nescence is visible to the naked eye, al-
though it is noticeably less intense and
shifted to higher energy with respect to the
emission spectrum of the parent (non—poly-
mer-containing) Si dispersion in toluene.
This shift is attributed to oxidation of the Si
particles during the casting process. Similar
shifts in the emission spectra have been
observed upon exposure of porous Si to air
(32). The pure toluene and polystyrene films
showed no detectable luminescence.

Transmission electron microscope (TEM)
images were obtained by pipetting a drop of
the Si colloidal suspension onto the middle
of a polystyrene-dipped TEM grid (Cu
mesh) in air. In the microscopy we used a
Philips CM30 TEM at an acceleration volt-
age of 100 or 300 keV. Si particles attached
to thin regions and near holes in the poly-
styrene could be studied (Fig. 3). Crystal-
line, overlapping Si particles are clearly vis-
ible against an amorphous polystyrene
background. The particles are irregularly
shaped and range in size from many mi-
crometers down to the resolution limit of
the TEM (about 0.2 nm). This image is
consistent with the known structural prop-
erties of bulk porous Si as seen from TEM
and scanning electron microscopy (33-35).
The inset shows a selected area diffraction
pattern clearly identifiable as polycrystalline
Si. The edges of each particle and the small-
est particles are very thin, less than 10 nm
thick. Convergent beam diffraction showed
these regions to be predominantly amor-
phous, although TEM images of lumines-
cent porous Si have recently been reported
showing small crystalline regions (36). The
lack of crystallinity observed in the present
work is possibly the result of oxidation
during exposure to air or electron beam
damage during microscopy. Presumably the
smaller particles and the thin regions on the
larger particles are responsible for the lumi-
nescence observed in these samples, as quan-
tum confinement effects are expected to ap-
pear in Si particles no larger than several
nanometers (1-3).
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Strontium Isotopic Composition of Estuarine
Sediments as Paleosalinity-Paleoclimate Indicator

B. L. INGrRaM AND D. SroaN

The strontium isotopic composition of biogenic precipitates that occur in estuarine
sediments can be used as proxy indicator of paleosalinity and for assessing precipitation
and river discharge rates over thousands of years. In the San Francisco Bay estuary,
river water with low 37Sr/3%Sr ratio (average, 0.7065) and low Sr concentration (0.13
parts per million) mixes with seawater with a higher 37St/36Sr ratio (0.7092) and Sr
concentration (7.9 parts per million). The predicted mixing relation between salinity
and Sr isotopic composition is confirmed by measurements of modern estuarine
surface waters. A paleosalinity record obtained from foraminifera for the ancestral San
Francisco Bay during oxygen isotope substage 5¢ of the last interglacial reflects a global
rise and fall of sea level, and short time-scale variations related to fluctuations in
discharge rates of the Sacramento and San Joaquin rivers.

STUARIES ARE  GEOLOGICALLY
Eshort-lived features, existing mainly

during times of relatively high sea
level; but, because estuaries are sensitive to
climatic changes, the geochemistry and fau-
nal assemblages in estuarine sediments are
an important source of paleoclimatic and
paleohydrologic information. In this paper,
we describe a geochemical method of deter-
mining paleosalinity of estuarine waters and
report results obtained from San Francisco
Bay, the largest estuarine system on the west
coast of North America, for oxygen isotope
substage 5e of the last interglacial (about
120,000 years before present). As San Fran-
cisco Bay receives freshwater from 40% of

B. L. Ingram, Department of Geology, Stanford Univer-

sity, Stanford, CA 94305, and Berkeley Center for
Isotope Geochemistry, Department of Geology and Geo-
physics, University of California, Berkeley, CA 94720.

D. Sloan, Museum of Paleontology, University of Cali-
fornia, Berkeley, CA 94720.

the surface area of California (162,000 km?)
by way of the Sacramento and San Joaquin
rivers and their tributaries (Fig. 1) (1),
salinity variations in the geologic record
provide a proxy for precipitation and runoff
from a large continental area. Because
streamflow in the western United States and
Hawaii reflects large-scale North Pacific
winter atmospheric circulation, the Sr isoto-
pic data may have broad paleoclimatic and
paleohydrologic implications (2).

