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Paleoclimatic Signature in
Terrestrial Flood Deposits

Christine E. Koltermann and Steven M. Gorelick

Large-scale process simulation was used to reconstruct the geologic evolution during the
past 600,000 years of an alluvial fan in northern California. In order to reproduce the
sedimentary record, the simulation accounted for the dynamics of river flooding, sedi-
mentation, subsidence, land movement that resulted from faulting, and sea level changes.
Paleoclimatic trends induced fluctuations in stream flows and dominated the development
of the sedimentary deposits. The process simulation approach serves as a quantitative
means to explore the genesis of sedimentary architecture and its link to past climatic

conditions and fault motion.

The record of terrestrial deposition and
erosion represents a synthesis of geologic,
hydrologic, and climatic processes. Key in-
fluences include large-scale structural evolu-
tion, sea level changes, and climatic varia-
tion that has driven the history of cata-
strophic floods and droughts. Many of these
processes can now be mathematically de-
scribed. Equations that govern fluid flow and
sediment transport are solvable with the use
of large-scale mathematical simulations.

In this article, we present the results of a
three-dimensional numerical reconstruction
of the Alameda Creek alluvial fan in north
central California. This fan deposit is of
interest because it lies in a near-coastal
environment that has remained active tec-
tonically during the late Quaternary, and
local climate varied significantly throughout
this period. Genesis of the fan has not been
explained previously, even though there are
numerous deep wells that constrain possible
paleoreconstructions. Through simulation,
we evaluated the complex interactions of
geologic and hydrologic processes that pro-
duced the fan deposit.

Representing Sedimentary
Architecture

Three types of models have been used to
mimic patterns in sedimentary deposits:
descriptive, structure-imitating, and pro-
cess-imitating. Descriptive models classify
depositional environments, facies relations,
and sedimentary basins (I). Although ex-
tremely useful tools for interpretation, de-
scriptive models cannot be used to quanti-
tatively test hypotheses regarding detailed
geologic history. Structure-imitating mod-
els are aimed at the reproduction of geomet-
ric relations of sedimentary deposits. One
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class of structure-imitating models, se-
quence stratigraphy, relies on empirical re-
lations among rates of sea level change,
subsidence, and sedimentation to develop
cross sections of deposits (2). Another class

of structure-imitating models relies on spa-
tial statistics and probabilistic rules to gen-
erate geometric patterns similar to those
seen in nature (3). A related approach
combines limited process-based simulation
with structure imitation (4). Models that
do not consider the mechanisms by which
sedimentary deposits form provide little un-
derstanding of geologic environments and
may lead to interpretations that are geolog-
ically impossible.

Sedimentary process simulation allows
one to interpret paleoenvironments through
quantitative study. In process models, phys-
ical mechanisms are formulated in terms of
governing partial differential equations (5,
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Fig. 1. Conceptualization of physical processes. In our model, we account for the interactions
of climate variability, flooding, sedimentation, erosion, tectonics, subsidence, and sea level

change.
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6). This approach depicts interactions of
geologic processes operating over different
spatial and temporal scales. Thus, it pro-
duces an integrated representation of the
geology. Our simulation of geologic evolu-
tion builds upon previous work in its consid-
eration of important external forces that
influence sedimentation. These forces in-
clude variations in climate, land move-
ments, and sea level change.

The Sedimentary Process Model

This dynamic model produces three-dimen-
sional reconstructions of sedimentary de-
posits that formed over hundreds of thou-
sands of years. The model was made on the
basis of several principles: conservation of
mass and momentum for fluid, a flow resis-
tance equation, conservation of mass for
sediment, a relation between the rate of
erosion or deposition and the size distribu-
tion of sediments transported, and a rela-
tion describing changes in topography re-
sulting from erosion or deposition. An ear-
lier model of the physics of fluid flow in-
cluded empirical relations for sediment
transport (5). This model was extensively
modified to represent depositional processes
more precisely. We added explicit process
descriptions of relative sea level change,
tectonics, subsidence, compaction, variable
sediment porosity, paleoclimate-driven
fluctuations in floods and sediment loads,
and stochastic generation of streamflow
time series (Fig. 1). The model was then
adapted to large-scale supercomputer use.

