
20556 42206 60 4646–4840 (4743)
20557 44206 60 4871–5211 (5041)
20558 47406 60 5328–5582 (5455)

4795 Modern 0 (0)
4794 4306 60 339–517 (428)
4793 Modern 0 (0)
4792 Modern 0 (0)
4791 4806 60 496–540 (518)
4790 Modern 0 (0)
4789 14306 60 1287–1351 (1319)
4788 Modern 0 (0)
4787 12106 60 1059–1223 (1141)
4786 17406 60 1552–1711 (1632)
4785 20606 60 1937–2107 (2022)
4784 24706 100 2351–2741 (2546)
9962 35806 210 3624–4147 (3886)
4782 27306 60 2763–2867 (2815)
4781 36306 60 3840–4063 (3952)
4780 38206 60 4092–4343 (4218)
4779 44706 70 4880–5286 (5083)
4778 54106 260 5915–6447 (6181)
9961 42906 60 4829–4870 (4850)
4775 51506 80 5762–5983 (5873)
4774 49306 70 5597–5733 (5665)
4773 49306 60 5599–5728 (5664)
4771 51906 60 5907–5988 (5948)
4772 55306 100 6212–6412 (6312)

10110 29206 60 2952–3201 (3077)
12190 49706 60 5645–5841 (5743)
12185 46406 50 5302–5450 (5376)

12187 53906 60 6103–6281 (6192)
12189 53406 40 6035–6187 (6111)
12183 50306 70 5666–5896 (5781)
12184 58806 90 6574–6845 (6710)

ulate rates of sedimentation (Goman, 1996).

s Spectrometry.
as reported by CAMS. Numbers in parentheses are the midpoints of ca
LE
om
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6200 cal yr B.P. The relatively coarse nature of these sedim
and the presence of seeds of the freshwater plantsNajasand

annichellia, which do not grow at the site today, indic
reshwater fluvial conditions (Fig. 4). Sea level had not
nundated this region of the San Francisco Bay Estuary
ateret al., 1977).

one 4 (6200–5500 cal yr B.P.)

At Browns Island, incipient brackish tidal marshes form
nd drowned frequently during this zone. We attribute this
onuniform rate of relative sea-level rise, first inunda
rowns Island and depositing subtidal mud deposits. The
edimentation outpaced sea-level rise, tidal marshes fo
nd were subsequently drowned by a more-rapid rate of

evel rise. This sequence repeated itself at least 18 times
). The greater influence of saline water is indicated by
eplacement of seeds of freshwater plants by achenes ofScir-
us,probablyS. californicusor S. acutus.The long-term tren

s toward shoaling and less-frequent inundation, indicate

TAB
Calculated Rate

Sediment accumulation rate
depth range (cm)a Dominant sediment matrix

Peyton Hill
0–309 (0–310)c Muddy peats

309–353 (310–358) Muddy peats
353–406 (358–407) Muds
406–450 (407–455) Muds
450–590 (455–592) Mixed
590–642 (592–656) Muds
642–705 (656–708) Muds

rowns Island 1992
0–43 (0–66)d Peat

43–160 (66–180) Peat
160–272 (180–277) Peat
272–339 (277–350) Peat
339–523 (350–526) Peat
523–547 (526–553) Peat
547–605 (553–606) Peat
605–687 (606–692) Peat
687–747 (692–756) Peat
747–758 (756–769) Peat
758–779 (769–794) Peat

Browns Island 1993
0–409 (0–409)c Peat

409–801 (409–801) Peat
801–928 (801–929)e Clays with organic laminations
928–1060 (929–1064) Silty sands

a Decompacted depths and the midpoint of the calibrated age range
b For zonation see text. Zone boundaries are determined by stratigra

boundary.
c No date was obtained from the top sediments. This rate assumes t
d Two sediment cores were obtained for the top section of BI92. Beca

used.
e The dates at 928 cm have been averaged, and the oldest date from
nts

t
t-

d
a

g
as
ed
a-
ig.
e

y

the gradual decline in iron concentration and the gradua
crease in LOI at BI93. The large woody fragment found in
BI93 core at 809 cm (;5700 cal yr B.P.) appears to have b
deposited on the island following a large flood, and no
coseismic subsidence as was previously hypothesized (G
1996).

