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ABSTRACT

Topography is expected to record tectonic, 
climatic, and rock strength controls on long-
term denudation rates in active margins. 
We test this hypothesis in the Sierra San 
Pedro Mártir, Mexico—the footwall of the 
normal-faulted, western margin of the Gulf 
of California rift system—by relating topo-
graphic metrics with 10Be-derived catchment- 
averaged denudation rates. Denudation rates 
and topographic metrics record along-strike 
gradients in rock uplift relative to base level 
that increase asymmetrically from fault tips 
to maxima within the northern half of the 
range. Surface uplift of an Eocene erosional 
surface and slope-break knickpoints found at 
increasingly higher elevations in the northern 
segments of the Sierra San Pedro Mártir fault 
system suggest that range asymmetry is due 
to a recent northward acceleration in the rate 
of rock uplift relative to base level. By char-
acterizing the relationship between channel 
steepness and cosmogenic denudation rates, 
we extrapolate millennial-scale denudation 
rates to million-year time scales and estimate 
ages for the transient increase in rock uplift 
rates and the initial onset of normal fault-
ing. We infer that the Sierra San Pedro Már-
tir fault system initiated during the middle 
Miocene (ca. 16–14 Ma) in the center of the 
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range and ca.  12–8  Ma near the fault tips. 
Recent increases in rock uplift rates during 
the late Pliocene (ca. 3–2 Ma) coincide with 
lithospheric rupture in the Delfin basins to the 
east and represent a westward migration of 
strain from hanging-wall detachments to the 
Sierra San Pedro Mártir fault system. Age 
estimates are consistent with independent 
geologic constraints and show that pairing 
of carefully selected cosmogenic denudation 
rates with topographic analysis can be used to 
extract tectonic signals from topography over 
million-year time scales.

1. INTRODUCTION

1.1 Motivation and Scope

The Sierra San Pedro Mártir is a prominent 
section of the Main Gulf Escarpment in Baja 
California. The Sierra San Pedro Mártir fault 
system is a steep, large-displacement (break-
away) fault that defines the margin of the rel-
atively unextended rift flank of the Baja Cali-
fornia microplate to the west from extension 
associated with Gulf of California rifting to the 
east. Despite its regional importance, the tec-
tonic and topographic history of the Sierra San 
Pedro Mártir remains poorly constrained. In this 
study, we demonstrate that the uplift history 
of the normal fault–bounded Sierra San Pedro 
Mártir is recorded in modern topography and 
millennial-scale denudation rates. The tectonic 
forcing of a normal fault block is expected to 

exhibit a relatively simple along-strike pat-
tern, with maximum rock uplift and maximum 
subsidence rates in the central portions of the 
range and total displacement proportional to 
fault length (Cowie and Scholz, 1992; Dawers 
et al., 1993). A similar pattern is also expected 
in mature, multisegment fault systems once 
individual faults are linked to a through-going 
structure (Dawers and Anders, 1995). To evalu-
ate this expectation in the Sierra San Pedro Már-
tir, we used digital elevation model analysis to 
document systematic along-strike variations in 
(1) topographic metrics that characterize local 
relief and (2) a suite of slope-break knickpoints. 
Furthermore, we show that functional relation-
ships between morphometric data and cosmo-
genic radionuclide–derived denudation rates 
(CRN

DR
) can be used to assess the timing and 

spatial pattern of normal faulting in the Sierra 
San Pedro Mártir.

1.2 Approach and Rationale

Topography records the time-integrated his-
tory of vertical motions of the crust and the 
erosional and depositional responses to tectonic 
and climatic forcing (Anderson and Anderson, 
2010). Over the last 15 years, substantial prog-
ress has been made in extracting quantitative 
information about the history of rock uplift rela-
tive to base level from topography (e.g., Wobus 
et al., 2006; Kirby and Whipple, 2012; Whit-
taker, 2012). In landscapes where mean climate 
and rock uplift rates relative to base level are 
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steady, geomorphic properties such as channel 
longitudinal profiles, hillslope gradients, and 
local relief (measured over 1–2.5  km length 
scales) evolve toward an equilibrium condition 
in which denudation rates balance rock uplift 
rates over the long term (Hack, 1975; Willett 
and Brandon, 2002). Figure  1 is a cartoon il-
lustrating how these principles can be applied 
to high-angle, normal-fault settings. In the 
hanging wall, base level is set by the balance 
between subsidence and deposition, which are 
in turn driven by slip on the fault and the load 
imparted by overlying sediment and water. In 
the footwall, the morphology of the actively de-
nuding escarpment will evolve toward a balance 
between denudation rates and rock uplift rates 
relative to base level. If there is little preexisting 
topography when footwall uplift initiated, then 
surface uplift of the stable erosional surface can 
be used as a structural datum across the fault to 
infer total rock uplift relative to base level of the 
footwall since the onset of faulting (for an early 
example of this approach in a compressional 
setting, see Spotila et al., 1998).

Growing numbers of studies are showing that 
spatial patterns in rock uplift relative to base 
level are well correlated with spatial patterns in 
topographic metrics for a given lithology and 
climate (e.g., Snyder et al., 2000; Kirby and 
Whipple, 2001; Lague and Davy, 2003; Wobus 
et al., 2003, 2006; Duvall et al., 2004; Harkins 
et al., 2007; Cyr and Granger, 2008; Whittaker 
et al., 2008; Olivetti et al., 2012; Ouimet et al., 
2009; Cyr et al., 2010; DiBiase et al., 2010; 
Whittaker, 2012; Godard et al., 2014; Scherler 
et al., 2014). Furthermore, sustained increases 
in rock uplift rate relative to base level can be 
recorded in the topography as a series of slope-
break knickpoints in channel profiles, along 
with associated increases in hillslope gradients 
and local relief (e.g., Schoenbohm et al., 2004; 
Clark et al., 2005; Dorsey and Roering, 2006; 
Wobus et al., 2006; Harkins et al., 2007; Kirby 
et al., 2007; Miller et al., 2012, 2013; Schild-
gen et al., 2012; Whittaker and Boulton, 2012; 
Ellis et al., 2015). Kirby and Whipple (2012) 
reviewed recent studies that document the tran-

sient response of landscape form to increases 
in rock uplift rate relative to base level and how 
to best extract this information from the topog-
raphy. A universal hallmark of the transient 
response is that longitudinal river profiles con-
tain slope-break knickpoints that are observed 
as a persistent break in the scaling relationship 
between drainage area and channel slope (e.g., 
Wobus et al., 2006; Kirby and Whipple, 2012). 
A subset of these prior studies showed  how the 
magnitude and timing of changes in rock uplift 
rates relative to base level can be quantified us-
ing the spatial pattern of denudation rates, pro-
vided that they are representative of long-term 
rates of rock uplift relative to base level (see 
discussion in Kirby and Whipple, 2012).

The widespread use of concentrations of 
cosmogenic radionuclides (CRN) like 10Be in 
alluvial sediments to determine catchment-
averaged denudation rates over 102–105  yr, or 
“millennial,” time scales (Bierman and Steig, 
1996; Granger et al., 1996) has expanded our 
knowledge of late Quaternary denudation rates 
around the world and our ability to test geo-
morphic hypotheses (von Blanckenburg, 2005; 
Portenga and Bierman, 2011; Willenbring et al., 
2013). For instance, recent studies have found 
a positive correlation between catchment-aver-
aged hillslope gradient (S

avg
) and CRN–derived 

denudation rates (CRN
DR

) up to a threshold of 
S

avg
 ~32°–37°, above which S

avg
 becomes invari-

ant with changes in CRN
DR

 (e.g., Binnie et al., 
2007; Ouimet et al., 2009; DiBiase et al., 2010; 
Godard et al., 2014; Scherler et al., 2014). This 
is consistent with the long-recognized depen-
dence of colluvial erosion on hillslope angle and 
relief (Ahnert, 1970; Gilbert and Dutton, 1880) 
until a threshold slope is reached, and then hill-
slopes respond to further base-level lowering 
via increased landslide frequency (e.g., Strahler, 
1950; Penck, 1953; Schmidt and Montgomery, 
1995; Burbank et al., 1996; Hovius et al., 1997; 
Montgomery and Brandon, 2002; Larsen and 
Montgomery, 2012). Deep-seated landslides 
also lead to large spatial and temporal variabil-
ity in stream sediment CRN concentrations due 
to the stochastic delivery of CRN-poor material 

into the catchment network (Niemi et al., 2005; 
Yanites et al., 2009), particularly where stream 
sediments have comparably high “background” 
CRN concentrations (Quigley et al., 2007). Al-
though the possibility has been proposed that 
CRN concentrations can become “decoupled” 
from rock uplift rates due to geomorphic in-
heritance and stochastic sediment delivery to 
the channels (Densmore et al., 2009) for some 
normal-fault footwall mountains in the Basin 
and Range Province, United States, most stud-
ies have found consistent relationships among 
catchment morphology, CRN

DR
, and longer-

term exhumation rates (Safran et al., 2005; Bin-
nie et al., 2007; Harkins et al., 2007; Cyr and 
Granger, 2008; Ouimet et al., 2009; Cyr et al., 
2010; DiBiase et al., 2010; Olivetti et al., 2012; 
Miller et al., 2013). Nevertheless, how faith-
fully, and under what conditions, CRN

DR
 can be 

used to infer exhumation rates over 106–107 yr, 
or “million-year,” time scales remains an impor-
tant, open question. We test whether millennial-
scale CRN

DR
 erosion rate estimates can be ex-

trapolated to the million-year time scale in the 
Sierra San Pedro Mártir by comparing predic-
tions for the timing of the onset of normal fault 
slip based on CRN

DR
 estimates with independent 

geologic constraints.

2. GEOLOGIC SETTING

2.1 Tectonic Setting

The Sierra San Pedro Mártir is part of the 
Peninsular Ranges of southern and Baja Cali-
fornia (Fig.  2A). It is located in the footwall 
of an east-dipping, tectonically active normal 
fault system that forms the western limit of the 
Gulf of California rift, which is often referred 
to as the Main Gulf Escarpment (Axen, 1995). 
The Sierra San Pedro Mártir represents the up-
lifted rift shoulder and contains the highest to-
pography and relief on the Baja California Pen-
insula, with local elevations exceeding 3000 m 
and range relief (summit to base level) rang-
ing from ~500 to 2500 m. The uplifted range 
front of the Sierra San Pedro Mártir  consists of 
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Figure 1. Cartoon illustrating the major vertical fluxes in a simplified cross 
section of a tilted footwall (4°) offset by a high-angle normal fault (60°) with 
2.5× vertical exaggeration. In the footwall, the relief structure of the active 
escarpment reflects the balance between denudation rates and rock uplift 
rates relative to base level. If background denudation rates are low with 
respect to the tectonic forcing, surface uplift of the erosional surface can 
serve as a structural datum to estimate mean rock uplift rates. Footwall 
uplift only accounts for a fraction of the total displacement, with the other 
fraction accommodated by subsidence of the hanging wall (cartoon shows 
50-50 balance between uplift and subsidence). Local base level is controlled 
by the balance between subsidence rates and deposition rates.
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Figure 2. (A) Regional tectonic setting, (B) local geologic 
setting, and (C) site map. In A, the two major normal-fault 
systems that define the Main Gulf Escarpment in northern 
Baja California (bold labels, bold red lines), major trans-
verse faults (italic labels, bold red lines), and spreading cen-
ters (italic labels, pink polygons) are shown (modified from 
Gastil et al., 1975; Fenby and Gastil, 1991; Lee et al., 1996; 
Axen and Fletcher, 1998; Seiler, 2009). Locations of B and 
C are also shown. In B, major lithologic units are shown 
(modified from Gastelum et al., 2000; Gastil et al., 1975; 
Schmidt et al., 2009; Seiler, 2009) with high-angle normal 
faults distinguished from rotated detachment faults of the 
Sierra San Felipe. In C, topographic metrics and sample locations are shown (with descriptions in legend and main text). Samples were 
collected at the outlets of beige catchments. Other catchments >4 km2 used in topographic analysis are outlined in black. The white ref-
erence line shows along-strike distances used in Figures 3, 5, and 8 along with labeled fault segments. The black arrow shows external 
drainage of Valle San Felipe–Valle Chico. MX—Mexico, AZ—Arizona; AFT—apatite fission track; SSPM—Sierra San Pedro Mártir.
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Cretaceous granodiorite and tonalite batholith-
scale plutons that intrude Paleozoic to Meso-
zoic metasedimentary and metavolcanic rocks 
(Fig. 2B; Silver et al., 1969; Gastil et al., 1975; 
Ortega-Rivera, 2003). In the hanging wall of 
the Sierra San Pedro Mártir fault, the Valle 
San Felipe and Valle Chico are synextensional 
basins that have been infilled with locally de-
rived, late Neogene sediment (Fig.  2B). Fur-
ther east, the Sierra San Felipe is a series of 
extended bedrock blocks formerly congruous 
with the Sierra San Pedro Mártir that have been 
systematically rotated about horizontal and 
vertical axes in the hanging wall of the Sierra 
San Pedro Mártir fault system, suggesting a lis-
tric geometry (Stock and Hodges, 1990; Seiler 
et al., 2010). The Sierra San Pedro Mártir fault 
system itself is interpreted to be the structur-
ally lowest, breakaway strand of an ESE- 
directed midcrustal detachment system that 
has accommodated more than 200 km of tec-
tonic transport since the middle–late Miocene, 
extending across the Gulf of California from 
the Sierra San Felipe to Isla Tiburon, near the 
Sonoran margin (Martín-Barajas et al., 2013). 
The continuity of this detachment system is 
broken only in the Delfin basins (Upper and 
Lower Delfin basins), where ~35  km of new 
crust have been emplaced since lithospheric 
rupture at ca.  1–2  Ma (Martín-Barajas et al., 
2013). As such, the topographic and structural 
evolution of the Sierra San Pedro Mártir fault 

system is integrally tied to the history of rifting 
in the Gulf Extensional Province as a whole.