The salinity of San Francisco Bay water is
a function of freshwater inflow rates and sea
level; the latter controls the entry of saline
(33 to 35 per mil) ocean water into the bay
through the Golden Gate (Fig. 2) (1, 3).
The inflow of freshwater is seasonal; maxi-
mum river discharge occurs during winter
and early summer, reflecting winter rains
and spring snowmelt (7). Because most of
the state’s annual precipitation falls in north-
ern California, 80% of the freshwater enter-
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ing San Francisco Bay is from the northern
catchment area by way of the Sacramento
River and its tributaries. Only 15% of the
water comes from the southeastern catch-
ment area by way of the San Joaquin River
and its tributaries. The other 5% of the
freshwater comes from local sources such as
the Napa and Petaluma rivers (Fig. 1) (1).
Salinity in the estuary varies from marine
conditions near the mouth of the bay to
essentially riverine conditions near the delta
(1, 3). The surfaces of equal salinity move
toward the ocean as freshwater inflow in-
creases and upstream as freshwater inflow
decreases (4).

Biogenic carbonate preserved in the estu-
arine sediments beneath the bay preserves
information on salinity changes in the bay
with time in the geologic past. The salinity
record in the sediments is effectively aver-
aged over at least several decades, because of
bioturbation. Assuming an average sedi-
mentation rate of 5.0 mm/year [the average
Holocene sedimentation rate in central and
south San Francisco Bay (5)] and a biotur-
bation depth of 10 cm, we expect that the
salinity signal is an average over 20 years or
more. Thus, salinity oscillations caused by
diurnal tides and seasonal rainfall and snow-
melt cycles are not resolvable in the sedi-
ments. During the last interglacial, relatively

San Francisco Bay
San Francisco

Feather River

Tuolumne River
Merced River

Drainage divide

Los Angeles

Fig. 1. Map of California showing drainage area
and major rivers emptying into San Francisco
Bay. Collection sites of river water samples and
their measured A%7Sr values are plotted.
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Fig. 2. Map of San Francisco Bay,
showing localities where surface
water was sampled and the South-
ern Crossing along which bore-
holes used in this study were taken.

short-term salinity fluctuations (tens to hun-
dreds of years) weré superimposed on a
6000-year salinity cycle caused by the rise
and fall of sea level related to changes in the
volume of continental glacial ice.

To relate the 87Sr/36Sr variations mea-
sured in the fossil materials to salinity, we
measured the Sr isotopic ratio and Sr con-
centration of seawater and river water enter-
ing the bay. Although the 37Sr/*®Sr ratio in
seawater has been increasing monotonically
over the past 40 million years (6, 7), it has
essentially remained the same for the past

Table 1. Concentrations of Sr and Rb and Sr
isotopic compositions of rivers draining into
San Francisco Bay through the Sacramento-San
Joaquin Delta. Locations of the samples plotted
as A®%Sr values are shown in Fig. 1. River
waters were collected July through September
1990.

Rb Sr

87 - 87
(pb)  (ppb)  fUSr=2e AT
Sacramento River
2.2 56.9 0.704856 + 30 —433
9.7 118.6 0.706257 + 40 -293
Feather River
29 56.4 0.705663 + 24 -353
Merced River
19 27.2 0.707407 = 13 -178
34 494 0.707618 = 16 -157

0.707724 + 8 -146
0.706939 + 8 -225
Tuolumne River
39 189 0.707851 + 8 -134
San _Joaquin River
176.5 0.707315 + 24 -187
14 109 0.707369 + 18 -182

400,000 years (8). The Sr concentration in
seawater (7.9 ppm) has likewise probably
not changed over this period (9, 10). In river
water, the Sr isotopic composition reflects
the 37Sr/34Sr ratio of the rocks being eroded
in the catchment basin (10-14). We collect-
ed water from the major rivers and measured
their Sr isotopic compositions and Sr and
Rb concentrations (Fig. 1 and Table 1),
using standard techniques (15).