Fluid flow model. A complete account of
unsteady fluid flow in three dimensions is
provided by the mass conservation and the
Navier-Stokes force-momentum equations
(7). Solving the Navier-Stokes equations in
three dimensions for an arbitrary geometry,
over geologic time frames, is computation-
ally intractable. With a few simplifying
assumptions, however, realistic large-scale
problems can be tackled with the use of a
supercomputer. The full equations were
simplified by a consideration of the flow
velocity variations only in the horizontal
dimension (5). This approach yielded a
two-dimensional, depth-averaged flow
model (Table 1). In addition, we simulated
fluid flow beneath the sea by accounting for
density differences between sediment-laden
freshwater and seawater (8).

QOur simulations are time-dependent;
that is, flow is affected by flood magnitude
and velocity as well as erosional and depo-
sitional changes in topography. Although
the governing equations were solved on a
two-dimensional grid of surface topography,
the model-generated sedimentary deposit
was stored in three dimensions.

Alluvial fan deposits are commonly formed
by episodic floods (9). A stochastic streamflow
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generator, based on a Markov model account-
ing for lag-one serial correlation, was devel-
oped to mimic daily flow sequences occurring
in natural streams (10). We assumed that
daily flows depend on seasonal flow statistics,
daily serial correlation, and a component of
random noise. The simulated streamflows rep-
resent the natural variability associated with
storms and rainfall patterns. Flood generation
is the only part of the model containing a
random component.

Not all streamflows contribute signifi-
cantly to fan development. To decide which
flood events to simulate, we performed an a
priori analysis to determine the amount of
sediment transported by different magnitudes
of streamflow. An increase in flow will in-
crease the capacity for erosional work needed
to move sediment out of a drainage basin
(11). For the highly skewed streamflow distri-
butions often found in nature, most of the
sediment is transported by just a few large
flows. In this study, only those flows greater
than five to ten times the arithmetic mean of
daily flows were critical in representing the
paleohydrologic response. Of the model-gen-
erated daily flows representing the passage of
600,000 years, approximately one million dai-
ly flood events were selected for simulation,
an average of one to two per year.

Sediment transport and consolidation model.
Sediment erosion, transport, and deposition
respond to the topography and physical

properties of both fluid and sediment. Many
researchers have recognized that sediment
transport is a function of the boundary shear
stress (12). Threshold conditions for particle
erosion are related to the critical shear stress
and particle characteristics (13, 14). These
relations led to the empirical sediment trans-
port formula used here (5) (Table 1).

Superimposed on the depositional and
erosional response to each flood are hori-
zontal and vertical land block movements
caused by tectonics and subsidence. Hori-
zontal displacement, caused by faulting,
was tracked with the use of dynamic mesh
translation. Vertical displacements were ac-
counted for through continual topographic
adjustments dictated by tectonic subsid-
ence, sediment loading, and compaction.
The crustal response to sediment loading
was calculated by a simple Airy isostatic
model (15), which assumes that the earth’s
crust remains in isostatic equilibrium and
that the sediment load on the crust is
entirely compensated at the locus of the
load. Compaction is computed with poros-
ity versus depth functions for different sed-
iment types (16).

Process-based geologic reconstruction is
a large-scale computational problem. We
simulated an area of 240 km? with a hori-
zontal resolution of 120 m and a vertical
resolution of tens of centimeters for 600
layers. Daily flood events were simulated

Table 1. Equations of fluid flow and sediment transport. M, mass; L, length; T, time.

EQUATIONS:

2-D conservation of mass and momentum (5):

M, v.(hQ)=0
ot

9, (@.v) Q= gvH+2v?a- o210
at P h
_gn
Ci= h113

Sediment transport (5):
Q
v =[&]
h
To= 0102p
NG /.
Vo= 3 Vei Wi
i=1

If Vo > V and T, < T¢j, deposit grain size i
as a function of [(Ve-V), W, At, h, Dy]

If Ve < V and 1o > T, erode grain size i
as a function of [(V-Ve), Wi, At, h, Dy]

If Ve = V, sediment is transported during At

CALIBRATED PARAMETERS:

1) Subaerial roughness coefficient (n).

2) Transport capacity coefficient (ct).

3) Sediment transportability coefficient (ct).
4) Subaqueous roughness coefficient (n).
5) Rate of horizontal fault motion.

6) Height of sea level 125,000 years ago.