2.2 San Pedro Mártir Fault

The NNW-striking Sierra San Pedro Mártir 
fault system consists of four main arcuate seg-
ments that have east-facing concave geometries, 
and their lateral boundaries are defined by 
prominent cusps in the mountain front (Fig. 2C). 
For ease of reference, these segments are num-
bered consecutively from south to north (I–IV). 
The entire fault system extends ~100 km along 
strike, and the length of arcuate segments is 27, 
26, 10, and 35 km, respectively, from south to 
north (Fig. 2C). Segments are subparallel with 
the overall strike of the range (~325°), with seg-
ment III defining a prominent bulge in the Sierra 
San Pedro Mártir mountain front. Picacho del 
Diablo (3096 m), the highest peak in Baja Cali-
fornia, is located east of the Sierra San Pedro 
Mártir range crest in the footwall of fault seg-
ment III (Fig.  2C). The spatial coincidence of 
the highest footwall elevation with the shortest 
fault segment and the absence of abrupt eleva-
tion changes at fault segment boundaries imply 
that the modern footwall topography is not con-
trolled by individual fault segments.

The Sierra San Pedro Mártir fault system 
is characterized by normal faults that crosscut 
Quaternary gravels, offset stream channels, 
have steep scarps up to 25 m high, and are lo-

cally associated with well-preserved coseismic 
landforms such as fissures and free faces, indi-
cating that multiple large earthquakes have oc-
curred along the Sierra San Pedro Mártir fault 
system during the Holocene (Brown, 1978). 
Finite slip across the Sierra San Pedro Mártir 
fault system is best characterized by the offset 
of a regional, stable erosional surface (Figs. 2C 
and 3A). The erosional surface is interpreted to 
be Eocene in age and formed due to the slow 
beveling of the Cretaceous batholith by river 
systems sourced from mainland Mexico farther 
east (Gastil, 1961; Axen et al., 2000). Today, 
this surface forms a broad, low-relief platform 
that gently dips (2°–5°) toward the Pacific 
Ocean and defines the crest of the Main Gulf 
Escarpment in most places (see Fig. 2C). Else-
where, small portions of this surface drain to the 
east across the escarpment itself (e.g., Fig. 3B). 
Within the Gulf Extensional Province, the same 
erosional surface is found underlying younger 
volcanic and sedimentary sequences that cap 
the tilted fault blocks of the Sierra San Felipe 
(Seiler et al., 2010). In the Sierra San Pedro 
Mártir, the erosional surface is not buried, and 
its eastern edge is clearly defined by a distinct 
slope break observed in the 30 m digital eleva-
tion model. The surface is truncated by rugged 
topography that reflects the higher denudation 
rates along the Sierra San Pedro Mártir escarp-
ment (Fig.  2C). We used extracted elevations 
along this feature as the basis for calculations of 
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Figure 3. (A) Along-strike elevations of the eastern edge of the Eocene erosional surface, catchment outlets, and prominent slope-break 
knickpoints, with (B) a corresponding along-profile elevation for the main channel of one catchment. In A, all elevations are projected to the 
reference line shown in Figure 2C. Fault segments are indicated by dashed vertical lines. In B, the longitudinal profile of MQ-19 illustrates 
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river profiles are graded to higher, modern rock uplift rates, while upstream reaches are interpreted to be graded to slower rock uplift rates 
associated with early rifting.
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accumulated footwall uplift relative to modern 
base level since the onset of extension (Fig. 1). 
Footwall uplift only accommodates part of the 
slip along a normal fault, and the total slip bud-
get requires inclusion of hanging-wall subsid-
ence (Fig. 1). As in other strands of this mid-
crustal detachment system (Seiler et al., 2011), 
maximum subsidence along the Sierra San Pe-
dro Mártir fault system does not coincide with 
maximum footwall uplift. As such, we made 
no attempt to reconcile along-strike variations 
in slip partitioning between the hanging wall 
and the footwall, and instead we focused ex-
clusively on footwall development relative to 
the valley floor (Fig. 1). Synthesis of rates and 
patterns of footwall development with subsid-
ence and sedimentation patterns is an important 
future research direction.

2.3 Onset of Normal Faulting

The age of initiation along the Sierra San Pe-
dro Mártir fault system is not well constrained. 
Apatite fission-track ages from the base of the 
Sierra San Pedro Mártir escarpment are Eo-
cene in age (Gleadow et al., 2003; Schmidt et 
al., 2009; sample shown in Fig.  2B) and thus 
predate the ca. 15–9 Ma establishment of plate-
boundary shear at this latitude as constrained by 
global plate reconstructions (Atwater and Stock, 
1998). West-tilted middle Miocene volcanic 
rocks in the hanging wall are unconformably 
overlain by less-tilted Pliocene conglomerates, 
suggesting that the onset of extension to the east 
of the Sierra San Pedro Mártir was post–middle 
Miocene to pre–early Pliocene (Seiler, 2009). In 
the southern part of the Sierra San Pedro Mártir 
fault system, stratigraphic relationships suggest 
that slip on this part of the fault initiated after 
eruption of the ca. 12.6 Ma Tuff of San Felipe 
but before deposition of ca. 6 Ma tuffs (Stock 
and Hodges, 1989). Near the northern tip of the 
Sierra San Pedro Mártir fault system, O’Connor 
and Chase (1989) suggested an age of onset be-
tween 2.25 and 5 Ma based on inferred tectonic 
linkage and consistent slip rates with the Agua 
Blanca fault. The mechanism of inferred linkage 
is unclear because the Agua Blanca fault does 
not reach the Main Gulf Escarpment itself.

3. TECTONIC GEOMORPHOLOGY

3.1 Mean Catchment Hillslope Gradient

Both hillslope and river morphologies en-
code the tectonics, climate, and lithology of the 
local setting. However, in high-relief settings, 
hillslope gradients are limited by rock material 
strength and are thought to adjust to tectoni-
cally driven increases in denudation rates pri-

marily by increasing the frequency of landslid-
ing (Schmidt and Montgomery, 1995; Burbank 
et al., 1996; Hovius et al., 1998; Montgomery 
and Brandon, 2002; Larsen and Montgom-
ery, 2012). For 30-m topographic data like 
that used here (see following), thresholds in 
 catchment-averaged slope for landscapes made 
up of granitic and metamorphic rocks are be-
tween 32° and 37° (e.g., Binnie et al., 2007; 
Ouimet et al., 2009; DiBiase et al., 2010; Go-
dard et al., 2014; Scherler et al., 2014). To ac-
count for this, Roering et al. (1999) proposed 
a local, nonlinear soil transport model that in-
cludes slope thresholds:

 
q

s
 =

–K
h
S

1–(S/S
c
)2

, (1)

where q
s
 is the sediment flux per unit width  

(m2/yr), K
h
 is a hillslope transport coefficient 

(m2/yr) set by the efficiency of soil transport 
processes, S is local slope, and S

c
 is a critical 

slope threshold related to the material strength 
of the substrate. For uniform denudation rates 
at topographic equilibrium, mean slope (S

avg
) 

can be calculated from this relationship by in-
tegrating the local slope values over the mean 
hillslope length (Roering et al., 2007). Theory-
derived predictions of S

avg
 can then be directly 

compared to observed catchment-averaged val-
ues from digital topography.

3.2. Normalized Channel Steepness Index

Several studies have articulated the theory 
and empirical evidence behind using river lon-
gitudinal profiles to infer spatially variable rock 
uplift rates (for review, see Kirby and Whipple, 
2012). As such, we only briefly outline the ra-
tionale here. Longitudinal river profiles are 
commonly well described by Flint’s law, relat-
ing local slope (S) along a channel profile to 
its contributing drainage area (A) (Hack, 1957; 
Flint, 1974):

 S = k
s
A–θ, (2)

where k
s
 is the channel steepness index, and θ 

is the concavity index. In this empirical rela-
tionship, drainage area above any point along 
a river is an easily measured proxy for down-
stream increases in discharge and sediment 
flux. Concavity indices typically fall within a 
relatively narrow range of values (~0.4–0.6) for 
channels that are near topographic equilibrium 
and are responding to uniform rock uplift rate, 
uniform rock strength, and spatially uniform 
runoff (Tucker and Whipple, 2002).  Conse-
quently, variations in channel steepness can be 

directly related to differences in rock uplift rate, 
rock strength, and/or climate. We adopted the 
method of Wobus et al. (2006) in choosing a ref-
erence concavity (θ

ref
) to calculate a normalized 

channel steepness index (k
sn

). Using normalized 
channel steepness allows for fair comparison 
across catchments within a given setting, clear 
identification of slope-break knickpoints, and 
direct comparison to analyses done in other geo-
graphic settings.

Whether drawing from the stream-power 
family of fluvial incision models (e.g., Lague 
et al., 2005) or sediment-flux–dependent ones 
(e.g., Sklar and Dietrich, 2004), the relationship 
between k

sn
 and rock uplift rate (U) is well de-

scribed by a power-law relation at steady state 
(Gasparini and Brandon, 2011). If θ is invari-
ant with U, as documented in many landscapes 
(e.g., Kirby and Whipple, 2012), then channel 
steepness can be directly related to rock uplift 
rates such that

 k
sn

 = aUΦ, (3)

where a is a prefactor that includes coefficients 
of erosional efficiency partially set by climate 
and lithology, and Φ is a power-law exponent 
that is affected by the nonlinearity of the inci-
sion rule (Whipple and Tucker, 1999) and/or the 
interaction of erosion thresholds with the dis-
charge variability (DiBiase and Whipple, 2011; 
Lague et al., 2005).

In such models, transient slope-break knick-
points caused by changes in the rate of rock up-
lift relative to base level will propagate through 
the channel network as a kinematic wave (e.g., 
Rosenbloom and Anderson, 1994; Whipple 
and Tucker, 1999; Crosby and Whipple, 2006; 
Berlin and Anderson, 2007; Ellis et al., 2015). 
Knickpoints will propagate through the river 
network at a constant vertical velocity that is de-
pendent on the modern rock uplift rate when θ is 
invariant with U (Niemann et al., 2001). When 
the incision rule is linear (e.g., Φ = 1), this verti-
cal velocity simplifies to

 
= U

modern

∆z

∆t
, (4)

where Dz is the vertical difference between the 
knickpoint elevation and base level, Dt is the 
time since the rock uplift rate has changed, and 
U

modern
 is the modern rock uplift rate. Equation 

4 can be rearranged to solve for Dt and used to 
determine the age of the change in rock uplift 
rate. Possible causes for a change in rock up-
lift rates include the initiation of normal fault-
ing (i.e., where Dz is the difference between a 
knickpoint defining the edge of the Eocene ero-
sional surface and base level) and the age of an 
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increase in rock uplift rates (or base-level drop) 
that generated slope-break knickpoints (i.e., 
where Dz is the difference between the modern 
knickpoint elevation and base level). Under this 
view, channel reaches upstream of knickpoints 
are equilibrated to old uplift rates, while reaches 
downstream are equilibrated to modern ones 
(see Fig. 3B for an example).

Equation 4 states that the vertical knickpoint 
velocity depends only on new (modern) rock 
uplift rates. In contrast, surface uplift of the long 
profile above the knickpoint is set by the dif-
ference between new and old rock uplift rates. 
Figure 4 graphically illustrates this phenomenon 
using (simplified) constant-gradient long chan-
nel profiles. The arrows in Figure 4 are scaled to 
an old (initial) rock uplift rate and a new (mod-
ern) rock uplift rate. The solid line labeled S

t0
 

(i.e., channel surface at time, t0) represents a 
lower steady-state channel gradient for the old 
rock uplift rate (1×), and the bold, solid line 
labeled S

t4
 (i.e., channel profile after four time 

steps) represents a higher steady-state channel 
gradient for the new rock uplift rate (2×). At 
each time step in Figure 4, the old channel pro-
file is uplifted and eroded according to the new 
and old uplift rates, respectively. This occurs 
until passage of the knickpoint, below which the 
channel has adjusted to the higher steady-state 
gradient for the new rock uplift rate (Fig.  4). 
Vertical knickpoint velocity equals the new rock 
uplift rate, and knickpoint elevation records the 
accumulated uplift that has occurred at this new 
rate. This result holds for any combination of 
old uplift rate, new uplift rate, and initial steady-
state channel gradient. The knickpoint elevation 
increases faster than surface uplift of the old 
channel profile because the surface is uplifting 
at the same time that knickpoint position is lat-
erally migrating upstream. The analysis of Nie-

mann et al. (2001) demonstrated that the same 
results hold for concave river profiles where 
steady-state channel geometries are described 
by channel steepness instead of a constant chan-
nel gradient.

4. METHODS

4.1 Topographic Analysis

For each catchment along the Sierra San Pe-
dro Mártir fault system, we calculated a number 
of morphometric parameters in ArcGISTM us-
ing a digital elevation model (DEM) acquired 
through the Shuttle Radar Topography Mission 
(SRTM; Farr et al., 2007). Calculated param-
eters include drainage area, elevations at the 
edge of the Eocene erosional surface that define 
the top of the Sierra San Pedro Mártir escarp-
ment, outlet elevation, slope-break knickpoint 
elevations (if present), total catchment relief, 
catchment-averaged hillslope gradient (S

avg
), 

catchment-averaged local relief measured over 
a 2.5-km-radius window, catchment-averaged 
normalized channel steepness index (k

sn
), and 

a best-fit overall channel concavity (θ). All 
calculations except 2.5  km local relief were 
determined from the raw 1 arcsecond (~30 m) 
SRTM data set hosted at the Jet Propulsion 
Laboratory. Holes in the raw data were filled 
using nearest neighbor interpolation in order 
to generate flow accumulation grids, but they 
are not included in the catchment-averaged 
statistics reported in Table  1 and supplemen-
tary tables found in the Data Repository.1 Local 
relief measured over a 2.5 km radius was cal-
culated from the globally available, 3 arcsec-
ond (~90  m) finished DEM derived from the 
SRTM data (v4), processed and hosted at Con-
sultative Group on International Agricultural 

KPt4

Old uplift 
rate

New uplift rate 
(e.g., 2x) 

KPt2

KPt1

KPt3

Uplift

Erosion

Surface 
Uplift

Knickpoint velocity = 

Surface velocity =  - 

Distance from Outlet

E
le

va
tio

n

St0

St1

St2

St3

St4

Ut1

Ut2

Ut3

Ut4

Figure 4. Schematic plot of channel long profile evolution responding 
to a change in rock uplift rates. U marks rock uplift, S marks surface 
elevation, and KP marks knickpoint elevations for constant time-step 
intervals (subscripts; t1–t4 where t0 is the initial condition). At t0, 
the constant gradient profile is adjusted to old rock uplift rates and 
thus erosion rates equal old rock uplift rates (light gray arrows). For 
a doubling of rock uplift rates (medium gray arrows), the steady state 
profile is also doubled in this simplified geometry (bold, solid line at 
St4). At each time step in between, surface uplift (black arrows) of the 
channel profile above the knickpoint is the rock uplift minus erosion. 
Downstream of the knickpoint, surface uplift is equal to zero (projec-
tions of the paleo-channel profile are shown as long, dashed lines). 
This figure geometrically illustrates how knickpoint velocity is only 
a function of the new rock uplift rate (short, dashed lines added for 
clarity to show that U and KP elevations are the same for a given time 
step) while surface uplift velocity of the initial channel profile is the 
difference between new rock uplift rates and old ones. 