The 37Sr/®%Sr ratio of Sacramento River
water near the mouth in the delta was
0.7062, and the 87Sr/®5Sr ratio of water near
the mouth of the San Joaquin River was
0.7073; these ratios are similar to those of
the rocks in the drainage basin (16, 17). The
Sr concentrations in the river waters also
varied substantially. The highest Sr concen-
trations (118 to 176 ppb) were measured
near the mouths of the San Joaquin and
Sacramento rivers in the delta. These rela-
tively high concentrations could be due to
evaporation or anthropogenic input as the
river crosses the San Joaquin Valley. How-
ever, these concentrations are within the
range observed for rivers from other tecton-
ically active areas (10, 14). We assume that
the average Sr isotopic composition of river
water entering the estuary during the last
interglacial was not significantly different
from our measured values, because the
lithologies exposed in the drainage basin
have not changed over at least the past few
hundred thousand years. However, a south-
ern shift in precipitation patterns over Cali-
fornia, resulting in a larger portion of water
entering the bay from the San Joaquin Riv-
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er, would increase the average riverine 7St/
868r entering the bay. Also, the average Sr
concentration in river water may have varied
in the past. Although there may be ways of
evaluating these effects, we have not yet
done so; we do not expect that these effects
will exert a large influence on our interpre-
tation.

We calculated the relation between the Sr
isotopic composition and salinity for the San
Francisco Bay estuarine water and plotted
A®7Sr values (18) in Fig. 3, A and B. For the
seawater end-member, we used the average
seawater standard %7Sr/®Sr value of
0.70919 and a Sr concentration of 7.9 ppm.
For river water, we calculated the weighted
average #7Sr/%6Sr value of 0.7065 and a Sr
concentration of 0.13 ppm. For these calcu-
lations, we assume that 80% of the river
discharged into the bay is from the Sacra-
mento River, and the remainder is from the
San Joaquin River. Changing the propor-
tion of river discharge from the San Joaquin
River has only a small effect on the calculat-
ed curve (Fig. 3). An increase in the Sr
concentration (due to increased evaporation
or weathering rates in the past) would shift
the mixing curve to the right (see Fig. 3).

Seawater -

Salinity (per mil)

Fig. 3. (A) Calculated mixing curve between
seawater (with a A37Sr of 0 and a salinity of 35 per
mil) and river water. The solid curve uses river
water Sr concentration and A% Sr as measured
today (0.13 ppm and —280), as was used to
calculate salinity from Sr isotopic data in this
study. The short-dashed mixing curve uses a
A®¥Sr of —215 for river water, which would be
the case if precipitation patterns changed and
50% of the water came from the San Joaquin
River. The long-dashed mixing curve uses a river
water Sr concentration of 0.26 (double that of
today), which may be produced with increased
evaporation or weathering rates. Measured Sr
isotopic ratios and salinities (see Table 2) are also
plotted. (B) Same as (A), with A¥Sr from 0 to
—-25.
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In order to validate the relations among
87Gr/8°Sr ratio, Sr concentration, and salin-
ity in estuarine water, we analyzed surface
water samples from the modern estuarine
system (19), where the salinity ranges from
32 t0 0.15 per mil (Fig. 2 and Table 2). The
measured relation between Sr concentration
and salinity is a mixing line between the two
end-members (Fig. 4); this linear relation
indicates that Sr behaves conservatively in
the estuary (that is, Sr is not removed by or
released from the sediments during the mix-
ing of these water masses). The 37Sr/*¢Sr
ratios measured on San Francisco Bay sur-
face waters are very close to the calculated
mixing relation (Fig. 3, A and B).

For the study of the salinity of the ances-
tral San Francisco Bay, which existed during
the last interglacial maximum, well-pre-
served microfossil (foraminifera) were cho-
sen from a suite of samples, previously pro-
cessed for microfaunal analyses (20), from
five boreholes drilled along a transect from
Alameda to south San Francisco [the pro-
posed “Southern Crossing” bridge site (Fig.
2)]. The estuarine unit, informally named
the “Yerba Buena mud” (20), is the young-
est pre-Holocene estuarine deposit in a se-
quence of estuarine-fluvial cycles during late
Pleistocene glacioeustatic sea level fluctua-
tions (Fig. 5) (21, 22). On the basis of its
extent, stratigraphic relations, and amino
acid racemization ages in mollusk shells
from the upper part of the unit (20-22), the
Yerba Buena mud is assumed to have been

Table 2. Salinity, Sr concentration, and Sr
isotopic composition of San Francisco Bay
surface water samples (collection sites for the
sample are plotted in Fig. 2 by sample number).
Samples were collected on 11 March 1991.