LIST OF SYMBOLS:

cy effective bottom friction coefficient [-]

cr transport capacity coefficient [T3L/M]

Cf sediment transportability coefficient [T/L]

Co lateral friction coefficient [M/LT]

Dy fluid volume [L3]

9 gravitational acceleration [L/T2]

h fluid depth [L]

H fluid elevation [L]

n roughness coefficient [T/L173]

NG number of grain size classes = 4

Q  depth-averaged horizontal flow velocity [L/T]
% vector of Q (x and y components) [L/T]
"

the absolute value of Q [L/T]
sediment transport capacity
per unit volume of fluid [-]

Ve effective sediment volume in transpornt
per unit volume of fluid [-]

Vei  volume of grain size i in transport
per unit volume of fluid [-]

wi fall velocity of grain size i [L/T]

X,y spatial coordinates [L]

At time step [T]

[ fluid density [M/L3]

To  boundary shear stress [M/T2L]

T critical shear stress for grain size i [M/T2L]

. _— 9
rator, —, —
\% spatial derivative operator, '3y

ASSUMPTIONS FOR 2-D MODEL:

1) Horizontal flow velocity variations only.

2) Hydrostatic conditions.

3) Fluid is homogeneous, isothermal, and
incompressible.

4) Coriolis forces are neglected.

5) Bottom friction is described by the
semi-empirical Manning equation.

6) The channel bottom is 'rigid' during At.
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with time steps as small as 5 to 60 s. This
simulation required a supercomputer and
code vectorization and used approximately
250 central processing unit (CPU) hours on
an IBM 3090-600] mainframe; calibration
required more than 1200 CPU hours on an
HP-DN10000 computer.

Field Environment

The field area provided a comprehensive test
of the process model and enabled us to
explore the genesis of the sedimentary archi-
tecture. Alameda Creek is in north central
California, 48 km southeast of San Francisco
and bordering San Francisco Bay (Fig. 2).
Episodic floods have distributed gravel, sand,
silt, and clay in a characteristic fan shape
(9). The drainage basin in the Diablo Range
is ten times the size of the alluvial fan, which
began to form 600,000 years ago, during the
last major deformation of the Diablo Range
in central California (17).

Four important physiographic features
have affected fan deposition: the Diablo
Range, the Hayward fault, the Coyote
Hills, and San Francisco Bay (Fig. 2). The
Diablo Range is the source of fan sediments
and is composed of Mesozoic and Tertiary
shales and sandstones, as well as Quaterna-
ry gravels and sands (18). The Hayward
fault is part of the San Andreas fault sys-
tem, the boundary between the North
American and the Pacific plates. The fault,

O% 1 San Francisco B.
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Fig. 2. Location map. The Alameda Creek fan is
in the central California Coast Ranges.
Alameda Creek flows westerly from the Diablo
Range toward San Francisco Bay. The fan
covers an area of 170 km?, and its source area
in the Diablo Range mountains is approximately
ten times this size. The Hayward fault has
remained active during the past 600,000 years.
Right-lateral, strike-slip motion has shifted the
body of the fan to the northwest and the source
drainage basin to the southeast. Also shown
are the Coyote Hills, which serve as a barrier to
fluid flow and sediment transport.

which cuts across the apex of the fan, has
right-lateral, strike-slip motion and some
vertical offset. Protruding through the un-
consolidated fan deposits are the Coyote
Hills. They consist of fault-bounded Meso-
zoic rocks that formed a boundary to depo-
sition during fan development. The effect
of San Francisco Bay on deposition has
been episodic. During low stands of relative
sea level, San Francisco Bay was absent and
a northwesterly trending stream valley
formed, whereas during high stands of sea
level an estuary formed. The influence of
sea level variation produced only minor
changes in the stream gradient (19).

We resolved the complex fan stratigra-

phy (shown in two cross sections) (Fig. 3,
A and B) on the basis of 63 lithologic logs
from water wells and bridge borings (19—
22). Continued subsidence provided an
ever deepening trap for Alameda Creek
sediments; as a result, the Coyote Hills
were gradually buried. Subsidence has been
so rapid and continuous that marsh plains,
rather than deltas, have formed in San
Francisco Bay (23). The fan is composed of
cycles of coarse (gravel and sand) and fine
(silt and clay) deposits that form extensive
layers. Similar cycles occur in sediments
adjacent to the fan and throughout the San
Francisco Bay area (20, 24, 25). The wide-