1GSA Data Repository item 2016296, pro-
vides tables summarizing the topographic analy-
ses used to construct Figure  8 (DR1) and to 
determine the difference between predictions us-
ing one-stage versus two-stage models of fault 
initiation (DR2), is available at http://www 
.geosociety.org/pubs/ft2016.htm or by request to edit-
ing@geosociety.org.

 Research (CGIAR; http://www.cgiar-csi.org/). 
For catchment- averaged metrics, any portions 
of catchments that were located on the Eocene 
erosional surface (i.e., above the knickpoint at 
the top of the escarpment; e.g., Fig. 3B) were 
excluded from  catchment-averaged statistics 
because they have not yet responded to changes 
in base level caused by Sierra San Pedro Mártir  
normal faulting.

For each 30  m pixel in the DEM, hillslope 
gradients represent the maximum descent to any 
of the neighboring eight pixels (i.e., D8 slope). 
Catchment relief is the difference between the 
highest and lowest elevations in each water-
shed and provides an estimate of accumulated 
surface uplift for catchments draining the Eo-
cene erosional surface. However, catchment 
relief is strongly dependent on drainage area 
and the presence of prominent peaks. To avoid 
this drainage area dependence and include 
more catchments in the topographic analysis, 
we calculated local relief over a 2.5 km radius 
following the lead of prior studies (e.g., Ahnert, 
1970; Montgomery and Brandon, 2002), and we 
report catchment-averaged values of local relief 
for each catchment. Catchment-averaged local 
relief calculated over a uniform radius can be 
marginally biased by including elevations out-
side of watershed boundaries, but it has proven 
to be an effective measure of local relief that is 
sensitive to increases in denudation rates beyond 
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slope thresholds (e.g., DiBiase et al., 2010). The 
appropriate length scale for calculating local re-
lief varies from landscape to landscape, but we 
find that a 2.5 km radius is adequately large to 
capture ridge-valley spacing and small enough 
to minimize undue influence from neighbor-
ing watersheds in the calculation of catchment- 
averaged values.

To identify slope-break knickpoints and cal-
culate channel steepness, we used automated, 
freely available scripts for Matlab and ArcGISTM 

(http://www.geomorphtools.org). We identified 
knickpoints manually using prominent slope 
breaks in slope-area plots. Normalized channel 
steepness values used a θ

ref
 = 0.45 (e.g., Wobus 

et al., 2006) to determine a reach-averaged k
sn

 for 
all 500 m reaches draining an area of >1.5 km2 
downstream of the edge of the Eocene erosional 
surface. We found that maintaining this critical 
area guaranteed that we were within the graded 
portion of the channel network and beyond lo-
cal oversteepening of channel profiles immedi-
ately downstream of slope-break knickpoints 
marking the edge of the Eocene erosional sur-
face (for comments on this common phenom-
enon, see Berlin and Anderson, 2007; Kirby 
and Whipple, 2012). We determined k

sn
 by av-

eraging all reaches within the catchment, and 
we report one standard error about the mean in 
Table 1. Mean overall channel concavities were 
estimated by fitting the main-stem channel from 
below the Eocene surface to the range-front out-
let. In catchments with slope-break knickpoints 
and where downstream reaches below knick-
points were well graded (i.e., reaches were long 
enough to characterize a clear slope-area scaling 
relationship), we also used the functional rela-
tionship between k

sn
 and CRN

DR
 (see following) 

to infer downstream denudation rates. As in the 
determination of catchment-averaged k

sn
, we 

used 500 m reach averages to calculate mean k
sn

 
above and below knickpoints. For downstream 
sections, we excluded segments immediately 
adjacent to the knickpoint, which are often in-
fluenced by abrupt steps and waterfalls (Berlin 
and Anderson, 2007; Kirby and Whipple, 2012) 
and can artificially inflate values of mean k

sn.

4.2 Cosmogenic 10Be Denudation Rates

In this study, cosmogenic radionuclide– 
derived denudation rates (CRN

DR
) were based 

on in situ cosmogenically produced 10Be in 
quartz. Production of 10Be varies as a function 
of latitude, elevation, and time. For a given pro-
duction rate, concentrations of 10Be can be in-
verted to determine average surface denudation 
rates over 102–105  yr time scales (Lal, 1991). 
 Catchment-averaged denudation rates were mea-
sured by amalgamating alluvial quartz sands col-

lected at the drainage outlet (Bierman and Steig, 
1996; Granger et al., 1996). The catchment-
averaged approach assumes that river transport 
naturally samples quartz from the entire water-
shed and that alluvial sands are well mixed and 
not systematically biased toward a single source 
area. We followed best practices in sampling 
based on prior studies that also measured gradi-
ents in denudation rates in steep, tectonically ac-
tive landscapes (Cyr et al., 2010; DiBiase et al., 
2010; Godard et al., 2014; Harkins et al., 2007; 
Ouimet et al., 2009; Scherler et al., 2014). For 
example, geologic and analytic uncertainties as-
sociated with the CRN

DR
 method are minimized 

by measuring large numbers of alluvial samples 
from well-graded fluvial catchments of modest 
size (~5–500  km2). In this work, we collected 
alluvial samples from 26 catchments (Fig. 2C) 
over two separate field campaigns (distinguished 
by MQ and MR sample identifiers). The MR 
sampling strategy was designed after the collec-
tion of MQ samples to include a suite of nested 
and replicate samples to help us evaluate the ex-
tent to which alluvial sediments are well mixed 
in the Sierra San Pedro Mártir. Twenty-four al-
luvial samples were from the eastern escarpment 
of the Sierra San Pedro Mártir fault system itself. 
Two additional alluvial samples (MR-14, MR-
15) were from a low-relief, uplifted block in the 
hanging wall in the northern Sierra San Felipe 
and were collected to supplement observations 
in the Sierra San Pedro Mártir with areas of low 
topographic relief and low channel steepness, 
but with similar climate and lithology. None of 
the catchments showed any evidence of Quater-
nary glaciation. Samples were collected from 
small fluvial bars or filled pools deposited in the 
active channels of major ephemeral streams that 
drain into the Valle de San Felipe–Valle Chico 
basin. Field estimates of active channel widths 
ranged from ~2 to 20 m. We avoided portions 
of the channels adjacent to alluvial terraces or 
nearby slope failures to minimize potential bias-
ing of CRN concentrations due to local sediment 
input and reworking. All samples came from 
channels dominated by granitoid alluvium rang-
ing in size from fine-grained sand to subrounded 
boulders >1 m in diameter.

We collected replicate (repeat measurements 
at the same location) and nested (subcatchments 
within a larger catchment) samples to address 
potential complications associated with stochas-
tic landslide inputs (Niemi et al., 2005; Yanites 
et al., 2009) in a seismically active zone (Quig-
ley et al., 2007) and heterogeneous lithology in 
the central portion of the range (Fig. 2B). This 
included four nested samples across a lithologic 
contact, one nested sample above and below a 
minor knickzone, and two replicate samples (see 
Fig. 2C). The four nested catchments (MR-08,  

MR-09, MR-10, and MR-11, all within MQ-01) 
were sampled across a transition from granitoid 
to metasedimentary lithologies, but all con-
tained a large amount of alluvial quartz sand. 
One nested sample was also collected above 
and below a minor knick zone with ~12 bedrock 
steps, ~2–5  m height each, spaced ~20–30  m 
apart (MQ-06, MQ-07), in a steeply incised 
bedrock gorge near the Sierra San Pedro Mártir 
range front. The two sets of replicate samples 
were collected from different bars of sediment 
within the active channel (MR-06, MR-07) and 
across field campaigns (MQ-17, MR-12). One 
alluvial sediment sample was from a catchment 
too small to allow accurate determination of 
topographic metrics (MQ-08), and it was con-
sequently excluded from analyses relating mor-
phometrics with CRN

DR
. We used the nested and 

replicate samples to better constrain geologic 
uncertainty in interpreting millennial-scale de-
nudation rates in the Sierra San Pedro Mártir.

We collected two bedrock samples from the 
Sierra San Pedro Mártir range crest (Fig.  2C) 
for CRN

DR
 to complement alluvial samples and 

constrain “background” denudation rates of 
the Eocene erosional surface. The low relief of 
the Eocene erosional surface suggests that it is 
not yet responding to the base level of the tec-
tonically active escarpment forming the eastern 
margin of the Sierra San Pedro Mártir. As such, 
denudation rates from the range crest should 
provide an estimate of erosional lowering of the 
Eocene erosional surface that spans beyond the 
averaging time scales of denudation rates along 
the active Sierra San Pedro Mártir range front. 
Bedrock samples were chiseled from the upper-
most 1 cm of intact, porphyritic granite bedrock 
on horizontal surfaces exposed along the peak 
of the escarpment (Fig. 2C). Each sample was 
amalgamated from individual rock chips that 
were collected over an ~3 m2 surface. Surfaces 
showed evidence for lichen growth, centimeter-
scale exfoliation, pitting, and dissolution weath-
ering, implying slow, in situ weathering over 
many thousands of years. At both sampling 
sites, there was no evidence for removal of large 
blocks due to, for instance, frost heave, coseis-
mic mass wasting, or human activity.

Samples from the different field campaigns 
were processed (i.e., quartz separation and 
purification; Be extraction) in different labo-
ratories—MQ samples at the University of 
Melbourne Cosmogenic Radionuclide Labora-
tory and MR samples at the WOMBAT Labo-
ratory at Arizona State University. Bedrock 
samples were first crushed and milled. Alluvial 
samples for MQ and MR were sieved to isolate 
the 0.25–0.50 mm and 0.25–1.0 mm size frac-
tion, respectively, in order to minimize effects 
of varying grain size on calculated  denudation 
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rates. Quartz separation and 10Be isolation were 
done using standard techniques (Kohl and 
Nishiizumi, 1992). We processed laboratory 
blanks in tandem with samples in both labora-
tories, and concentrations reported in Table  1 
have been blank corrected. The 10Be measure-
ment for MQ and MR samples were also done 
on different accelerator mass spectrometers—
MQ samples at the 14UD accelerator at Aus-
tralian National University and MR samples at 
PrimeLab at Purdue University.

For bedrock samples, shielding related to to-
pography and sample geometry was computed 
using the CRONUS geometric shielding cal-
culator (http://hess.ess.washington.edu/math/ 
general/skyline_input.php). Scaling factors 
along with other site characteristics (Table 1) 
were entered into version 2.2 of the CRONUS 
cosmogenic calculator (http://hess.ess.wash-
ington.edu/) to determine in situ bedrock ero-
sion rates (Balco et al., 2008). For catchment-
averaged samples, we followed the approach 
taken by Portenga and Bierman (2011) such 
that denudation rates are directly comparable to 
their global compilation of CRN

DR
. Using 90 m 

DEMs, we calculated spallation production 
rate scaling factors as a function of latitude, 
longitude, and elevation for each pixel within 
a catchment. The average production rate from 
this analysis was used to find the equivalent lat-
itude-longitude-elevation triad to enter into the 
CRONUS calculator. To maintain consistency 
with the Portenga and Bierman (2011) data set, 
we used a standard topographic shielding fac-
tor of 1. CRN

DR
 values were only reduced by 

2%–3% if catchment-averaged hillslope was 
used to calculate a topographic shielding fac-
tor, instead of using the default shielding fac-
tor of 1. This is insignificant compared to the 
propagated error in CRN

DR
 resulting from ana-

lytic uncertainties in 10Be concentrations and 
uncertainties in 10Be spallation and muogenic 
production rates (Balco et al., 2008).

5. RESULTS

5.1 Catchment Morphometry along  
the Sierra San Pedro Mártir

Figure  3A shows the range-front outlet el-
evations that define modern base level together 
with the elevations of the top of the escarpment 
as defined by the eastern margin of the Eocene 
erosional surface. Using escarpment relief as 
a proxy for accumulated footwall uplift rela-
tive to base level, the Sierra San Pedro Mártir 
broadly conforms to theoretical expectations of 
along-strike gradients in total displacement for 
normal-fault blocks (Cowie and Scholz, 1992; 
Dawers et al., 1993), albeit with a more asym-

metric character than the simplified conceptual 
model. Slope-break knickpoints are observed in 
many drainages throughout the central portion 
of the Sierra San Pedro Mártir escarpment, and 
their elevations increase systematically toward 
the north, mimicking the increase in escarpment 
relief (Fig. 3A). Because knickpoint elevations 
are a proxy for accumulated uplift due to mod-
ern, accelerated rock uplift rates relative to base 
level (Fig. 4; Niemann et al., 2001), Figure 3A 
demonstrates that a significant proportion of 
the total relief was generated during the later 
phase of faster uplift. Figure 3B provides an il-
lustrative example (MQ-19) of how catchments 
in the Sierra San Pedro Mártir display distinct 
topographic expressions of these three erosional 
regimes: (1) a prerifting, relict Eocene erosional 
surface; (2) post-Eocene response to Sierra San 
Pedro Mártir normal faulting; and (3) recent 
transient response to increases in rock uplift 
rates relative to base level. Catchment-averaged 
statistics reported in Figure 5 include both re-
gimes 2 and 3 where observed and should be 
interpreted accordingly.