Zone 3 (5500–3800 cal yr B.P.)

During this period at Browns Island, the decline in inun
tion frequency continued, as indicated by the low iron con
trations, higher organic content, andS. americanusachenes
This stratigraphic change reflects the maturation of the m
plain toward MHHW elevations. At Peyton Hill, the zone
lithostratigraphy, high iron content, and low organic con
suggest lower intertidal conditions (Fig. 2). We interpret
four stratigraphic reversals within this zone at Peyton Hi
reflecting periods of higher-than-average river flow from
Sacramento/San Joaquin river system. The deposition o
allocthonous debris and coarser material resulted in the a

3
f Sedimentation

Sediment accumulation rate
(cm yr21)

Approximate correspondin
zoneb

0.11 1
0.14 2

0.12 3
0.31
0.12
0.21
0.13

0.13 1
0.14
0.31
0.08 2
0.13
0.41 3
0.2
0.14
0.08
0.05 4
0.07

0.13 2
0.15 3
0.16 4
0.24 5

used to calculate rates of sedimentation (Table 2).
y; therefore, radiocarbon dates used to calculate sedimentation may szone

at 0 cm age is modern.
e of overlap between the cores, dates obtained from the longer of the t

1 cm was used.
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dation of the marsh plain to an upper intertidal elevat
Relative sea-level rise eventually submerged the marsh,
resulting in the return to deposition of bay mud in the lo
intertidal zone. During the same time period, episodic
river flow is indicated at Browns Island by the deposition of
freshwater aquatic seeds ofNajasandPotamogeton(Goman

996). The subsequent submergence of the Peyton Hill m
elow midtide levels may be accounted for either by tec
ally driven marsh subsidence, a maintained rise in eustat
evel, or declining water levels from the river system.
refer a combination of the latter two explanations as t
ccount for the cessation of allocthonous debris depositio

he submergence of the marsh by rising sea level, prod
he gradual return to subtidal deposition. Similar stratigra
eversals occurred in the basal sediments of BI93. The o
ence of this stratigraphic signature in the basal sedime
oth cores indicates that during the period of incipient m
mergence the marsh and its stratigraphy are extremely

ive to small changes in water depth and inundation freque

one 2 (3800–2000 cal yr B.P.)

Peat at both sites has high organic content and low
ontent during this time, reflecting a continued decline
nundation and maturation of the marsh toward MHHW lev
t Browns Island macrofossils differ from the previous zo
s remains ofPhragmites communiswere identified. Atwate
1980) also foundPhragmitesat comparable depths from
eries of undated cores from Browns Island.Phragmitesis

common upstream in the fresher water of the Sacramento
today. At Peyton Hill, achenes ofS. americanuswere identified
n this zone. An oceanward shift in species indicates
alinity in the region of the Carquinez Straits was compar
o the modern summer salinity at Browns Island, a decr
rom ca. 8–18 to 0–2‰ (Conomoset al.,1985). We conclude
herefore, that between 3800 and 2000 cal yr B.P. salinity
ower than today and that summer freshwater discharge
onsiderably greater than it is today.
Evidence for a large discharge event is also found w

one 2, at about 3600 cal yr B.P. At Peyton Hill, the grain
bruptly coarsens to silt, the iron content increases, and h
ates of sedimentation occurred (407–455 cm; Fig. 3 and T
). The few seeds present in this section are probably a

honously derived, given their battered condition and the
ence ofin situ roots. At Browns Island, more subtle chan
n the stratigraphy were observed at this horizon. There
ncrease in inorganic sedimentation, a decrease in tota

aterial, an increase in root size, and the dominance of
ertical growing roots. At China Camp, west of the Carqu
traits, a silt lamina is present at a horizon of comparable
uggesting that this flood event impacted the entire es
Goman, 1996).
.
ain
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one 1 (2000–0 cal yr B.P.)