Sam- Salin-
ple ity St srgmesr i+ e AMSe
num-  (per  (ppm)
ber  mil)
66 273 671 0.709160 6  —2.9
69 295 657 07091656  —2.4
0709173 +7  -1.6
73 292 64  0.709189 + 6 0.0
0709177 +6  —1.2
74 279 614 07091676  —22
0709163 +6  —2.6
75 244 562 0709169+6  —2.0
0709173+ 6  —1.6
76 222 501 07091536  —3.6
0.709160 + 7  —2.9
77 184 452 07091296  —6.0
0709134 +7  —55
78 169 3.75 07091306  —59
0709130 + 7  —59
79 126 26 07090846 —10.5
80 6.7 156 07089496 —24.0
81 36 104 07087736 —41.6
82 09 0272 07078856 —130.4
83 015 0104 0706189 6 —300.0
18 312 755 07091686  -2.1
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Fig. 4. Sr concentration versus salinity for San

Francisco Bay surface waters.

deposited during oxygen isotope substage
5e of the last interglacial (23). The unit has
an average thickness of 31 m and is brack-
eted by alluvial and eolian sediments depos-
ited during glacial periods of low sea level
when the area now ‘occupied by San Fran-
cisco Bay was a river valley (Fig. 5). On the
basis of its average thickness and the depo-
sitional rates in south and central San Fran-
cisco Bay of 5 mmy/year (5), we infer that
deposition of the Yerba Buena mud spanned
approximately 6000 years. The lateral extent
of the Yerba Buena mud as found in borings
drilled around the San Francisco Bay margin
suggests that the ancestral San Francisco Bay
was larger than the modern bay (20, 24),
either because of higher sea level (which was
5 to 6 m higher during substage 5¢) or
because of minor subsidence. On the basis
of ecological studies of foraminifers and
sand-sized diatoms in the Yerba Buena mud
(20, 24, 25), the depositional environments
ranged from brackish marsh and shallow
subtidal near the base to marine intertidal
and subtidal at the top (26), which have
been interpreted as representing increasing
water depth and salinity upward in the
section.

We measured 87Sr/26Sr ratios and Sr con-
centrations from carbonate foraminifers
from the Yerba Buena mud. The foraminifer
shells were generally well preserved, and
only those that showed no visible evidence
of overgrowths or recrystallization were
chosen for analysis. Samples weighing be-
tween 0.3 and 2.0 mg were cleaned ultra-
sonically in distilled water, dissolved, and
analyzed for 87Sr/3Sr ratios (27). Given the
young age of the samples and the imperme-
able nature of the mud in which they were
encased, we expect that there was no post-
depositional alteration of the 3”Sr/3¢Sr ratio.
On the basis of their lack of abrasion and
high abundance in the sediments, we infer
that the foraminifera grew in place and were
not transported by currents. Because there is
no detailed geochronology of the cores and
the five cores used in this study were drilled
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from boreholes drilled along the Southern Cross-
ing, with depth below mean sea level (MSL). The
section consists of five sedimentary units: 1, Ho-
locene estuarine deposits; 2, Late Pleistocene to
Holocene eolian deposits; 3, Late Pleistocene to
Holocene alluvial deposits; 4, Pleistocene estua-
rine deposits (Yerba Buena mud); and 5, Pleis-
tocene alluvial and estuarine its. The loca-

tions of the cores used for this study (52, 55, 58,

65, and 68) are shown at the top of the section.

within ~2 km of each other, samples were
correlated by depth below mean sea level.

In general, a trend of increasing and then
decreasing A7Sr values with depth is seen in
the data (Fig. 6A and Table 3). This general
trend represents the large salinity variation
in San Francisco Bay brought about by the
rising and falling of sea level. We converted
the Sr data to salinity (Fig. 6B) using the
solid mixing curve in Fig. 3. The qualitative
salinity ranges determined by the microfossil
assemblages are in fairly good agreement
with those determined by the Sr isotope
compositions of fossil carbonate (Fig. 6B)
(26). We also plotted the pre-1850 average
salinity value (24 per mil) at Alameda, the
closest salinity monitoring site to our core
location sites. We estimated this value using
the salinity-discharge relation given below
and a pre-1850 delta inflow rate of
1100 m3/s (28), which is higher than the
modern average discharge (~400 m3/s) be-
cause of water diversion for irrigation and
other purposes. Superimposed on the aver-
age longer term trend of rising and falling
salinity were periods of higher and lower
values, which appear to be of a cyclical
nature.