Figure 5 summarizes how other measures of 
topography in the Sierra San Pedro Mártir vary 
along strike (also in Table  DR1 [see footnote 
1]). The size of points is scaled to drainage area 
to visually assess whether variations in other 
morphometrics are dependent on drainage area. 
Drainage area is highly variable along strike, 
with the largest watersheds found in the south-
ern portion of the range (Fig. 5A). Outlet eleva-
tions decrease from >650 m in the southern (10–
20  km) and northern tips (90–100  km) of the 
Sierra San Pedro Mártir fault system to a mean 
elevation of ~580  m between 20 and 90  km 
(Fig.  5B). Heterogeneous subsidence patterns 
and drainage systems within the hanging-wall 
basin influence local outlet elevations, but this 
variation constitutes a negligible contribution to 
catchment relief and accumulated surface uplift 
relative to base level.

Four of the metrics shown in Figure 5 mea-
sure relief and topographic “ruggedness” of 
catchments of the Sierra San Pedro Mártir 
escarpment: catchment relief (Fig. 5E), mean 
catchment hillslope angle (Fig.  5F), normal-
ized channel steepness (Fig.  5G), and mean 
2.5-km radius local relief (Fig. 5H). Catchment 
relief (Fig. 5E) largely mirrors the along-strike 
asymmetry in surface uplift of the Eocene ero-
sional surface (Fig. 3A) when small catchments 
that do not drain the divide are excluded. A no-
table exception is one catchment in segment 
III that drains Picacho del Diablo, which is the 
highest peak in the Sierra San Pedro Mártir and 
is located east of the Sierra San Pedro Mártir 
range crest. Catchment-averaged local relief 
measured over a 2.5  km radius removes the 

scale dependency of watersheds with different 
drainage areas. Accordingly, all catchments, 
including those not draining the divide, fol-
low the same asymmetrical trend along strike 
(Fig. 5H). Both catchment and local relief at-
tain maximum values near the boundary be-
tween Sierra San Pedro Mártir fault segments 
III and IV (km 63–67; see Fig. 2C), north of the 
geometric center of the fault system (km 50; 
see Fig. 2C). A similar along-strike asymmetry 
is observed in catchment-averaged hillslope 
gradient, S

avg
 (Fig. 5F) and catchment-averaged 

normalized channel steepness, k
sn

 (Fig.  5G). 
Peak k

sn
 values occur farther north (km 78; see 

Fig. 2C) than the maxima of other parameters 
and correlate more closely with the northward 
increases in knickpoint elevations shown in 
Figure 3A.

Mean channel concavity (θ) spans a rela-
tively narrow range of values (mean θ = 0.43) 
in segments I and II (Fig.  5C), consistent 
with the expected range of 0.4–0.6 for well-
equilibrated channels subjected to uniform 
rock uplift (Tucker and Whipple, 2002) and 
empirically observed in other actively denud-
ing settings (Duvall et al., 2004; Kirby and 
Whipple, 2001; Snyder et al., 2000; Wobus 
et al., 2006; Adams et al., 2016). However, 
in segment III and the southern section of 
segment IV, concavities are systematically 
reduced to near zero (Fig.  5C). These low-
concavity indices reflect the presence of slope-
break knickpoints, where channels steepen 
downstream and descend rapidly to the range 
front (Figs. 3B and 6B). In fact, when chan-
nel concavities are measured only upstream 
of prominent knickpoints, they exhibit a more 
typical range of concavities from ~0.4 to 0.6. 
Importantly, slope-break knickpoints do not 
coincide with geologic contacts, giving us 
confidence in the interpretation of knickpoints 
as a transient response to increased rock uplift 
rates relative to base level.

We also identified a topographic bench at the 
boundary between segments II and III, which 
we interpret as an uplifted bedrock or alluvial 
surface that likely formed at base level. Fig-
ure 6 shows the morphology of the catchment 
(MQ-15) associated with this uplifted bench 
(Fig.  6C). Hillslope gradients are steeper be-
low the prominent knickpoint at ~400 m above 
base level (white star; Fig. 6A), and the main-
stem channel is well graded upstream of this 
knickpoint (Fig. 6B). The lowermost tributary 
of MQ-15 is not well graded to the main stem 
(Fig. 6B) and may be an example of how large 
landslides or drainage capture events influence 
longitudinal profiles in this setting, especially 
for smaller drainage areas. Importantly, the el-
evation of the bench is substantially lower than 
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the slope-break knickpoint elevation (Fig. 6B), 
suggesting either that there is nonuniform up-
lift near the range front, uplift there is parti-
tioned among multiple fault strands, the bench 
formed after the recent increase in rock uplift 
rates, and/or the bench eroded substantially 
since formation.

5.2 In Situ Bedrock Denudation Rates

All parameters used to calculate in situ and 
alluvial CRN

DR
 are reported in Table  1. We 

also report “averaging time scales” for sam-
ples (t

avg
). These refer to the time required to 

erode ~0.6 m of bedrock (i.e., the characteristic 
depth of cosmogenic ray penetration relevant 
to CRN production) and were calculated using 
the CRN

DR
. Assuming steady-state denuda-

tion, these ages represent a minimum integra-
tion time over which the calculated rates are 
representative. CRN

DR
 of bedrock surfaces at 

the Sierra San Pedro Mártir summit are 4.7 ±  
0.5 and 7.6 ± 0.9 m/m.y. (Table 1). Given the 
weathering characteristics of the summit sur-
faces and lack of any evidence for spallation 
of blocks of >1–2 cm thickness, we interpret 
these findings to reflect steady-state bedrock 
denudation rates associated with lowering of 
the Eocene erosional surface. Averaging time 
scales of summit samples are ~127 and 79 k.y. 
(Table 1). As such, they provide an integrated 
record of bedrock erosion that spans the Last 
Glacial Maximum and, in the former case, the 
Last Interglacial Period. Given that glacial-
interglacial cycles have operated in a similar 
fashion throughout the Quaternary, we suspect 
that the bedrock erosion rates we calculated 
may be reasonable estimates of background 
lowering rates of the Eocene erosional surface 
over at least the last 3–2 m.y.

5.3 Catchment-Averaged Denudation Rates

We report 26 new catchment-averaged denu-
dation rates (CRN

DR
) in Table 1 with rates that 

range from 69 ± 7 m/m.y. to 353 ± 119 m/m.y., 
with a mean value of 130 ±  30  m/m.y. Asso-
ciated averaging time scales range 1.7 ≤ t

avg
 ≤ 

8.8  k.y. and thus represent denudation rates 
spanning the Holocene. Two other samples 
were collected away from the escarpment in 
the hanging wall of the Sierra San Pedro Már-
tir fault system in a low-relief, uplifted granitic 
block of the northern Sierra San Felipe. These 
samples have a mean CRN

DR
 of 34 ± 3 m/m.y. 

(t
avg

 ~17.6 k.y.) and are useful to better constrain 
the k

sn
-CRN

DR
 relationship developed below (see 

section 6.1). CRN
DR

 sample density is higher in 
the central and southern portions of the Sierra 
San Pedro Mártir, where catchments are largely 
composed of granitoid lithologies, though in-
cluding variable proportions of metasedimen-
tary rock (Fig. 2B). In general, CRN

DR
 values are 

systematically higher in the central portions of 
the range (Fig. 5D), consistent with concomitant 
increases in catchment relief.

Four samples (MR-08, MR-09, MR-10, MR-
11) nested within MQ-01 allow us to check the 
assumption that sand grains are well mixed and 
representative of the entire catchment. They also 
provide a test for whether there is an obvious 
lithologic bias between metamorphic and gra-
nitic catchments in the Sierra San Pedro Mártir 
that could affect the relationship between mor-
phometrics and denudation rates. Quantification 
of the relative source areas of different litholo-
gies is approximate and estimated from the geo-
logic map shown in Figure 2B, which was com-
piled using published geologic maps (Gastelum 
et al., 2000; Gastil et al., 1975; Schmidt et al., 
2009; Seiler, 2009). Despite lithological varia-

tion, the average CRN
DR

 values of these four 
nested catchments differ from the values of the 
entire catchment (MQ-01) by <15% (Table  1) 
and are within analytical uncertainties. Two 
subcatchments (MR-08, MR-09) have slightly 
steeper channel profiles (mean k

sn
 ~145 com-

pared to ~110) and are more uniformly granitic 
(>90% compared to ~50% granitic) but show 
similar mean hillslopes (S

avg
 ~30° compared to 

29°) to the other two subcatchments (MR-10, 
MR-11). Mean CRN

DR
 values for both of these 

lithologically defined subsets are ~105 m/m.y. 
There is an ~25% difference in mean channel 
steepness and ~5% difference in mean hillslope 
gradients among these two subsets. As such, we 
conclude that lithological differences produce a 
<25% effect in equilibrium channel steepness 
(k

sn
) and a <5% effect in catchment-averaged 

slopes (S
avg

). Although this complication may 
contribute to the sharp increase in k

sn
 values seen 

at kilometer 45 (Fig.  5G), it does not explain 
the overall asymmetry observed (i.e., that peak 
channel steepness is skewed toward the north). 
Furthermore, given that mean 1σ analytical un-
certainties on CRN

DR
 in the Sierra San Pedro 

Mártir are ~20%, we find that geologic sources 
of uncertainty due to uniform mixing assump-
tions and heterogeneous lithology are of similar 
magnitude to analytical uncertainties.

To reliably use CRN
DR

 data to test func-
tional relationships between morphology and 
long-term denudation rates, large numbers of 
samples are required to overcome both the geo-
logical and analytical sources of uncertainty 
inherent to the approach. The hazard of over-
interpreting individual CRN

DR
 rates is empha-

sized by one set of replicate samples and one 
set of nested samples collected in this study. 
In the first case, replicate samples were taken 
from fluvial deposits in the active channel at  

Figure 6. (A) Slope draped over a shaded relief map, (B) channel long 
profiles for MQ-15, and (C) a photo of an uplifted bench at the range 
front. In A, high slopes are dark and low slopes are light. The extent of 
the uplifted fan/bedrock surface can be seen in map view (~200 m above 
local basin fill) and is preserved where segments II and III linked. In 
B, the projection of the channel profile upstream of a knickpoint (solid 
gray line) is extrapolated downstream (where gray shading shows range 
of concavity from 0.45 to 0.6). Plausible explanations for the mismatch 
between knickpoint elevation (z

kp) and the uplifted bench (zbench) are dis-
cussed in the main text.
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slightly different levels (MR-06 = 77 ± 9 m/m.y. 
and MR-07 = 143 ± 20 m/m.y.) and show that 
sand delivered to the channel during different 
flow events can lead to an almost 2× differ-
ence in inferred denudation rates, well outside 
analytical uncertainties. There are no grounds to 
ignore either observation, so both are included 
in subsequent analyses. In the second case, a 
set of nested samples collected immediately 
above (MQ-06) and below (MQ-07) a series of 
small bedrock steps in the active channel shows 
a dramatic reduction in 10Be concentrations in 
stream sediments that correspond to an appar-
ent downstream increase in CRN

DR
 from 72 ±   

13 to 207 ±  67  m/m.y. MQ-07 was collected 
~20  m downstream of this minor knick zone, 
near exposed abundant, small rockfall depos-
its, which likely contributed material with low 
10Be concentration that gave rise to this anoma-
lously high denudation rate. It is worth noting 
that other samples in this study were collected 
away from local cut banks and rockfall zones 
and either above or substantially downstream of 
major knickpoints. CRN

DR
 values show no clear 

bias due to oversteepened reaches in these wa-
tersheds. This is likely due to the fact that they 
were collected far enough downstream to al-
low adequate mixing. Nevertheless, the highest 
denudation rate (353 ±  119  m/m.y.) did come 
from a catchment with a prominent knickpoint 
(MQ-19; Fig.  3B), where the active stream 
channel of MQ-19 consists of an abundance of 
large (>10-m-diameter) angular to subrounded 
boulders, and where catchment S

avg
 and k

sn
 are 

the highest in this study, thereby making it sus-
ceptible to the stochastic delivery of deep-seated 
landslides (Niemi et al., 2005). As such, evaluat-
ing whether or not this rate is representative of 
the long-term (>104–106 yr) catchment denuda-
tion rates is difficult based on available data.

6. ANALYSIS AND DISCUSSION

While observed denudation rates from the Si-
erra San Pedro Mártir summit surfaces are low, 
they are consistent with global averages of in 
situ denudation rates of igneous bedrock litholo-
gies (8.7 ± 1.0 m/m.y.; Portenga and Bierman, 
2011), and these rates are consistent with the 
extensive preservation of low-relief erosional 
surfaces throughout the Peninsular Ranges 
(Dorsey and Burns, 1994). Most importantly, 
even minimum denudation rates along the ac-
tive escarpment (~70  m/m.y.) are an order of 
magnitude faster than summit denudation rates 
(<8  m/m.y.), making this surface an effective 
structural datum with which to constrain re-
lief generation across the entire Sierra San Pe-
dro Mártir escarpment. Within this conceptual 
framework, the modern elevation of the eastern 

edge of the Eocene erosion surface is interpreted 
to reflect accumulated footwall uplift relative to 
base level. River longitudinal profiles upstream 
of knickpoints are thought to reflect rock uplift 
rates relative to base level prior to an accelera-
tion of uplift, while river longitudinal profiles 
downstream of knickpoints reflect modern rock 
uplift rates relative to base level (Fig. 3B). Con-
sequently, relationships between river morphol-
ogy and CRN

DR
 (section 6.1) can be used to cal-

culate both recent increases in rock uplift rate 
relative to base level (section 6.2) and to esti-
mate the age of initiation of the Sierra San Pedro 
Mártir normal faulting (section 6.3) as long as 
millennial-scale denudation rates are reflective 
of longer-term (105–106 yr) denudation rates.

6.1 Topography and Denudation Rates

The clear spatial correlation among position 
along the Sierra San Pedro Mártir fault system, 
geomorphic metrics, and CRN

DR
 (Fig.  5) indi-

cates that tectonically driven rock uplift rates 
relative to base level have exerted the dominant 
control on catchment morphology and denuda-
tion rates. To better characterize this, we plotted 
catchment-averaged CRN

DR
 against catchment-

averaged hillslope gradient (S
avg

) and normal-
ized channel steepness index (k

sn
) in Figure 7. 