spread correlation of these cycles suggests at
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Fig. 3. Observed and simulated geologic cross sections. (A) and (C) are perpendicular to the
Hayward fault, whereas (B) and (D) are parallel to the Hayward fault. Geologic data are presented
from 63 water wells and bridge borings in the Alameda Creek fan (19, 21). Well and boring locations
are indicated by tick marks at the tops of (A) and (B). Shown are the Hayward fault and the Coyote
Hills barrier. The key sedimentary feature is the vertical cyclicity of coarse gravel and sand versus
that of fine silt and clay. Estuarine deposits, which are indicated by shells and reduced clay layers,
are colored blue. Simulated cross sections were based on geologic and hydrologic processes that
have occurred during the past 600,000 years. The cyclicity in coarse-grained deposits is primarily
a result of variations in stream flows and sediment loads. Simulation provides evidence that
paleoclimatic variations during the late Quaternary were responsible for the interleaving of coarse
and fine deposits. Deposition of coarse materials occurs during cooler, wetter periods, and
deposition of fine materials occurs during warmer, drier periods.
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least a regional control on sedimentation.
Thus, with all these factors considered, the
critical question that we addressed with our
model was: What were the impacts of tecton-
ics and climate on sedimentary architecture?

Estimation of Model Parameters

We divided the modeling process into a
calibration phase of 150,000 years and a
simulation phase of 450,000 years. Simula-
tion of physical processes over geologic time

Fig. 4. Bedrock topography reconstruc-
tion. (A) Ancient bedrock platform as it
existed 600,000 years ago before fan
deposition. This platform is essentially
the modern bedrock surface with the
sediment stripped off and adjusted for
vertical and horizontal fault motion. This
bedrock surface provided the initial con-
ditions for simulation of the fan evolution.
(B) Modern bedrock platform estimated
from geologic and geophysical data.
The Coyote Hills, shown in the westerly
portion of both figures, are almost entire-
ly buried in sediment. They have served
as a barrier to streamflow and sediment
transport for over half a million years. Ina
comparison of (A) and (B), it should be
noted that movement along the Hayward
fault has caused 6 km of horizontal land
motion and 225 m of vertical offset. This
displacement is shown by offset of the
white tick mark. The vertical exaggera-
tion is x12.

involves numerous model parameters and
driving functions. These range from the
history of past climate change to the geom-
etry of the ancient landscape and fall into
four categories: paleogeography, paleocli-
mate, paleohydrology, and paleosediment
discharge. To avoid unconstrained esti-
mates of numerous parameters during the
calibration phase, we independently estab-
lished and fixed all but six model inputs.
Three of the parameter values related to
flow and sediment transport dynamics. Dur-

A

Fig. 5. (A) Paleoclimate curve. This rela- Cooler, =
tion is based on oxygen isotope data wetter H
from deep-sea cores (37). The vertical e
axis has been inverted from that used F
previously (37). The vertical scale indi- 53
cates that during glacial periods (the B
peaks) the climate was cooler and wetter W s
and that during interglacial periods (the d;;me " 'i
troughs) it was warmer and drier. Using ® 1200 . § ; =
the data from modern California Coast E B
Range basins, we converted the global E i

paleoclimate curve into a local paleocli- s

mate curve applicable to the Alameda e

Creek drainage basin. The labeled dots et

indicate the basins in the California é

Coast Ranges that we treated as repre- §

sentative of a past climate. For example, =

the climate in Basin G, the Russian River
watershed, was assumed to be analo-
gous to the climate 20,000 years ago in
the Alameda Creek basin. K, Alameda
Creek basin; O, Santa Clara basin. (B)
Average flood magnitude and (C) bed-
load and suspended load source curves.
For (B) and (C), flood magnitude and
source sediment were averaged over
100-year intervals. During simulations,
the flood characteristics and flow versus

Sediment discharge
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éuspenc;ed Ioad'
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sediment relationships varied with changing climate. The tremendous variability in the sediment
source function cannot be accounted for by the paleoclimate (mean discharge) curve alone.
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ing calibration, we estimated these three
values by repeatedly simulating the first
150,000 years (600,000 to 450,000 years
ago) and matching the results to the ob-
served lithology in the deeper portion of the
fan. Similarly, a fourth parameter, the rate
of horizontal fault motion, was estimated
on the basis of a match to the deep alluvial
stratigraphy during simulation of the first
150,000 years. During the simulation of the
remaining 450,000 years, these four values
were held constant. Finally, an additional
20,000-year calibration period was needed
to estimate two model inputs controlling
subaqueous deposition during high sea level
130,000 to 110,000 years ago. These two
parameters were the height of sea level and
the effective friction factor between fresh-
water and seawater.

