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Transient channel incision along Bolinas Ridge, California:

Evidence for differential rock uplift adjacent to the San Andreas fault
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[1] The rates and spatial distribution of active deformation provide critical constraints on
the geodynamics of deforming lithosphere, yet such data are often difficult to acquire
in eroding landscapes where poor preservation of geomorphic or stratigraphic markers
hinders strain reconstruction. Recent advances in understanding of the relationship
between bedrock channel profile form and erosion rate have led to their use as an index of
rock uplift rate in steady state landscapes. Here we extend this analysis to landscapes
experiencing a transient increase in erosion rate using an example from the Marin County
region of northern California. We characterize channel and hillslope gradients in a
series of small watersheds along a monolithologic portion of the Franciscan terrane in
Marin County. Channel steepness indices vary strongly from north to south along the ridge
and correspond with the progressive development of relief on threshold hillslopes

along valley walls. These patterns argue that recent channel incision has engendered a
transient adjustment of hillslope gradient, as incision outpaces soil production rates. These
differences in landscape form and inferred incision rate are explained by differential
rock uplift within the region east of the San Andreas fault. Relationships between channel
gradient and incision rate suggest a threefold to fivefold difference in incision rate across the
region and place a minimum bound on differential rock uplift rates. Our study highlights
how landscape analysis can place bounds on the distribution of Earth deformation in both

space and time and thus lends insight into the processes driving that deformation.
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1. Motivation

[2] Observations of the surface velocity field can provide
important constraints on the location, geometry, and slip
rates of active faults and thus constitute a foundation for
understanding the dynamics of lithospheric deformation;
indeed, the advent of high-precision space geodesy over the
past two decades has revolutionized the study of active
mountain belts. The vertical component of surface defor-
mation, in particular, can place bounds on the geometry and
slip rate of thrust fault systems [e.g., Molnar, 1987], many
of which exhibit blind fault tips that terminate beneath the
surface [e.g., Stein and King, 1984]. Precise geodetic
determination of vertical surface displacements, however,
remains a challenging and time-consuming effort, requir-
ing either continuous GPS measurements or traditional
leveling surveys [e.g., Jackson et al., 1992]. Moreover,
such measurements typically only capture interseismic
strain accumulation; long-term rates and patterns remain
to be inferred from finite deformation recorded in geologic
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structures [Shaw and Suppe, 1996] or geomorphic markers
[Lavé and Avouac, 2000].

[3] In the absence of such geologic markers, however,
one approach to reconstructing relative differences in the
vertical rock velocity field has emerged from the field of
tectonic geomorphology. In principle, landscape topography
reflects a competition between rock uplift and the rates of
erosion [Howard et al., 1994; Tucker and Slingerland,
1994], and the sensitivity of geomorphic transport processes
to local topographic gradients [see Dietrich et al., 2003] has
led to the suggestion that landscape relief in tectonically
active regions reflects, to first-order, the rates and patterns
of rock uplift [Whipple et al., 1999]. Although a number of
studies have focused on broad correlations between erosion
rate and topographic relief measured over subwatershed
scales (often termed “local relief” [see Hurtrez et al.,
1999; Montgomery and Brandon, 2002]), this measure
convolves processes operating in the channel network and
on hillslopes. Hillslope gradients approach threshold values
as erosion rates begin to outpace the rate of soil production
[Burbank et al., 1996] and mass failure by landsliding limits
hillslope relief [Schmidt and Montgomery, 1995]. Conse-
quently, the utility of hillslope gradients as a metric for
erosion rate is restricted to low erosion rate settings. In
contrast, the sensitivity the channel network to erosion rate
suggests that important information about the rates and
patterns of tectonic forcing are present in channel longitu-
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dinal profiles [e.g., Kirby and Whipple, 2001]. A number of
studies provide a theoretical framework for the manner in
which channels respond to variations in rock uplift rate
[Howard et al., 1994; Tucker, 2004; Whipple and Tucker,
1999, 2002]; still others present an empirical confirmation
of a correlation between channel profile form and erosion
rate in field sites where the rates and pattern of tectonic
forcing are independently known [Duvall et al., 2004; Kirby
and Whipple, 2001; Lague and Davy, 2003; Snyder et al.,
2000]. Together, these studies suggest that bedrock channel
profiles provide a powerful means of exploring spatial
patterns of differential rock uplift across a landscape [Kirby
et al., 2003; Wobus et al., 2003]. Most of these studies were
conducted under conditions of steady state erosion, where
landscape form is known (or assumed) to be adjusted so that
erosion rates everywhere balance rock uplift.

[4] In many landscapes of interest, where deformation
rates are not known a priori, this condition is not likely to be
met, and thus, if we are to continue to develop our ability to
quantitatively extract signals of deformation from landscape
topography, we must contend with the transient response
of erosional landscapes. Simple models of detachment-
limited bedrock channels predict relatively rapid adjustment
of local channel gradient to changes in rock uplift rate
[Niemann et al., 2001; Whipple, 2001], while the diffusive
response of slope-dependent soil transport processes leads
to longer periods of transient adjustment [e.g., Fernandes
and Dietrich, 1997; Roering et al., 2001]. Moreover, the
potential for feedbacks between hillslope sediment flux and
channel incision [Sklar and Dietrich, 1998; Whipple and
Tucker, 2002] and variable lithologic resistance to erosion
[e.g., Anderson et al., 2006] may lead to landscape response
times that are sufficiently long such that long-term varia-
tions in deformation rate (~10°—10° yr) associated with the
temporal evolution of fault networks [e.g., Cowie and
Roberts, 2001] may impart morphologically distinct, tran-
sient signals to the landscape. In such situations, analysis of
landscape topography can help inform tectonic models by
providing information on the distribution of deformation in
both space and time.