Removal of two anomalously high CRN
DR

 sam-
ples (MQ-07 and MQ-19, shown on plot) im-
proves goodness of fit for catchment-averaged 
hillslope gradient (r2 = 0.23 vs. r2 = 0.52) and 
normalized channel steepness index (r2 = 0.43 
vs. r2 = 0.66). However, these potential outli-
ers do not substantially alter fit parameters 
and are thus included in reported regressions. 
Because there are measurement uncertainties 
in both x and y (especially for k

sn
 and CRN

DR
), 

linear regressions shown in Figure 7 use a least 
squares estimation where uncertainties in both 
x and y are assumed to be uncorrelated (York 
et al., 2004).

Figure 7A shows the relationship between S
avg

 
and CRN

DR
 in the Sierra San Pedro Mártir where 

the highest mean slopes are ~35°. Because 
the Sierra San Pedro Mártir bears the marks 
of a landscape where mass wasting processes 
dominate (i.e., patchy soils and large tracts of 
exposed bedrock), we expect that hillslope 
gradients are nearing thresholds set by mate-
rial strength (Schmidt and Montgomery, 1995; 
Burbank et al., 1996; Hovius et al., 1998; Mont-
gomery and Brandon, 2002; Larsen and Mont-
gomery, 2012). As such, we plotted data along-
side predictions of S

avg
 using a one-dimensional 

nonlinear colluvial transport model (dashed 
line) set to reasonable estimates of transport 
coefficient (K

h
 = 0.005 m2/yr), slope threshold 

(S
c
 = 39°), and hillslope length (75 m; Roering 

et al., 2007). We also show the linear regres-
sion to these data (solid line). Assessing slope 
thresholds in this setting is challenging because, 
excluding one anomalously high sample (MQ-
19), CRN

DR 
values in the Sierra San Pedro Már-

tir do not exceed 210 m/m.y. Prior studies have 
shown that thresholds in catchment-averaged  
hillslope gradient are not apparent until denuda-
tion rates exceed 200–300 m/m.y. (Binnie et al., 
2007; DiBiase et al., 2010; Ouimet et al., 2009). 
As such, we can only conclude that the thresh-
olds in catchment-averaged slope are ~35° or 
greater in the Sierra San Pedro Mártir.

Figure 7B shows the comparable relationship 
between channel steepness (k

sn
) and CRN

DR
. 

Like catchment-averaged hillslope gradient 
(S

avg
), k

sn
 values show a robust linear relation-

ship with CRN
DR

. The fact that nested and repli-
cate samples do not systematically deviate from 
the overall trend gives us confidence that the 
assumption of uniform mixing of alluvial sedi-
ments is valid for the Sierra San Pedro Mártir. 
The size of the data set and the corroboration of 
rates determined from two different laboratories 
also give us confidence that catchment-averaged 
channel steepness is faithfully recording the cli-
matically and lithologically mediated response 
to tectonic forcing in the Sierra San Pedro Már-
tir. Although some previous studies have docu-
mented nonlinear relationships between channel 
steepness and denudation rates (Snyder et al., 
2000; Duvall et al., 2004; Harkins et al., 2007; 
Ouimet et al., 2009; Cyr et al., 2010; DiBiase 
et al., 2010; Godard et al., 2014; Scherler et al., 
2014), this does not appear to be the case for 
the Sierra San Pedro Mártir. This result may be 
due to the fact that the Sierra San Pedro Már-
tir is among the least erosionally efficient (i.e., 
exhibits high fluvial relief for a given erosion 
rate), tectonically active landscapes in the pub-
lished literature (for a summary of comparable 
data sets, see Kirby and Whipple, 2012), on par 
with observations from the eastern margin of 
the Tibetan Plateau (Ouimet et al., 2009). In east 
Tibet, nonlinearities in the relationship between 
channel steepness and denudation rates were not 
evident until channel steepness values exceeded 
~250–300 m0.9. Given that the observed ero-
sional efficiency for the Sierra San Pedro Mártir 
is similarly low (Fig. 7B), maximum rock up-
lift rates relative to base level may not be high 
enough to resolve between linear and nonlinear 
relationships in this setting. Consequently, we 
took a conservative approach in extrapolating 
from observations by using the best-fit linear 
model to infer denudation rates in unsampled 
catchments and above and below knickpoints 
(section 6.2). This is conservative in the sense 
that it will minimize extrapolated denudation 
rates and thus give us maximum ages of recent 
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increases in rock uplift rates relative to base 
level and the onset of normal faulting in the Si-
erra San Pedro Mártir.

6.2 Late Pliocene Increase in Fault  
Slip Rates

Series of prominent slope-break knickpoints 
in channel profiles along segments II, III, and 
IV show a south to north increase in knickpoint 
elevation above base level (up to ~700 m; see 
Figs.  2 and 3). In general, this morphology 
could be caused by systematic along-strike 
variation in lithology, climate, or tectonics. Sta-
tionary lithologic knickpoints can form in the 
landscape if contacts are near vertical. Knick-
points in the Sierra San Pedro Mártir are not 
correlated with mapped geologic contacts and 
thus provide no evidence of a lithologic control. 
In contrast, if slope-break knickpoints are attrib-
uted to changes in rock uplift rates or persistent 
changes in climate (e.g., due to increasing arid-
ity), then knickpoints are transient features that 
are generated as the landscape adjusts to a new 
forcing (Whipple and Tucker, 1999; Bonnet and 
Crave, 2003; Whittaker and Boulton, 2012). 

Stable isotope analysis of paleosols in southern 
California argue for a persistent increase in arid-
ity during the Pliocene–Pleistocene (Peryam et 
al., 2011) that is roughly coincident with the in-
ferred timing of the propagation of slope-break 
knickpoints in the Sierra San Pedro Mártir (see 
following). However, climatic forcing would 
not produce the steady south to north increase 
in slope-break knickpoint elevations observed in 
the Sierra San Pedro Mártir (Fig. 3A). Further-
more, neither lithologic nor climatic interpreta-
tions of knickpoints help to explain why accu-
mulated rock uplift is skewed toward the north, 
as demonstrated by patterns in surface uplift of 
the Eocene erosional surface (Fig. 3A). As such, 
we strongly favor a tectonic origin for the slope-
break knickpoints, albeit one that is nonuniform 
along strike. Slope-break knickpoints driven 
by increases in rock uplift rates relative to base 
level are now recognized in a large number of 
tectonically active settings (e.g., Schoenbohm 
et al., 2004; Clark et al., 2005; Dorsey and Ro-
ering, 2006; Harkins et al., 2007; Kirby et al., 
2007; Miller et al., 2012, 2013; Schildgen et al., 
2012; Whittaker and Boulton, 2012; Ellis et al., 
2015). In these settings, denudation rates below 

the knickpoint are in balance with new uplift 
rates, and those above are in balance with old 
uplift rates and provide a geomorphic constraint 
to date increases in rock uplift rates relative to 
base level (Whipple and Tucker, 1999; Whit-
taker et al., 2008).

In the Sierra San Pedro Mártir, we estimated 
the timing of the increase in footwall rock uplift 
rates relative to base level by using the relation-
ship between CRN

DR
 and channel steepness (k

sn
) 

shown in Figure 7B, combined with estimates 
of k

sn
 upstream and downstream of prominent 

slope-break knickpoints (see Table  DR2 [see 
footnote 1]). For the nine southernmost knick-
points, where the magnitude of upstream mi-
gration of knickpoints is small, back filling of 
channel reaches with alluvial sediment prevents 
reliable measurement of downstream values of 
k

sn
. However, the five northernmost knickpoints 

(all in segment IV) have propagated the far-
thest upstream, and there is little evidence of 
substantial aggradation upstream of the out-
lets. As such, these channel reaches are long 
enough to make reasonable estimates of chan-
nel steepness. The mean channel steepness val-
ues upstream (k

sn
 = 174 ± 10) and downstream 
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Figure 7. (A) Relationship between cosmogenic radionuclide–derived denudation rates (CRNDR) and catchment-averaged slope angle and 
(B) relationship between CRNDR 

and normalized channel steepness index for all catchments reported in Table 1 except MQ-08 (too small 
with a drainage area <0.2 km2), where 1σ analytical uncertainties are shown for CRNDR, and 2 standard errors about the mean are shown 
for slope and channel steepness. Coefficients of determination using simple linear regression for catchment-averaged slope (r2 = 0.23) and 
channel steepness (r2 = 0.43) dramatically increase when two potential outliers (MQ-07, MQ-19) are removed (r2 = 0.52 for slope; r2 = 0.66 
for channel steepness). Because there are measurement uncertainties in both x and y, we used the approach of York et al. (2004) to deter-
mine the least-squares estimation for linear fits (solid lines). Replicate and nested samples are differentiated on plots but are each included 
in linear regressions. For A, predictions made from a nonlinear transport model (Eq. 2) are also shown as a reference (dashed line) and use 
a characteristic hillslope length of 75 m, Sc = 39°, and K = 0.005 m2/yr (see equation 1 main text for description). For B, the range (gray 
shading) and mean (gray dashed line) of channel steepness values upstream and downstream of slope-break knickpoints in segment IV are 
shown for reference (n = 5). The linear relationship shown in B was used to predict denudation rates along strike in the Sierra San Pedro 
Mártir, ages of initiation of the Sierra San Pedro Mártir fault system, and the timing of recent increases in rock uplift rates as shown in 
Figure 8.
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(k
sn

 = 273 ±  18) of these knickpoints suggest 
a corresponding increase in denudation rates 
(136 ±  8  m/m.y. and 213 ±  14  m/m.y. above 
and below knickpoints, respectively) based on 
the regression shown in Figure 7B. By using the 
vertical difference in knickpoint and outlet ele-
vations and estimates of denudation rates below 
knickpoints as a proxy for modern rock uplift 
rates relative to base level (Fig.  7B), we esti-
mated maximum ages for the recent increase in 
footwall rock uplift rates relative to base level 
assuming that knickpoints propagated at a con-
stant vertical velocity set by the new rock uplift 
rate (Eq. 4; Niemann et al., 2001). Using this 
approach, the mean age (n = 5) for the increase 
in rock uplift rates is 2.9 Ma, and calculations 
for individual catchments range from 1.9 Ma to 
3.5 Ma. (Table DR2 [see footnote 1]). Because 
these slope-break knickpoints have propagated 
the farthest upstream, these watersheds provide 
an estimate of maximum rock uplift rates rela-
tive to base level, and their mean value provides 
the best age estimate for the recent increase in 
footwall rock uplift rates relative to base level. 
Surface uplift of a topographic bench (~200 m 
above the modern base level) near the transition 
between segments II and III (Fig. 6) provides 
an opportunity for future studies attempting to 
directly date the recent increase in rock uplift 
rates relative to base level in the Sierra San Pe-
dro Mártir. However, before such dates can be 
useful, the source of discrepancies between the 
knickpoint elevation above base level (~400 m) 
and the elevation of the bench above base level 
(~200 m) must be determined (Fig. 6B).

6.3 Middle–Late Miocene Onset Age of 
Sierra San Pedro Mártir Faulting

Regional constraints provide a framework 
within which to evaluate how well millennial-
scale denudation rates reported here compare 
to the longer-term rate of rock uplift rela-
tive to base level recorded in channel profiles 
(e.g., Kirby and Whipple, 2012). In the south-
ern portion of the Sierra San Pedro Mártir, the 
ca.  12.6  Ma Tuff of San Felipe is offset and 
unconformably overlain by 6 Ma tuffs, thereby 
bracketing the onset of normal faulting between 
these ages (Stock and Hodges, 1989). North of 
the Sierra San Pedro Mártir, the onset of fault-
ing in the Sierra Juarez has been dated between 
ca. 16 and 11 Ma using 40Ar/39Ar geochronology 
and was interpreted to precede faulting along 
the Main Gulf Escarpment (Lee et al., 1996). To 
the east, in the hanging wall of the Sierra San 
Pedro Mártir, the onset of faulting in the San 
Felipe fault array has been dated to ca. 9–8 Ma 
using stratigraphic relationships combined with 
40Ar/39Ar geochronology, as well apatite fission-
track and (U-Th)/He thermochronology (Seiler 
et al., 2011, 2013). However, few constraints ex-
ist for the onset of the Sierra San Pedro Mártir 
fault system itself.

If millennial-scale denudation rates provide 
a reasonable proxy for longer-term rock uplift 
rates relative to base level, then the CRN

DR
-k

sn
 

relationship can be combined with accumulated 
surface uplift of the Eocene erosional surface 
to estimate the onset age of Sierra San Pedro 
Mártir faulting (Table  DR1 [see footnote 1]). 

While millennial-scale erosion rates may either 
 under- or overestimate long-term rock uplift 
rates, patterns in relative ages are considered ro-
bust. Along-strike variations in the topography 
imply smooth variations in the relative timing of 
faulting, with segments III and IV showing clear 
evidence for a recent acceleration in rock uplift 
rates relative to base level. To calculate accumu-
lated surface uplift relative to base level since 
faulting began, we used the difference between 
the elevation of the edge of the Eocene erosional 
surface and outlet elevation for each catchment 
(Fig.  8A). To standardize the approach, we 
projected the centroid of each watershed to the 
eastern edge of the Eocene erosional surface and 
determined the mean elevation of this edge over 
a 2 km window. Accumulated surface uplift was 
then interpreted to be the difference between the 
2 km averaged elevation and its corresponding 
outlet elevation at the range front. Mean chan-
nel steepness (k

sn
) values for each catchment 

were then used to calculate denudation rates 
using the CRN

DR 
-

 
k

sn
 relationship reported in 

Figure 7B. Modeled denudation rates are shown 
in Figure 8B (dark gray line) and in Table DR1 
(see footnote 1). Denudation rates from catch-
ments that do not share a divide with the Eocene 
erosional surface are shown separately in Fig-
ure 8B (dark gray crosses) because they cannot 
be used to calculate onset ages for normal fault-
ing, but they corroborate along-strike variations 
in inferred denudation rates. The along-strike 
variation in modern denudation rates shown in 
Figure 8B is more skewed than the elevations 
of the Eocene erosional surface (Fig. 8A). We 
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Figure 8. (A) Elevations of the eastern edge of the Eocene erosional sur-
face replotted to show 2-km-radius average values for each catchment in 
the Sierra San Pedro Mártir. (B–C) By combining these data with model 
erosion rates determined from Figure 6B (B), we were able to determine 
the onset of normal faulting along strike in the Sierra San Pedro Mártir 
(C). Note that the Eocene erosional surface is not preserved past km 80–
85 in A, and thus fault initiation cannot be inferred beyond this point. In 
B, the regression-based denudation rates are shown for catchments that 
share a divide with the Eocene erosional surface versus those that do not. 
In C, initiation ages implied by two-staged uplift of the surface (i.e., those 
catchments with slope-break knickpoints) are also shown. Morphomet-
rics used to calculate two-stage uplift model are reported in Table DR2 
(see text footnote 1).
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interpret the increased skewness to be a direct 
reflection of increased rock uplift rates relative 
to base level in the northern segments during 
the late Pliocene (see section 6.2). Finally, Fig-
ure 8C shows the result of dividing the accumu-
lated surface uplift (Fig. 8A) by the inferred rate 
of rock uplift relative to base level (Fig. 8B) and 
thus provides maximum age estimates for the 
onset of normal faulting in the Sierra San Pedro 
Mártir (light gray line). Figure 8C also shows 
onset ages for two-staged models of uplift rela-
tive to base level, where denudation rates are 
treated separately upstream and downstream of 
slope-break knickpoints (light gray asterisks). 
Two-stage models of uplift relative to base level 
do not substantially affect predictions of the ini-
tiation age.