Paleogeography. We used sedimentary ba-
sin analysis techniques together with bed-
rock geometry to estimate the ancient to-
pography 600,000 years ago. The recon-
struction (Fig. 4, A and B) suggests that
there have been two major changes in
bedrock topography. First, approximately
225 m of vertical offset along the Hayward
fault was caused by a downdropping of the
San Francisco Bay block. Second, right-
lateral, strike-slip motion on the Hayward
fault produced approximately 6 km of hor-
izontal offset.

Data from 24 deep water wells and limited
geophysical surveys (seismic refraction, gravi-
ty, and magnetic) defined the modern bed-
rock topography (20, 21, 26). Simulation of a
horizontal displacement of 1 cm per year,
close to the geodetic average, was required to
match deep, coarse deposits on the northwest
side of the fan. The vertical displacement of
the bedrock platform was estimated by re-
alignment of both sides across the Hayward
fault after a horizontal translation.

During simulations, the model kept
track of paleogeographic changes and de-
posited sediment on top of a continuously
moving platform. The rates of horizontal
and vertical fault motion were held con-
stant during the simulation. In addition, it
was necessary to distinguish among the
rates of subsidence that resulted from tec-
tonics, sediment loading, and compaction.
To estimate these rates, we analyzed the fan
with a technique known as backstripping,
in which older and older sediment layers are
sequentially peeled off (27). Tectonic sub-
sidence accounts for more than 70% of the
total bedrock subsidence.

Paleoclimate and paleohydrology. Flooding
is the primary agent of erosion, transport,
and deposition in the Alameda Creek allu-
vial fan. The model requires a reconstruct-
ed record of individual floods over the past
600,000 years; such a record requires pre-
diction of how climatic change has affected
local hydrology.




Fig. 6. California map showing
drainage basins used in our anal-
ysis. The climate and hydrology of
17 drainage basins and their
streams, labeled A through Q, in
the California Coast Ranges were
analyzed. The climate varies from
cooler and wetter in the north to
warmer and drier in the south.
These basins were used to de-
duce the late Quaternary climatic
history of the Alameda Creek
drainage basin by a consider-
ation of the relation of each basin
to the atmospheric jet stream
along with analysis of tempera-
ture- and precipitation-sensitive
fossil plants and pollen. The jet
stream shifted north and south
along the California Coast during
the Quaternary, thereby causing
dramatic climate changes.
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Earlier work on Quaternary paleohydrol-
ogy has focused either on shifts in mean
annual climate variables, such as precipitation
and temperature (28), or on the ability of flow
to transport sediment (14, 29). This work
provides important means to estimate the
effects of climatic shifts on paleohydrology.
However, such techniques do not provide a
quantitative relation between flood events
and climate change nor do they estimate the
frequency distribution of paleofloods.

For our simulation, it was necessary to
develop a relation between flood magnitude
and climatic variation along the California
coast. The procedure we followed relied on
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Fig. 7. Mean annual precipitation versus mean
annual temperature (36). This relation was de-
veloped from an analysis of the 17 basins in the
California Coast Ranges, labeled A through Q
(as in Fig. 6). Basins in northern California are
cooler and wetter, whereas those in southern
California are warmer and drier. Of key impor-
tance is the dramatic trend in mean annual
runoff, indicated by the dashed lines, ranging
from more than 200 cm in northern California to
less than 2 cm in southern California. Runoff
drives sedimentation and erosion over geologic
time. Climatic shifts were represented by con-
sidering the runoff and flood characteristics in
the modern basins.
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two important premises. First, we assumed
that the global marine record of climate
change could be used to represent local
paleoclimatic trends. Second, we hypothe-
sized that spatial differences in modern cli-
mate zones along the California coast serve
as a surrogate for temporal shifts in local
paleoclimate. By combining the long-term
global trend with hydrologic data from
modern basins, we estimated the 600,000-
year paleoflood record of Alameda Creek.
For simulation, we needed a continuous
record of late Quaternary climatic varia-
tion. Marine sediment sequences provide
such information and are generally easier to
interpret and more complete than the his-
tory contained in terrestrial glacial-intergla-
cial stratigraphy (30). Paleoclimate trends