[5] In this contribution, we present an example of such an
effort in the coast ranges of Marin County, California
(Figure 1). High topography in some portions of the Coast
Ranges is associated with active shortening, across restrain-
ing bends of the San Andreas [Anderson, 1990], or above
thrust systems linking right-lateral strike-slip faults in the
East Bay [e.g., Lettis and Unruh, 2000]. North of San
Francisco Bay, however, no active faults are recognized
between the San Andreas and the Rogers Creek—Hayward
fault system [Working Group on California Earthquake
Probabilities, 2003], yet the topographic massif of Mount
Tamalpais rises to nearly 800 m elevation. Although litho-
logic heterogeneity within the Franciscan terrane clearly
influences the distribution of topography throughout the
region [Blake et al., 2000], whether or not the region is
undergoing active deformation remains uncertain. To a large
degree, the chaotic nature of the bedrock geology precludes
traditional efforts to recognize potentially active structures
via deformed stratigraphic markers. Here we utilize recent
advances in our understanding of the relationship between
river longitudinal profiles and rock uplift rates [ Wobus et al.,
2006b] to test the hypothesis that active, differential rock
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uplift is, in part, responsible for the high topography in
Marin County. Our analysis focuses on the spatial distribu-
tion of hillslope and channel gradients across a monolitho-
logic region of the Franciscan terrane, along Bolinas Ridge,
adjacent to the San Andreas fault.

2. Background
2.1. Topographic Evolution of the Coast Ranges

[6] Stratigraphic relationships along the western margin
of the Central Valley indicate that the central and northern
Coast Ranges of California first emerged as a topographic
feature in Late Miocene—Early Pliocene time [Jones et al.,
2004; Page et al., 1998]. Prior to the Late Miocene, the San
Joaquin valley was open to marine circulation [Bartow,
1991]; preservation of a Late Neogene shoreline in the
eastern Diablo Range [Graham et al., 1984] and a subse-
quent shift to local sediment sources suggest emergence of
this range sometime around ~5 Ma (see discussion by
Jones et al. [2004]). Although previously interpreted to
reflect a increase in the plate convergence at this time [Page
et al., 1998], recent determinations of the relative motions
of the Pacific and North American plates suggest relatively
constant plate motion since at least ~8 Ma [Atwater and
Stock, 1998], consistent with the present-day velocity field
[Argus and Gordon, 2001]. Thus, although topography in
the vicinity of the Cape Mendicino appears to be a conse-
quence of deformation associated with northward migration
of the triple junction [Furlong et al., 2003], the cause of
topographic growth of the central Coast Ranges remains
somewhat enigmatic, and may be related to changing
lithospheric buoyancy beneath the Sierra Nevada [Jones et
al., 2004].

[7] Regardless of the ultimate driving forces for topo-
graphic growth in the Coast Ranges, present-day topogra-
phy locally reflects subsequent modification by plate
boundary deformation associated with the San Andreas
and associated fault systems. Convergence associated with
a slight restraining bend in the San Andreas fault system has
led to crustal thickening and growth of the Santa Cruz
Mountains [Anderson, 1990; Rosenbloom and Anderson,
1994]. This system appears to have developed as a conse-
quence of progressive linkage and slip transfer as the proto-
San Andreas in central California took over from the San
Gregorio—Hosgri fault system as the primary structure
accommodating transcurrent shear [Furlong and Schwartz,
2004]. In an analogous setting, recent work in the East Bay
region [Lettis and Unruh, 2000] suggests that shortening
associated with slip transfer across restraining steps in East
Bay fault systems may be accommodated on blind fault
systems responsible for relative topographic highs at the
fault terminations (e.g., East Bay Hills, Mount Diablo).

[8] North of San Francisco, the topography of the Coast
Ranges in Marin County is subdued relative to the ranges
north and south (Figure 1). In general, mean elevations
climb gently toward the south, reaching a maximum at
Mount Tamalpais, immediately north of the Marin Head-
lands (Figure 1). Marin County is underlain by the Fran-
ciscan complex, a complicated mix of rock types ranging
from mélange and serpentinite to lithic-rich wackes [Blake
et al., 2000]. The consequent variations in rock strength
across the region appear to influence landscape form; there
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(a) Location map of the study area showing topography, physiographic features, and major

active faults in the San Francisco Bay region. Abbreviations are as follows: C, Calaveras fault; GV, Green
Valley fault; G, Greenville fault; H, Hayward fault; MDT, Mount Diablo thrust; RG, Rogers Creek fault;
SA, San Andreas fault; SG, San Gregorio fault. (b) Swath profile of topography (a-a’) showing broad
increase in topographic relief from northwest to southeast in Marin County. Maximum (solid line),
minimum (shaded line), and mean (dashed line) elevations extracted from a 20 km wide swath (location
is shown as dashed box in Figure 1a). Data source is USGS National Elevation Dataset.

is a strong correspondence between mapped lithologies and
topographic highs throughout the Marin County region
[Blake et al., 2000]. This interpretation has typically
extended to the massif of Mount Tamalpais (Figure 2).
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Interestingly, however, the massif itself is underlain by the
same rock type as the northern part of the Marin Peninsula
(Figure 2), and the abrupt difference in relief across the
southern flank of Mount Tamalpais (Figure 1b) is not













