There are several basic observations that can 
be made from this analysis and Figure 8. First, 
while recent increases in rock uplift rates rela-
tive to base level in the north are important to 
explain the asymmetric pattern in surface uplift, 
ages of onset using a single, average uplift rate 
are not substantially different from those de-
rived using a two-staged uplift calculation. This 
is because the k

sn 
-

 
CRN

DR
 relationship is linear, 

which leads to a simple averaging between up-
stream and downstream differences in channel 
steepness and denudation rate. In other settings, 
where nonlinear k

sn 
-

 
CRN

DR
 relationships exist, 

larger differences between multistage uplift his-
tories would be expected. Second, our calcula-
tion of maximum ages for the onset of normal 
faulting in the Sierra San Pedro Mártir initiated 
ca. 16–14 Ma in fault segments II and III and 
ca. 12–8 Ma in segments I and IV (Fig. 8C). Un-
certainties in the absolute values of fault-onset 
age estimates relate to how faithfully CRN

DR 

estimates represent longer-term rock uplift rates 
relative to base level and how well the CRN

DR
-k

sn
  

relationship captures spatial and temporal varia-
tions (see discussion in section 6.1).

Differences in onset ages for fault initiation on 
different fault segments that have since merged 
to define the Sierra San Pedro Mártir fault sys-
tem favor the hypothesis that growth of the Si-
erra San Pedro Mártir fault system occurred via 
progressive linkage of initially distinct segments 
(e.g., Cartwright et al., 1995), with possible lat-
eral propagation of fault tips to form segments 
I and IV at a later time. The most rapid CRN

DR
 

rates and highest relief occur at the intersection 
of segments III and IV (rather than in the middle 
of individual segments), implying that the four 
Sierra San Pedro Mártir fault segments currently 
behave as a kinematically linked rupture system. 
On this basis, the arcuate, segmented geomor-
phic expression of the Sierra San Pedro Mártir 
fault trace and length of individual segments are 
interpreted as relict structural features (Fig. 2C) 

that no longer exert a fundamental control on 
the development of footwall topography and re-
lief. It is important to emphasize that findings 
from our analysis of footwall topography do not 
imply that total finite slip is uncorrelated with 
fault segment boundaries. Determining the slip 
budget requires the inclusion of hanging-wall 
subsidence, and large gradients in finite slip are 
definitively correlated with segment boundaries 
(Seiler et al., 2010). Gradients are instead mani-
fested by the clockwise rotation of hanging-wall 
blocks of the Sierra San Felipe (Fig. 2B), where 
each rotated block is associated with each fault 
segment (Seiler et al.. 2010).

6.4 Tectonic Implications

Our calculations indicate an initiation of 
Sierra San Pedro Mártir faulting that is on the 
high end of regional estimates (ca. 16–14 Ma), 
but possibly concurrent with the initiation of 
faulting in the Sierra Juarez (ca.  16–11  Ma). 
The offset Tuff of San Felipe (ca.  12.6  Ma) 
places a firm maximum bound, and the deposi-
tion of ca. 6 Ma tuffs that are not offset places 
a minimum bound on the initiation of normal 
faulting in the southern portion of segment I 
(Stock and Hodges, 1990). Initiation ages de-
termined from our geomorphic analysis of the 
three southernmost catchments are consistent 
with these bounds (ca. 12–8 Ma) and thus give 
us confidence that millennial-scale denudation 
rates are representative of longer-term exhu-
mation rates.

The proposed late Pliocene increase in foot-
wall rock uplift rates in the Sierra San Pedro 
Mártir coincides with the waning and cessa-
tion of slip across several detachment faults lo-
cated in the Sierra San Felipe to the east, based 
on a shoaling of rift basin sedimentation and 
progradation of late Pliocene–Pleistocene al-
luvial fans over lacustrine and shallow-marine 
sediments (Seiler et al., 2013). As described 
by Seiler et al. (2010), faults in the Sierra San 
Felipe have a listric geometry, and those in the 
north accommodate more extension than those 
in the south. The northward-increasing strain 
gradient would also translate to a northward 
increase in fault slip on the Sierra San Pedro 
Mártir once hanging-wall faults were aban-
doned. It is therefore possible that the late 
Pliocene increase in rock uplift rates relative 
to base level along the Sierra San Pedro Mártir 
fault system occurred due to a transfer of ex-
tensional strain from detachment faults east of 
the Sierra San Pedro Mártir.

At the regional scale, the Sierra San Pedro 
Mártir fault system and detachments in the 
Sierra San Felipe form the basal strands of a 
midcrustal detachment system that was the 

dominant structure accommodating opening of 
this section of the northern Gulf of California 
(Martín-Barajas et al., 2013). Seismic profiles 
offshore show that parts of this detachment 
system were abandoned in the Pliocene when 
oblique rifting localized in the Delfin basins, 
and ultimately led to continental lithospheric 
rupture and the emplacement of ~35 km of new 
oceanic crust (Martín-Barajas et al., 2013). 
Our analysis strongly suggests that the Sierra 
San Pedro Mártir fault, which forms the break-
away strand of the detachment system, did 
not die with the rest of the detachment faults 
in its hanging wall. Rather, slip on the Sierra 
San Pedro Mártir appears to have accelerated 
during the Pliocene reorganization of plate 
margin shearing that led to the localization of 
extension in the Delfin basins. Three main fac-
tors likely contributed to prevent cessation of 
Sierra San Pedro Mártir faulting during this 
time. First, while most of the detachment sys-
tem is associated with low elevations near or 
below sea level, the high gravitational potential 
energy gradient of the escarpment itself is a 
major driver that can explain continued activ-
ity on the Sierra San Pedro Mártir fault sys-
tem. Second, the Pliocene reorganization of the 
plate margin can be described as a westward 
migration of shearing (Aragón-Arreola and 
Martín-Barajas, 2007). While drivers for this 
migration are not fully understood, recent work 
suggests that strain relocation may be an inher-
ent process during the formation of hyperex-
tended, asymmetric margins (Brune et al., 
2014). In the case of the Gulf of California, the 
locus of extension relocated closer toward the 
trailing edge of the Baja California microplate 
(e.g., Fletcher et al., 2007), forming a new sys-
tem of extensional basins and transfer faults in 
the western gulf region that eventually resulted 
in continental rupture (Aragón-Arreola and 
Martín-Barajas, 2007; Martín-Barajas et al., 
2013). The Sierra San Pedro Mártir fault sys-
tem defines the western boundary of extension 
and is in the immediate vicinity of the applied 
tectonic stress of the relocated plate boundary, 
some 80–100 km further east. Third, the Sierra 
San Pedro Mártir fault system dips steeply to 
the east and is optimally oriented to accommo-
date extension. The magnitude of critical dif-
ferential stress is therefore more favorable here 
than in the shallowly dipping detachments to 
the east. Regardless of whether this late Plio-
cene event was controlled by regional geody-
namics or represents a more local transfer of 
strain, our analysis demonstrates that detailed 
inspection of fluvial channel profiles along 
with CRN

DR
 analysis can provide important in-

sights into the tectonic and structural evolution 
of a mountain range.
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7. CONCLUSIONS

We present a suite of new 10Be-derived denu-
dation rates along an uplifted footwall of a major 
normal fault in the Gulf Extensional Province. 
Consistent with theory and other field studies 
where climate and lithology are held constant, 
denudation rates in the Sierra San Pedro Már-
tir are strongly correlated with topographic 
relief. Catchment-averaged hillslope gradient, 
2.5-km-radius local relief, and channel steep-
ness each covary with accumulated footwall 
uplift as expressed by the modern elevations of 
an Eocene erosional surface. Denudation rates 
on this surface are very slow (<10 m/m.y.) com-
pared to the active escarpment (maximum rates 
>200 m/m.y.; mean rates >100 m/m.y.). Asym-
metry in surface uplift of this erosional surface 
was likely driven by a late Pliocene (ca. 3–2 Ma) 
increase in footwall rock uplift rates relative to 
base level that is expressed in the topography as 
a series of slope-break knickpoints of increas-
ing elevation toward the north. Recent increases 
in rock uplift rates could be due to a transfer of 
strain associated with the demise of hanging-
wall detachments to the east and/or reflect the 
regional reorganization of plate margin shear-
ing during the Pliocene. Relationships between 
millennial-scale denudation rates and normal-
ized channel steepness suggest a maximum age 
of initiation for the Sierra San Pedro Mártir fault 
system of ca. 16–14 Ma in the central portion of 
the range. Onset ages are younger in northern 
(IV) and southern (I) segments (ca. 12–8 Ma) 
and are consistent with independent regional 
constraints for the onset of normal faulting. We 
hypothesize that the Sierra San Pedro Mártir 
fault system initiated as kinematically distinct 
faults in the Miocene, leading to the highly seg-
mented geomorphic expression of the Sierra 
San Pedro Mártir range front. These faults even-
tually became linked into the modern system via 
segment linkage. This study shows how careful 
pairing of CRN

DR
 with topographic analysis can 

be used to reveal the pace and pattern of defor-
mation over geologic time scales.

ACKNOWLEDGMENT

We want to thank A. Duvall, M. Ellis, and the Asso-
ciate Editor K. Wegmann for thoughtful reviews that 
improved the quality of this manuscript. This work 
was supported by funding from the Geomorphology 
and Landuse Dynamics Program at National Science 
Foundation (EAR-0921705 to KXW).

REFERENCES CITED

Adams, B.A., Whipple, K.X., Hodges, K.V., and Heimsath, 
A.M., 2016, In-situ development of high-elevation, 
low-relief landscapes via duplex deformation in the 
Eastern Himalayan hinterland, Bhutan: Journal of 
Geophysical Research–Earth Surface, v.  121, no.  2, 
p. 294–319, doi:10.1002/2015JF003508.

Ahnert, F., 1970, Functional relationships between denuda-
tion, relief, and uplift in large mid-latitude drainage 
basins: American Journal of Science, v.  268, no.  3, 
p. 243–263, doi:10.2475/ajs.268.3.243.

Anderson, R.S., and Anderson, S.P., 2010, Geomorphol-
ogy: The Mechanics and Chemistry of Landscapes: 
Cambridge, UK, Cambridge University Press, 651 p., 
doi:10.1017/CBO9780511794827.

Aragón-Arreola, M., and Martín-Barajas, A., 2007, West-
ward migration of extension in the northern Gulf of 
California, Mexico: Geology, v. 35, no. 6, p. 571–574, 
doi:10.1130/G23360A.1.

Atwater, T., and Stock, J., 1998, Pacific–North America plate 
tectonics of the Neogene southwestern United States: 
An update: International Geology Review, v. 40, no. 5, 
p. 375–402, doi:10.1080/00206819809465216.

Axen, G., 1995, Extensional segmentation of the main Gulf es-
carpment, Mexico and United States: Geology, v. 23, no. 6, 
p.  515–518, doi:10.1130/0091-7613(1995)023<0515 
:ESOTMG>2.3.CO;2.

Axen, G.J., and Fletcher, J.M., 1998, Late Miocene- 
Pleistocene extensional faulting, northern Gulf of 
California, Mexico and Salton Trough, California: In-
ternational Geology Review, v. 40, no. 3, p. 217–244.

Axen, G.J., Grove, M., Stockli, D., Lovera, O.M., Roth-
stein, D.A., Fletcher, J.M., Farley, K., and Abbott, 
P.L., 2000, Thermal evolution of Monte Blanco dome: 
Low-angle normal faulting during Gulf of California 
rifting and late Eocene denudation of the eastern Pen-
insular Ranges: Tectonics, v.  19, no.  2, p.  197–212, 
doi:10.1029/1999TC001123.

Balco, G., Stone, J.O., Lifton, N.A., and Dunai, T.J., 2008, 
A complete and easily accessible means of calcu-
lating surface exposure ages or erosion rates from 
(10)Be and (26)Al measurements: Quaternary Geo-
chronology, v.  3, no.  3, p.  174–195, doi:10.1016/j 
.quageo.2007.12.001.

Berlin, M.M., and Anderson, R.S., 2007, Modeling of 
knickpoint retreat on the Roan Plateau, western 
Colorado: Journal of Geophysical Research–Earth 
Surface (2003–2012), v.  112, no.  F3, p. F03S06, 
doi:10.1029/2006JF000553.

Bierman, P., and Steig, E.J., 1996, Estimating rates of de-
nudation using cosmogenic isotope abundances in 
sediment: Earth Surface Processes and Landforms, 
v. 21, no. 2, p. 125–139, doi:10.1002/(SICI)1096-9837 
(199602)21:2<125::AID-ESP511>3.0.CO;2-8.

Binnie, S.A., Phillips, W.M., Summerfield, M.A., and 
Fifield, L.K., 2007, Tectonic uplift, threshold hill-
slopes, and denudation rates in a developing mountain 
range: Geology, v. 35, no. 8, p. 743–746, doi:10.1130/
G23641A.1.