Fig. 8. Stream discharge versus suspended
sediment load. In sedimentary process simula-
tion, it is necessary to identify trends in the
effects of climatic variation on sediment dis-
charge. Each line represents a linear fit of
between 1000 and 5000 daily streamflow and
sediment load measurements from a particular
stream, labeled as letters (as in Fig. 6). The
area of each of the drainage basins represent-
ed is within 90% of the Alameda Creek basin
area (K). The warmer, drier climates plot to the
left of the diagram, whereas the cooler, wetter
climates plot progressively to the right. Sedi-
ment data were available for 12 of the 17
basins, and all 12 basins showed this trend. In
our simulation, the first step was to determine
the relation between sediment discharge and
enhanced streamflow that occurred during
cooler and wetter periods. Basins in northern

ARTICLE

in our model follow a smoothed curve
developed from oxygen isotope data in five
deep-sea cores (Fig. 5A) (31, 32).

The marine record shows distinct cycles
that regionally reflect cooler, wetter glacial
periods and warmer, drier interglacial peri-
ods. Oak and pine pollen remains from
Clear Lake, California (170 km north of
the study area) (33), provide a 130,000-
year record that correlates well with the
marine oxygen-isotope record. Interglacial
periods contained abundant oak, suggesting
warmer and drier climatic conditions,
whereas glacial periods contained abundant
pine and a scarcity of oak, suggesting cooler
and wetter climatic conditions. Although
these climatic and floral transitions charac-
terize the central coast of California, pat-
terns of paleoclimate were different else-
where (34, 35).

Although the ocean record indicates
climatic trends, information from modern
basins is needed to estimate the paleohy-
drology of the Alameda Creek basin. We
adopted a space-for-time analogy in which
the climates of modern California coastal
basins corresponded to those of our basin in
the geologic past. Seventeen drainage ba-
sins in the California Coast Range were
used (Fig. 6); those to the north of
Alameda Creek have climates that are cool-
er and wetter than that of the Alameda
Creek basin, whereas basins to the south
are warmer and drier (36). Runoff is the
hydrologic response to climate, expressed as
a depth of water over a drainage basin (Fig.
7). We computed the statistics of stream-
flow, such as mean and variance, that
describe runoff from these modern basins
and used these values to represent specific
climate conditions of the past in the
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California, such as Basin A, exhibit a lower suspended sediment concentration for a given
streamflow magnitude than do those in southern California, such as Basin O. The effects of basin
size, slope, geology, uplift rate, and climate were analyzed, and the climate effect was dominant.
Particle size data for Alameda Creek and Coast Range streams provided the basis for dividing total
bedload and suspended load into component loads of gravel, sand, silt, and clay (45). In our
model, the relation between stream discharge and total bedload is similar to the relation shown for
discharge versus total suspended load, although bedload varies with the flood magnitude alone.
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Alameda Creek basin (Fig. 5A). Thus, we
used streamflow statistics of modern
Alameda Creek, before regulation by reser-
voirs, for the modern climate. For warmer,
drier paleoclimate conditions, the stream-
flow statistics of a modern basin in southern
California were used. Similarly, for cooler,
wetter paleoclimate conditions, the stream-
flow statistics of a modern basin in northern
California were used. For interim periods,
the flow statistics that describe paleohydrol-
ogy were linearly interpolated between cli-
mate classes. With this approach, qualita-
tive paleoclimate variations were trans-
formed into a quantitative measure of the
local paleohydrologic record (Fig. 5B).

Dated fossil plant and pollen remains
were of value in guiding our association of a
specific modern basin with a particular past
climate regime in the Alameda Creek ba-
sin. Diagnostic fossil plant assemblages are
available in the San Francisco Bay area,
and flora with radiocarbon dates of 20,820
to 23,000 years ago suggest that the local
climate was cooler and wetter during that
glacial period (19, 37). At that time, in-
cense cedar, Douglas fir, cypress, and pine
were abundant, and oak and redwood were
nearly absent. Today, Basin G (Fig. 6) in
northern California contains a similar floral
assemblage (38) and was chosen to repre-
sent the Alameda Creek basin during gla-
cial conditions. Basin G is in an orographic
position similar to that of the Alameda
Creek basin.