These salinity data can be used to estimate
delta outflow during the last interglacial,
based on the relation between salinity and
delta outflow determined for several sites in
the bay from measurements made over the
past 60 years (4). This relation for the
Alameda monitoring site [modified from
(4)], adjacent to our core locations along the
Southern Crossing, is

S(Q) = Soe™022
where S(Q) is the salinity fof a given river
discharge Q, Sy, is the salinity at zero river
discharge, and ¢~%252 is an exponential
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decay term relating salinity with delta out-
flow. Using this relation, we converted our
salinity data to mean delta outflow (Fig.
6C). The pre-1850 average delta outflow
was roughly the same as the mean delta
outflow we calculated for the last intergla-
cial (Fig. 6C). However, the salinity-delta
outflow relation used is based on present-
day sea level and bay geometry and there-
fore is not strictly correct for application to
the late Pleistocene bay. More detailed
modeling of the effect of changing bay
volume from sea level fluctuation on the
salinity-discharge relation will be needed to
estimate correctly the paleodelta outflow
relation. However, because the bay had a
larger volume during the last interglacial, a
greater delta outflow would have been
required to produce the same salinity as in
today’s bay. Therefore, our estimates most
likely underestimate the delta inflow dur-
ing the last interglacial.

The delta outflow and salinity data show
that there were times when the salinity and
delta outflow were higher or lower than the
mean. The aspect of this data set that needs
further documentation, particularly for the
Holocene record (10,000 years to the pres-
ent), is that the salinity and delta outflow
fluctuations appear to be cyclical with peri-
ods of hundreds of years. This implies a
climatic forcing factor of a much shorter
time scale than Milankovitch cycles, perhaps
comparable to those seen in tree-ring width
records in California (29), and has implica-
tions for water resource availability.

We have demonstrated the applicability
of using the Sr isotopic composition of

Table 3. Sr isotopic compositions, biofacies,
and depth in core of foraminifera samples from
Yerba Buena mud cores. Each 37Sr/®%Sr ratio is

an average of two to three nts.
Sample 87 87,

pampie D(':“F:;h Stf*eSr + 20 AYSr
55-14C 36.8 0.709165 + 7 -2.4
52-15B 384 0.709190 = 7 -0.1
52-17B 41.4 0.709140 =+ 6 -49
55-16a/D 31.8 0.709077 + 7 -11.2
55-16b/D 32.4 0.709057 + 7 -13.2
55-19/C 354 0.709170 + 8 -1.9
55-20b/B  36.9 0.709158 + 5 -3.1
55-22z/B 39.7 0.709158 + 7 -3.1
55-24a/B 42.7 0.709768 + 8 -13
55-33/A 54.8 0.709148 + 7 —-4.1
58-18/B 36.5 0.709173 = 7 -16
58-19/B 38.1 0.709172 = 7 -1.7
58-21¢/B 4]1.1 0.709162 + 8 -2.7
65-20a/B 36.0 0.709180 = 7 -0.9
65-20b/C  36.8 0.709118 = 10 -7.1
65-22/C 399 0.709166 + 7 -2.3
68-20a/C 354 0.709173 + 5 -1.6
68-21/C 379 0.709125 + 6 —6.4
68-24a/B 43.3 0.709155 = 7 -34
68-24b/B 454 0.709184 =+ 7 -0.5
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Fig. 6. (A) A%’Sr measured in foraminifera from
the Yerba Buena mud plotted versus core depth.
Sea level high stand for oxygen isotope substage
Se is shaded. (B) The salinity, determined from
the Sr isotopic composition of the samples using
the mixing curve in Fig. 4, plotted versus depth.
The estimated pre-1850 average salinity at
Alameda (24 per mil) is plotted for comparison.
(C) Mean delta outflow, determined from the
salinity-delta flow relation (4), versus depth for
the sea level high stand. The pre-1850 mean delta
flow is estimated to be almost twice today’s delta
flow (28).