Bonnet, S., and Crave, A., 2003, Landscape response to 
climate change: Insights from experimental model-
ing and implications for tectonic versus climatic up-
lift of topography: Geology, v. 31, no. 2, p. 123–126, 
doi:10.1130/0091-7613(2003)031<0123:LRTCCI>2 
.0.CO;2.

Brown, L.G., 1978, Recent Fault Scarps along the Eastern 
Escarpment of the Sierra San Pedro Mártir, Baja, Cali-
fornia [M.S. thesis]: San Diego, California, San Diego 
State University, 108 p.

Brune, S., Heine, C., Perez-Gussinye, M., and Sobolev, 
S.V., 2014, Rift migration explains continental margin 
asymmetry and crustal hyper-extension: Nature Com-
munications, v. 5, 4014, doi:10.1038/ncomms5014.

Burbank, D.W., Leland, J., Fielding, E., Anderson, R.S., 
Brozovic, N., Reid, M.R., and Duncan, C., 1996, Bed-
rock incision, rock uplift and threshold hillslopes in 
the northwestern Himalayas: Nature, v. 379, no. 6565, 
p. 505–510, doi:10.1038/379505a0.

Cartwright, J.A., Trudgill, B.D., and Mansfield, C.S., 1995, 
Fault growth by segment linkage: An explanation for 
scatter in maximum displacement and trace length data 
from the Canyonlands grabens of SE Utah: Journal of 
Structural Geology, v. 17, no. 9, p. 1319–1326, doi:10 
.1016/0191-8141(95)00033-A.

Clark, M.K., Maheo, G., Saleeby, J., and Farley, K.A., 2005, 
The non-equilibrium landscape of the southern Sierra 
Nevada, California: GSA Today, v. 15, no. 9, p. 4–10, 
doi:10.1130/1052-5173(2005)015[4:TNLOTS] 
2.0.CO;2.

Cowie, P.A., and Scholz, C.H., 1992, Displacement-
length scaling relationship for faults: Data synthe-
sis and discussion: Journal of Structural Geology, 
v. 14, no. 10, p. 1149–1156, doi:10.1016/0191-8141 
(92)90066-6.

Crosby, B.T., and Whipple, K.X, 2006, Knickpoint initiation 
and distribution within fluvial networks: 236 waterfalls 
in the Waipaoa River, North Island, New Zealand: Geo-
morphology, v. 82, no. 1, p. 16–38.

Cyr, A.J., and Granger, D.E., 2008, Dynamic equilibrium 
among erosion, river incision, and coastal uplift in the 
northern and central Apennines, Italy: Geology, v. 36, 
no. 2, p. 103–106, doi:10.1130/G24003A.1.

Cyr, A.J., Granger, D.E., Olivetti, V., and Molin, P., 2010, 
Quantifying rock uplift rates using channel steepness 
and cosmogenic nuclide–determined erosion rates: Ex-
amples from northern and southern Italy: Lithosphere, 
v. 2, no. 3, p. 188–198, doi:10.1130/L96.1.

Dawers, N.H., and Anders, M.H., 1995, Displacement-
length scaling and fault linkage: Journal of Structural 
Geology, v.  17, no.  5, p.  607–614, doi:10.1016/0191 
-8141(94)00091-D.

Dawers, N.H., Anders, M.H., and Scholz, C.H., 1993, 
Growth of normal faults: Displacement-length 
scaling: Geology, v.  21, no.  12, p.  1107–1110, 
doi:10.1130/0091-7613(1993)021<1107:GONFDL
>2.3.CO;2.

Densmore, A.L., Hetzel, R., Ivy-Ochs, S., Krugh, W.C., 
Dawers, N., and Kubik, P., 2009, Spatial variations 
in catchment-averaged denudation rates from normal 
fault footwalls: Geology, v. 37, no. 12, p. 1139–1142, 
doi:10.1130/G30164A.1.

DiBiase, R.A., and Whipple, K.X., 2011, The influence of 
erosion thresholds and runoff variability on the rela-
tionships among topography, climate, and erosion 
rate: Journal of Geophysical Research–Earth Surface, 
v. 116, p. F04036, doi:10.1029/2011JF002095.

DiBiase, R.A., Whipple, K.X., Heimsath, A.M., and Oui-
met, W.B., 2010, Landscape form and millennial ero-
sion rates in the San Gabriel Mountains, CA: Earth and 
Planetary Science Letters, v. 289, no. 1–2, p. 134–144, 
doi:10.1016/j.epsl.2009.10.036.

Dorsey, R.J., and Burns, B., 1994, Regional stratigraphy, 
sedimentology, and tectonic significance of Oligo-
cene–Miocene sedimentary and volcanic rocks, north-
ern Baja California, Mexico: Sedimentary Geology, 
v.  88, no.  3–4, p.  231–251, doi:10.1016/0037-0738 
(94)90064-7.

Dorsey, R.J., and Roering, J.J., 2006, Quaternary land-
scape evolution in the San Jacinto fault zone, Pen-
insular Ranges of Southern California: Transient 
response to strike-slip fault initiation: Geomorphol-
ogy, v. 73, no. 1–2, p. 16–32, doi:10.1016/j.geomorph 
.2005.06.013.

Duvall, A., Kirby, E., and Burbank, D., 2004, Tectonic and 
lithologic controls on bedrock channel profiles and 
processes in coastal California: Journal of Geophysi-
cal Research–Earth Surface, v. 109, no. F3, p. F03002, 
doi:10.1029/2003JF000086.

Ellis, M.A., Barnes, J.B., and Colgan, J.P., 2015, Geomor-
phic evidence for enhanced Pliocene–Quaternary fault-
ing in the northwestern Basin and Range: Lithosphere, 
v. 7, no. 1, p. 59–72, doi:10.1130/L401.1.

Farr, T.G., Rosen, P.A., Caro, E., Crippen, R., Duren, R., 
Hensley, S., Kobrick, M., Paller, M., Rodriguez, E., 
Roth, L., Seal, D., Shaffer, S., Shimada, J., Umland, 
J., Werner, M., Oskin, M., Burbank, D., and Alsdorf, 
D., 2007, The Shuttle Radar Topography Mission: 
Reviews of Geophysics, v.  45, no.  2, doi:10.1029/ 
2005RG000183.

Fenby, S.S., and Gastil, R.G., 1991, Geologic-tectonic 
map of the Gulf of California and surrounding areas: 
The Gulf and Peninsular Province of the Californias: 
American Association of Petroleum Geologists Mem-
oir, v. 47, p. 79–83.

Fletcher, J.M., Grove, M., Kimbrough, D.L., Lovera, O., and 
Gehrels, G.E., 2007, Ridge-trench interactions and the 
Neogene tectonic evolution of the Magdalena shelf and 
southern Gulf of California: Insights from detrital zir-
con U-Pb ages from the Magdalena fan and adjacent 
areas: Geological Society of America Bulletin, v. 119, 
no. 11–12, p. 1313–1336, doi:10.1130/B26067.1.



Topography and denudation rates reveal history of footwall uplift in Sierra San Pedro Mártir, Mexico

 Geological Society of America Bulletin, v. 1XX, no. XX/XX 17

Flint, J.J., 1974, Stream gradient as a function of order, mag-
nitude, and discharge: Water Resources Research, v. 10, 
no. 5, p. 969–973, doi:10.1029/WR010i005p00969.

Gasparini, N.M., and Brandon, M.T., 2011, A generalized 
power law approximation for fluvial incision of bedrock 
channels: Journal of Geophysical Research–Earth Sur-
face, v. 116, p. F02020, doi:10.1029/2009JF001655.

Gastelum, R.C., Romo, T.R., and Rabago, P.Y.H., 2000, 
Carta Geologico-Minera Lazaro, Cardenas: Servicio 
Geologico Mexicano.

Gastil, R.G., 1961, The elevated erosion surfaces, in 
Thomas, B.E., ed., Geological Society of America 57th 
Annual Meeting Guidebook for Field Trips: New York, 
Geological Society of America, Cordilleran Section, 
p. 1–4.

Gastil, R.G., Phillips, R.P., and Allison, E.C., 1975, Recon-
naissance Geology of the State of Baja California: 
Geological Society of America Memoir 140, 170  p., 
doi:10.1130/MEM140-p1.

Gilbert, G.K., and Dutton, C.E., 1880, Report on the Geol-
ogy of the Henry Mountains: Washington, D.C., U.S. 
Government Printing Office, 160 p.

Gleadow, A.J.W., Kohn, B.P., Fletcher, J.M., Brown, R.W., 
and Raza, A., 2003, Low-temperature thermochronol-
ogy of fundamental structures in the Gulf Extensional 
Province, Baja California, Mexico: Geochimica et 
Cosmochimica Acta, v. 67, no. 18, p. A122–A122.

Godard, V., Bourlès, D.L., Spinabella, F., Burbank, D.W., 
Bookhagen, B., Fisher, G.B., Moulin, A., and Léanni, 
L., 2014, Dominance of tectonics over climate in Hi-
malayan denudation: Geology, v. 42, no. 3, p. 243–246.

Granger, D.E., Kirchner, J.W., and Finkel, R., 1996, Spa-
tially averaged long-term erosion rates measured from 
in situ–produced cosmogenic nuclides in alluvial sedi-
ment: The Journal of Geology, v. 104, no. 3, p. 249–
257, doi:10.1086/629823.

Hack, J.T., 1957, Studies of Longitudinal Stream Profiles in 
Virginia and Maryland: U.S. Geological Survey Pro-
fessional Paper 294-B, 97 p.

Hack, J.T., 1975, Dynamic equilibrium and landscape 
evolution, in Melhorn, W.N., and Flemal, R.C., eds., 
Theories of Landform Development: New York, State 
University of New York, p. 87–102.

Harkins, N., Kirby, E., Heimsath, A., Robinson, R., and 
Reiser, U., 2007, Transient fluvial incision in the head-
waters of the Yellow River, northeastern Tibet, China: 
Journal of Geophysical Research–Earth Surface, 
v. 112, no. F3, p. F03S04, doi:10.1029/2006JF000570.

Hovius, N., Stark, C.P., and Allen, P.A., 1997, Sedi-
ment flux from a mountain belt derived by land-
slide mapping: Geology, v.  25, no.  3, p.  231–234, 
doi:10.1130/0091-7613(1997)025<0231:SFFAMB>2
.3.CO;2.

Hovius, N., Stark, C.P., Tutton, M.A., and Abbott, L.D., 
1998, Landslide-driven drainage network evolution in 
a  pre-steady-state mountain belt: Finisterre Mountains, 
Papua New Guinea: Geology, v. 26, no. 12, p. 1071–1074, 
doi:10.1130/0091-7613(1998)026<1071:LDDNEI 
>2.3.CO;2.

Kirby, E., and Whipple, K., 2001, Quantifying differential rock-
uplift rates via stream profile analysis: Geology, v. 29, no. 5, 
p.  415–418, doi:10.1130/0091-7613(2001)029<0415: 
QDRURV>2.0.CO;2.

Kirby, E., and Whipple, K.X., 2012, Expression of active 
tectonics in erosional landscapes: Journal of Struc-
tural Geology, v.  44, p.  54–75, doi:10.1016/j.jsg 
.2012.07.009.

Kirby, E., Johnson, C., Furlong, K., and Heimsath, A., 
2007, Transient channel incision along Bolinas Ridge, 
California: Evidence for differential rock uplift adja-
cent to the San Andreas fault: Journal of Geophysical 
Research–Earth Surface, v.  112, no.  F3, p. F03S07, 
doi:10.1029/2006JF000559.

Kohl, C.P., and Nishiizumi, K., 1992, Chemical isola-
tion of quartz for measurement of in situ– produced 
cosmogenic nuclides: Geochimica et Cosmochimica 
Acta, v.  56, no.  9, p.  3583–3587, doi:10.1016/0016 
-7037(92)90401-4.

Lague, D., and Davy, P., 2003, Constraints on the long-term 
colluvial erosion law by analyzing slope-area relation-
ships at various tectonic uplift rates in the Siwaliks Hills 
(Nepal): Journal of Geophysical Research–Solid Earth, 
v. 108, no. B2, p. 2129, doi:10.1029/2002JB001893.

Lague, D., Hovius, N., and Davy, P., 2005, Discharge, 
discharge variability, and the bedrock channel pro-
file: Journal of Geophysical Research–Earth Surface, 
v. 110, no. F4, p. F04006, doi:10.1029/2004JF000259.

Lal, D., 1991, Cosmic ray labeling of erosion surfaces: in 
situ nuclide production rates and erosion models: 
Earth and Planetary Science Letters, v.  104, no.  2-4, 
p. 424–439.

Larsen, I.J., and Montgomery, D.R., 2012, Landslide erosion 
coupled to tectonics and river incision: Nature Geosci-
ence, v. 5, no. 7, p. 468–473, doi:10.1038/ngeo1479.

Lee, J., Miller, M.M., Crippen, R., Hacker, B., and Vazquez, 
J.L., 1996, Middle Miocene extension in the Gulf 
Extensional Province, Baja California: Evidence 
from the southern Sierra Juarez: Geological Soci-
ety of America Bulletin, v.  108, no.  5, p.  505–525, 
doi:10.1130/0016-7606(1996)108<0505:MMEITG>2
.3.CO;2.

Martín-Barajas, A., Gonzalez-Escobar, M., Fletcher, J.M., 
Pacheco, M., Oskin, M., and Dorsey, R., 2013, Thick 
deltaic sedimentation and detachment faulting delay 
the onset of continental rupture in the northern Gulf 
of California: Analysis of seismic reflection profiles: 
Tectonics, v.  32, no.  5, p.  1294–1311, doi:10.1002/
tect.20063.

Miller, S.R., Baldwin, S.L., and Fitzgerald, P.G., 2012, 
Transient fluvial incision and active surface uplift in 
the Woodlark Rift of eastern Papua New Guinea: Lith-
osphere, v. 4, no. 2, p. 131–149, doi:10.1130/L135.1.

Miller, S.R., Sak, P.B., Kirby, E., and Bierman, P.R., 2013, 
Neogene rejuvenation of Central Appalachian topogra-
phy: Evidence for differential rock uplift from stream 
profiles and erosion rates: Earth and Planetary Sci-
ence Letters, v.  369–370, p.  1–12, doi:10.1016/j.epsl 
.2013.04.007.