This zone is characterized by a return to more-saline c
ions, reflected in the shift in plant species. At Peyton HilS.
mericanuswas succeeded bySalicorniaandTriglochin,while

at Browns IslandS. americanusagain dominates the biostrat
raphy. Marsh elevation at the core locality was maintaine
MHHW. Browns Island was affected by at least one extr
flood event;530 cal yr B.P., when silty sand, foraminife
and seeds ofPotamogetonwere deposited on the island (73 c
Fig. 3). No comparable silty mica-rich horizon has been i
tified at Peyton Hill for this time period. The thick sand be
Peyton Hill is thought to represent recent construction of a
through the site, as comparable sand beds are not prese
transect of short surface cores (M. Goman, unpublished d
However, thin clay-rich laminae are found within the pea
Peyton Hill, as are seeds ofPotamogeton,suggesting occa
sional seasonal flooding.

DISCUSSION AND CONCLUSIONS

Our data from zones 4 and 3 (6200 to 3800 cal yr B
indicate that bay salinity was probably comparable to pre
values. This result compares well with other paleoclimatic
(Edlund and Byrne, 1991; Koehler and Anderson, 1994)
further adds confirmation to the GCM simulations for this t
period (Thompsonet al., 1993).

However, our data deviate from the GCM-modeled tre
between 3800 and 2000 cal yr B.P. The evidence for
decline in estuarine salinity during zone 2 suggests incre
precipitation in the Sacramento/San Joaquin watershed.
findings are consistent with evidence of Neoglacial fluctua
of climate in the western United States (Burke and Birkel
1983; Currey, 1990). In the San Francisco Bay, and m
broadly across California, a variety of paleoclimate studies
indicate increased precipitation during this time period. A
of Mono Lake to a high stand began approximately 3800 c
B.P. (Stine, 1990), and in the Mojave Desert, a shallow
existed at ca. 3900 cal yr B.P. (Enzelet al.,1989). At Nichols
Meadow, in the Sierra Nevada, evidence indicates r
groundwater and saturation of the meadow ca. 3000 yr
(Koehler and Anderson, 1994). At San Pablo and Richar
Bays prior to 2000 cal yr B.P. average salinity was lower
today (Ingram and DePaolo, 1993). Enzelet al. (1989) hypoth
esize that a weakened subtropical high in the eastern
Pacific enabled anomalously low pressure to form along
west coast of the United States, thereby permitting the p
tration of cyclonic winter storms much farther south tha
normal today.

Unlike evidence from other studies in the region (Hug
and Brown, 1992; Graumlich, 1993; Stine, 1994; and Ingraet
al., 1996a,b), the stratigraphy presented here provides no
dence of drought. Decreased inundation frequency as a
of maturation toward MHHW results in marshes that are
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effective recorders of droughts. They are, however, sensit
extreme floods. A large flood occurred about 3600 cal yr B
evidence of which is found throughout the estuary, as we
upstream from Browns Island. West (1977) attributed the r
deposition of a silty clay deposit, approximately 140 cm th
and deposited sometime between 4400 and 3100 cal yr B
a period of higher river flow. A second flood deposit, datin
ca. 530 cal yr B.P. at Browns Island, correlates with a fl
deposit identified in the Sacramento Valley (Sullivan, 19
and may correlate with an unconformity present in a core
San Pablo Bay and attributed by Ingramet al. (1996a) to a
extreme hydrological event. Farther south, Schimmelmaet
al. (1998) identified a flood deposit in the Santa Barbara B
dating to A.D. 1418, which they suggest may correspon
strong El Niño events (Schimmelmannet al., 1998).
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