We associated Alameda Creek during
warmer and drier periods with modern hydro-
logic conditions in southern California. In the
San Francisco Bay area, there was probably an
abundance of oak relative to pine during the
last interglacial period. We based this obser-
vation on the high oak to pine pollen ratios
from Clear Lake, California, during the last
interglacial period (33). Today, Basin O con-
tains abundant oak and little pine and was
chosen to represent our basin during intergla-
cial conditions. In addition, during the last
interglacial there were greater salinities in Bay
Area estuarine deposits than there are at the
present time (39), indicating diminished run-
off and reduced freshwater inflows, just as in
Basin O today (40).

Our ability to associate a modern coastal
basin with climate conditions of the past
implies that climate zones have shifted from
north to south during the late Quaternary.
Two lines of evidence support this. First,
results from general circulation models ap-
plied to glacial and interglacial conditions
indicate that the jet stream over North
America underwent latitudinal shifts (34,
41). These shifts displaced the climate
zones from north to south along the west
coast as conditions changed in the transi-
tion from full interglacial periods to full
glacial periods. If this is the case, over time
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the proximity between the Alameda Creek
basin and the average position of the jet
stream exerted a strong control on local
paleoclimate. Second, fossil faunal and flo-
ral assemblages suggest regional north-to-
south shifts in paleoclimate. Pacific Ocean
sediments contain abundant evidence of
Pliocene and Pleistocene latitudinal migra-
tions of surface isotherms in the ocean and
lower atmosphere (42). Paleoclimatically
controlled shifts in foraminifera coiling ra-
tios from southern California indicate
north-to-south climatic migrations during
the Quaternary (43). California coastal for-
ests also experienced latitudinal migrations
during the late Quaternary (44).

Paleosediment loads. Each flow must be
associated with a sediment load. Useful
data were available from 12 of the 17
modern Coast Range basins (45). Total
sediment load includes fine sediment trans-
ported in suspension above the stream bed
and coarse bedload sediment transported on
the stream bed. In our model, the sediment
flux was constrained by the stream’s capac-
ity for transport and not by source availabil-
ity. The sediment source function (Fig. 5C)
was such that suspended load was approxi-
mately an order of magnitude greater than
bedload.

There is a decrease in the concentration
of suspended sediment for a given magni-
tude of streamflow from southern to north-
ern California coastal basins (Fig. 8). This
reflects the transition from drier to wetter
climates. In an arid climate, there is sparse
vegetation and a consequent increase in the
erosive power of flash floods. In contrast, in
wetter climates a flood carries less sediment
than it would in an arid climate, but of
course in wetter regions there are far more
floods of large magnitude that move a great-
er total volume of sediment (Fig. 5C).

Climate affects suspended sediment
availability by influencing runoff, soil mois-
ture content, surface cover, mineral weath-
ering, drainage density, and storm patterns
(46). The prevalence of landslides also
contributes to the concentration of sus-
pended sediment in streams. An increase in
the relative amount of carried detritus from
southern to northern California coastal
streams may be partially attributed to a
greater occurrence of landslides in northern
California.

Data on bedload versus discharge for
Coast Range streams are limited (45). Thus,
we were unable to distinguish the effects of
climate from those of basin size, slope, and
geology. We therefore used a source equa-
tion for total bedload that was consistent
with the limited bedload data set and that
simulated the production of enough total
gravel and sand to create coarse deposits
attributed to Alameda Creek over the past
600,000 years. In this model, changes in the
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paleohydrology controlled the total bedload.
For example, colder, wetter periods pro-
duced more frequent floods than warmer,
drier periods, with higher discharges and
velocities capable of moving more bedload
material (Fig. 5C).

Results: Comparison of
Simulation and Data

The geologic process simulator, together
with the independently estimated paleo-
flood history, was used to reconstruct the
evolution of the Alameda Creek fan. The
simulation spanned 600,000 years, from the
mid-Pleistocene uplift of the Diablo Range
to the present. Comparisons were made
between cross sections from the simulation
and cross sections constructed from the field
data. The dominant features in the simu-
lated stratigraphy were the cycles of large
wedges of gravel and sand separated by
layers of silt and clay (Fig. 3C). The coarse
layers thinned as they extended from the
head of the fan and pinched out near the
Coyote Hills.

The simulation produces a sedimentary
architecture that closely resembles the real
fan (Fig. 3). Its large-scale layering is the
signature of paleoclimate-driven fluctua-
tions in streamflows and sediment loads.
The model yields six coarse wedges corre-
sponding in depth and extent to the ob-
served fan layers, with one coarse layer for
each glacial cycle. Coarse layers correspond
to colder, wetter periods on the paleocli-
mate curve, whereas fine layers correspond
to warmer, drier periods. The top coarse
layer corresponds to the last full glacial
period, which ended 12,000 years ago,
whereas the remaining five coarse layers
correspond to earlier marked cold periods.
The irregularity of the layers reflects vari-
ability in the paleoflood statistics and asym-
metry in the transitions between climatic
extremes.