biogenic precipitates in estuarine sedi-
ments as a proxy for salinity and delta
outflow in the San Francisco Bay estuarine
system over geologic time. This type of
information can be used to establish delta
outflow and salinity standards in San Fran-
cisco Bay and to assess precipitation vari-
ability for much of drought-prone Califor-
nia. This proxy salinity method may also be
used in the assessment of natural freshwa-
ter inflow variability in other suitable estu-
arine and deltaic settings and may be used
to detect large paleoclimatic events such as
meltwater pulses, deglaciation, monsoonal
variations, and floods.
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Production of Isotopic Variability in Continental
Basalts by Cryptic Crustal Contamination

ALLEN F. GLAZNER* AND G. LANG FARMER

Regional variations in the Nd, Sr, and Pb isotopic compositions of Neogene basalts
from the western United States are commonly interpreted to originate in the
subcontinental mantle. In southern California, isotopic variability is restricted to lavas
that lack mantle-derived xenoliths; xenolith-bearing basalts have uniform isotopic
compositions similar to those of ocean-island basalts (OIBs). Combined with available
geochemical data, these observations suggest that isotopic variability at these volcanoes
results from subtle crustal contamination, locally by mafic crust, of primitive OIB-like
magma. Recognition of such cryptic contamination may help to reconcile local
discrepancies between tectonic and isotopic views of the subcontinental mantle.

yield information about the geody-

namic history of the mantle. For exam-
ple, variations in the Sr and Nd isotopic
compositions of basalts have been used to
infer the presence of old, isolated, litho-
spheric mantle beneath continents (1-6) and
to track changes in mantle structure result-
ing from subduction and extension (7, 8).
These conclusions are valid only if the ba-
salts are unaffected by crustal contamina-
tion, but recent data (9) support Moyer and
Esperanga’s (10) claim that isotopic variabil-
ity can result from subtle crustal contamina-
tion that is not detectable by common
geochemical screens.

In this study of Neogene basalts from the
Mojave Desert of southern California we
show that lavas bearing mantle xenoliths
consistently have Nd and Sr isotopic com-
positions similar to those of modern-day
ocean island basalts (OIBs), whereas xeno-
lith-free basalts have a wider range of isoto-
pic compositions that trend from OIB
toward values expected for the continental
lithosphere. This observation can be ex-
plained if xenolith-bearing magmas tra-
versed the crust rapidly without interaction,
whereas xenolith-free magmas stalled in the
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crust long enough for entrained xenoliths to
be dropped or digested and for crustal in-
teraction to occur.

Small-volume Neogene basalts occur
throughout much of the Mojave Desert
region (Fig. 1). These lavas range from
alkali olivine basalts to hawaiites (9, 11, 12)
and most have elemental characteristics that
are traditionally invoked as evidence against
significant  silicic crustal contamination
[high P,05/K,0 ratios; high large-ion-
lithophile, rare earth element, Sr, and Ni
concentrations; and nepheline-normative
compositions (1, 2, 13, 14)]. The lavas show
a wide range of correlated Nd and Sr isoto-
pic compositions (Table 1; Fig. 2), from
values typical of asthenosphere-derived,
OIBs (gyq = +6 to +9 and 37Sr/®Sr ratios
of 0.7025 to 0.7035) to values generally
attributed to ancient lithospheric mantle un-
derlying the North American craton [eyy =
—3 to +6 and 37Sr/%68r ratios of 0.7035 to
0.7067 (3, 6, 15, 16)].

One interpretation of this data set is that
low-gy4 basalts were derived from ancient
lithospheric mantle and high-gy, basalts
from upwelling asthenospheric mantle.
However, this interpretation fails to account
for three aspects of the lavas: (i) lavas that
carry mantle xenoliths (for example, peridot-
ite) generally have OIB-like isotopic ratios,
whereas lavas without mantle xenoliths scat-
ter from OIB-like ratios to lower &4 values
and higher 87Sr/%Sr values (Fig. 2); (ii) the
observation that high-ey4 and low-gy4 lavas
are interleaved in both space and time (Ta-
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