Tectonic activity along the Hayward
fault also left a distinct imprint in the
sedimentary architecture. This appears in
cross sections from field data constructed
both perpendicular and parallel to the fault
(Fig. 3, A and B), the trends of which
occur in the simulated results (Fig. 3, C and
D). Parallel to the fault (Fig. 3, B and D),
there are pancake-shaped bodies of coarse
material that are horizontally offset from
each other. At the time of deposition, the
thickest area of each pancake-shaped layer
corresponded to the location of Alameda
Creek. Since deposition, each ancestral
deposit shifted to the north as a result of
right-lateral motion along the Hayward
fault. The lower left coarse pulse corre-
sponds to the oldest cool, wet period,
whereas the upper right coarse pulse corre-
sponds to the most recent cool, wet period.




Perpendicular to the fault (Fig. 3, A and C),
offset has resulted in sequentially thicker
coarse wedges from the oldest and deepest
deposits to the youngest and shallowest depos-
its. The youngest coarse sediment horizon
extends further toward the bay than older,
deeper horizons because over time the canyon
in which Alameda Creek originates has shift-
ed to the south and into the plane of the cross
section. The lower coarse horizon was depos-
ited at the southern margin of the ancestral
fan, whereas the upper coarse horizon was
deposited closer to the modern creek.

A horizontal displacement rate of 1.0
cm per year produced the best match be-
tween simulated and observed cross sec-
tions. Although this rate was calibrated for
the early period 600,000 to 450,000 years
ago, continued use of this average value
appeared to match the spatial distribution
of the coarse-grained fan deposits up to the
present. Given the coarse model grid, we
cannot use our estimated long-term offset
rate to distinguish between seismic and
aseismic displacements. Our calibrated dis-
placement rate is at the higher end of
measured values. According to geodetic
measurements (47), the lateral displace-
ment along the fault averages 1.0 to 1.2 cm
per year. Holocene fault creep estimates are
lower, from 0.3 to 0.9 cm per year (48).

In the simulation, high stands of relative
sea level resulted in the two blue clay
layers, one near the land surface and the
other approximately 45 m below the land
surface (Fig. 3). The lower unit was depos-
ited 128,000 to 115,000 years ago, and the
upper unit formed during the past 6,000
years. These intervals correspond to the
two most recent high stands of sea level.
During these times, stream gradients were
low, thereby trapping stagnant water be-
hind the Coyote Hills. In contrast, when
relative sea level was low, discharge was
sufficient to transport fine sediment beyond
the margin of the alluvial fan and to move
coarse sediment to the west around the
Coyote Hills.

The height of ancestral San Francisco Bay
during the last high sea level stand is uncer-
tain. Globally, it is believed that sea level
during the last interglacial period (approxi-
mately 125,000 years ago) was about 6 m
above that of today (49), although estimates
for this range from 2 to 10 m (50). During
model experimentation, a simulated 6-m rise
in the bay level was necessary to develop the
continuous clay layer that extends 5 km east
of the Coyote Hills at a depth of 45 m.

Conclusions

Sedimentary process simulation coupled
with simulated paleoclimate-driven flood
events enabled us to model the evolution of
alluvial fan sediments over geologic time.

Reconstruction of the Alameda Creek fan
shows the relative importance of climate
change, tectonics, and relative sea level
change on fan formation. Simulation yields
bounds on rates of fault motion and the
history of relative sea level change. The
alluvial deposits strongly reflect late Qua-
ternary climatic trends that occurred in this
position of the northern California Coast
Ranges. Our success in matching the ob-
served three-dimensional stratigraphy in
the Alameda Creek fan with our simulated
model is evidence of a genetic link between
sedimentary architecture and paleoclimate.
We based the record of estimated paleohy-
drology on an assumed similarity between
the climate of modern basins and their
counterparts in the geologic past. The as-
sumed space-for-time analogy proved essen-
tial in reconstructing key features of the
deposits; this approach provides reasonable
constraints on paleoflood characteristics
and paleosediment loads needed for process
simulation.
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