Montgomery, D.R., and Brandon, M.T., 2002, Topo-
graphic controls on erosion rates in tectonically active 
mountain ranges: Earth and Planetary Science Let-
ters, v.  201, no. 3–4, p.  481–489, doi:10.1016/S0012 
-821X(02)00725-2.

Niemann, J.D., Gasparini, N.M., Tucker, G.E., and Bras, 
R.L., 2001, A quantitative evaluation of Playfair’s law 
and its use in testing long-term stream erosion models: 
Earth Surface Processes and Landforms, v. 26, no. 12, 
p. 1317–1332, doi:10.1002/esp.272.

Niemi, N.A., Oskin, M., Burbank, D.W., Heimsath, A.M., 
and Gabet, E.J., 2005, Effects of bedrock landslides on 
cosmogenically determined erosion rates: Earth and 
Planetary Science Letters, v. 237, no. 3–4, p. 480–498, 
doi:10.1016/j.epsl.2005.07.009.

O’Connor, J.E., and Chase, C.G., 1989, Uplift of the Sierra 
San Pedro Martir, Baja California, Mexico: Tectonics, 
v. 8, no. 4, p. 833–844, doi:10.1029/TC008i004p00833.

Olivetti, V., Cyr, A.J., Molin, P., Faccenna, C., and Granger, 
D.E., 2012, Uplift history of the Sila Massif, southern 
Italy, deciphered from cosmogenic Be-10 erosion rates 
and river longitudinal profile analysis: Tectonics, v. 31, 
p. TC3007, doi:10.1029/2011TC003037.

Ortega-Rivera, A., 2003, Geochronological constraints on 
the tectonic history of the Peninsular Ranges batho-
lith of Alta and Baja California: Tectonic implications 
for western Mexico, in Johnson, S.E., Paterson S.R., 
Fletcher J.M., Girty, G.H., Kimbrough, D.L., and 
Martín-Barajas, A., eds., Tectonic Evolution of North-
western Mexico and the Southwestern USA: Geologi-
cal Society of America Special Paper 374, p. 297–336.

Ouimet, W.B., Whipple, K.X., and Granger, D.E., 2009, Beyond 
threshold hillslopes: Channel adjustment to base-level fall 
in tectonically active mountain ranges: Geology, v.  37, 
no. 7, p. 579–582, doi:10.1130/G30013A.1.

Penck, W., 1953, Morphological Analysis of Land Forms: A 
Contribution to Physical Geography: London, Macmil-
lan and Co., 429 p.

Peryam, T.C., Dorsey, R.J., and Bindeman, I., 2011, Plio-
Pleistocene climate change and timing of Peninsular 
Ranges uplift in southern California: Evidence from 
paleosols and stable isotopes in the Fish Creek–Val-
lecito basin: Palaeogeography, Palaeoclimatology, Pa-
laeoecology, v. 305, no. 1–4, p. 65–74, doi:10.1016/j 
.palaeo.2011.02.014.

Portenga, E.W., and Bierman, P.R., 2011, Understanding 
Earth’s eroding surface with 10Be: GSA Today, v. 21, 
no. 8, p. 4–10, doi:10.1130/G111A.1.

Quigley, M., Sandiford, M., Fifield, L.K., and Alima-
novic, A., 2007, Landscape responses to intraplate 
tectonism: Quantitative constraints from Be-10 nu-
clide abundances: Earth and Planetary Science Let-
ters, v. 261, no. 1–2, p. 120–133, doi:10.1016/j.epsl 
.2007.06.020.

Roering, J.J., Kirchner, J.W., and Dietrich, W.E., 1999, 
Evidence for nonlinear, diffusive sediment transport on 
hillslopes and implications for landscape morphology: 
Water Resources Research, v.  35, no.  3, p.  853–870, 
doi:10.1029/1998WR900090.

Roering, J.J., Perron, J.T., and Kirchner, J.W., 2007, Func-
tional relationships between denudation and hillslope 
form and relief: Earth and Planetary Science Let-
ters, v.  264, no.  1–2, p.  245–258, doi:10.1016/j.epsl 
.2007.09.035.

Rosenbloom, N.A., and Anderson, R.S., 1994, Hillslope 
and channel evolution in a marine terraced land-
scape, Santa Cruz, California: Journal of Geophysical 
 Research–Solid Earth, v. 99, no. B7, p. 14,013–14,029, 
doi:10.1029/94JB00048.

Safran, E.B., Bierman, P.R., Aalto, R., Dunne, T., Whipple, 
K.X., and Caffee, M., 2005, Erosion rates driven by 
channel network incision in the Bolivian Andes: 
Earth Surface Processes and Landforms, v. 30, no. 8, 
p. 1007–1024, doi:10.1002/esp.1259.

Scherler, D., Bookhagen, B., and Strecker, M. R., 2014, 
Tectonic control on 10Be-derived erosion rates in the 
Garhwal Himalaya, India: Journal of Geophysical 
 Research–Earth Surface, v. 119, no. 2, p. 83–105.

Schildgen, T.F., Cosentino, D., Bookhagen, B., Nieder-
mann, S., Yildirim, C., Echtler, H., Wittmann, H., and 
Strecker, M.R., 2012, Multi-phased uplift of the south-
ern margin of the Central Anatolian plateau, Turkey: A 
record of tectonic and upper mantle processes: Earth 
and Planetary Science Letters, v. 317–318, p. 85–95, 
doi:10.1016/j.epsl.2011.12.003.

Schmidt, K.L., Paterson, S.R., Blythe, A.E., and Kopf, C., 
2009, Mountain building across a lithospheric bound-
ary during arc construction: The Cretaceous Peninsular 
Ranges batholith in the Sierra San Pedro Martir of Baja 
California, Mexico: Tectonophysics, v.  477, no.  3–4, 
p. 292–310, doi:10.1016/j.tecto.2009.04.020.

Schmidt, K.M., and Montgomery, D.R., 1995, Limits to re-
lief: Science, v. 270, no. 5236, p. 617–620, doi:10.1126/ 
science.270.5236.617.

Schoenbohm, L.M., Whipple, K.X., Burchfiel, B.C., and 
Chen, L., 2004, Geomorphic constraints on surface 
uplift, exhumation, and plateau growth in the Red 
River region, Yunnan Province, China: Geological So-
ciety of America Bulletin, v. 116, no. 7–8, p. 895–909, 
doi:10.1130/B25364.1.

Seiler, C., 2009, Structural and Thermal Evolution of the 
Gulf Extensional Province in Baja California, Mexico: 
Implications for Neogene Rifting and Opening of the 
Gulf of California [Ph.D. thesis]: Melbourne, Austra-
lia, University of Melbourne, 307 p.

Seiler, C., Fletcher, J.M., Quigley, M.C., Gleadow, A.J.W., 
and Kohn, B.P., 2010, Neogene structural evolution of 
the Sierra San Felipe, Baja California: Evidence for 
proto-gulf transtension in the Gulf Extensional Prov-
ince?: Tectonophysics, v.  488, no.  1–4, p.  87–109, 
doi:10.1016/j.tecto.2009.09.026.

Seiler, C., Fletcher, J.M., Kohn, B.P., Gleadow, A.J.W., and 
Raza, A., 2011, Low-temperature thermochronology 
of northern Baja California, Mexico: Decoupled slip-
exhumation gradients and delayed onset of oblique 
rifting across the Gulf of California: Tectonics, v. 30, 
p. TC3004, doi:10.1029/2009TC002649.

Seiler, C., Quigley, M.C., Fletcher, J.M., Phillips, D., 
Gleadow, A.J.W., and Kohn, B.P., 2013, Stratigraphy 
and Ar-40/Ar-39 geochronology of the Santa Rosa ba-
sin, Baja California: Dynamic evolution of a constric-
tional rift basin during oblique extension in the Gulf of 
California: Basin Research, v. 25, no. 4, p. 388–418, 
doi:10.1111/bre.12004.

Silver, L., Allen, C., and Stehli, F., 1969, Geological and 
geochronological observations on a portion of the Pen-
insular Ranges batholith of northwestern Baja Califor-
nia, Mexico, in Abstracts for 1968: Abstracts of Papers 
Submitted for Seven Meetings with which the Society 
was Associated: Geological Society of America Spe-
cial Paper 121, p. 279–280.



Rossi et al.

18 Geological Society of America Bulletin, v. 1XX, no. XX/XX

Sklar, L.S., and Dietrich, W.E., 2004, A mechanistic model 
for river incision into bedrock by saltating bed load: 
Water Resources Research, v. 40, no. 6.

Snyder, N.P., Whipple, K.X., Tucker, G.E., and Merritts, D.J., 
2000, Landscape response to tectonic forcing: Digital ele-
vation model analysis of stream profiles in the Mendocino 
triple junction region, northern California: Geological 
Society of America Bulletin, v. 112, no. 8, p. 1250–1263, 
doi:10.1130/0016-7606(2000)112<1250:LRTTFD>2.0
.CO;2.

Spotila, J.A., Farley, K.A., and Sieh, K., 1998, Uplift and 
erosion of the San Bernardino Mountains associ-
ated with transpression along the San Andreas fault, 
California, as constrained by radiogenic helium ther-
mochronometry: Tectonics, v.  17, no.  3, p.  360–378, 
doi:10.1029/98TC00378.

Stock, J.M., and Hodges, K.V., 1989, Pre-Pliocene extension 
around the Gulf of California and the transfer of Baja 
California to the Pacific plate: Tectonics, v.  8, no.  1, 
p. 99–115, doi:10.1029/TC008i001p00099.

Stock, J.M., and Hodges, K.V., 1990, Miocene to Recent 
structural development of an extensional accommoda-
tion zone, northeastern Baja California, Mexico: Jour-
nal of Structural Geology, v. 12, no. 3, p. 315–328, doi: 
10.1016/0191-8141(90)90016-R.

Strahler, A.N., 1950, Davis’ concepts of slope develop-
ment viewed in the light of recent quantitative in-
vestigations: Annals of the Association of American 
Geographers, v.  40, no.  3, p.  209–213, doi:10.1080/ 
00045605009352069.

Tucker, G.E., and Whipple, K.X., 2002, Topographic out-
comes predicted by stream erosion models: Sensitivity 
analysis and intermodel comparison: Journal of Geo-

physical Research–Solid Earth, v. 107, no. B9, p. 2179, 
doi:10.1029/2001JB000162.

von Blanckenburg, F., 2005, The control mechanisms of ero-
sion and weathering at basin scale from cosmogenic 
nuclides in river sediment: Earth and Planetary Sci-
ence Letters, v. 237, no. 3–4, p. 462–479, doi:10.1016/j 
.epsl.2005.06.030.

Whipple, K.X., and Tucker, G.E., 1999, Dynamics of the 
stream-power river incision model: Implications for 
height limits of mountain ranges, landscape response 
timescales, and research needs: Journal of Geophysi-
cal Research–Solid Earth, v. 104, no. B8, p. 17,661–
17,674, doi:10.1029/1999JB900120.

Whittaker, A.C., 2012, How do landscapes record tecton-
ics and climate?: Lithosphere, v. 4, no. 2, p. 160–164, 
doi:10.1130/RF.L003.1.

Whittaker, A.C., and Boulton, S.J., 2012, Tectonic and 
climatic controls on knickpoint retreat rates and 
landscape response times: Journal of Geophysical 
Research–Earth Surface, v.  117, p. F02024, doi:10 
.1029/2011JF002157.

Whittaker, A.C., Attal, M., Cowie, P.A., Tucker, G.E., and 
Roberts, G., 2008, Decoding temporal and spatial 
patterns of fault uplift using transient river long pro-
files: Geomorphology, v.  100, no.  3–4, p.  506–526, 
doi:10.1016/j.geomorph.2008.01.018.

Willenbring, J.K., Codilean, A.T., and McElroy, B., 2013, 
Earth is (mostly) flat: Apportionment of the flux of 
continental sediment over millennial time scales: Geol-
ogy, v. 41, no. 3, p. 343–346, doi:10.1130/G33918.1.

Willett, S.D., and Brandon, M.T., 2002, On steady states in moun-
tain belts: Geology, v. 30, no. 2, p. 175–178, doi:10.1130/ 
0091-7613(2002)030<0175:OSSIMB>2.0.CO;2.

Wobus, C., Hodges, K.V., and Whipple, K.X., 2003, Has 
focused denudation sustained active thrusting at the 
Himalayan topographic front?: Geology, v. 31, no. 10, 
p. 861–864, doi:10.1130/G19730.1.

Wobus, C., Whipple, K.X., Kirby, E., Snyder, N., Johnson, 
J., Spyropolou, K., Crosby, B., and Sheehan, D., 2006, 
Tectonics from topography: Procedures, promise, and 
pitfalls, in Willett, S.D., Hovius, N., Brandon, M.T., 
and Fisher, D.M., eds., Tectonics, Climate, and Land-
scape Evolution: Geological Society of America Spe-
cial Paper 398, p. 55–74.

Yanites, B.J., Tucker, G.E., and Anderson, R.S., 2009, Nu-
merical and analytical models of cosmogenic radio-
nuclide dynamics in landslide-dominated drainage 
basins: Journal of Geophysical Research–Earth Sur-
face, v. 114, p. F01007, doi:10.1029/2008JF001088.

York, D., Evensen, N.M., Martinez, M.L., and Delgado, 
J.D., 2004, Unified equations for the slope, inter-
cept, and standard errors of the best straight line: 
American Journal of Physics, v. 72, no. 3, p. 367–375, 
doi:10.1119/1.1632486.

Science Editor: Christian Koeberl 
Associate Editor: Karl W. Wegmann

Manuscript Received 30 June 2015 
Revised Manuscript Received 2 May 2016 

Manuscript Accepted 5 December 2016

Printed in the USA 


	Along-strike variation in catchment morphology and cosmogenic denudation rates reveal the pattern and history of footwall uplift, Main Gulf Escarpment, Baja California
	ABSTRACT
	1. INTRODUCTION
	1.1 Motivation and Scope
	1.2 Approach and Rationale

	2. GEOLOGIC SETTING
	2.1 Tectonic Setting
	2.2 San Pedro Mártir Fault
	2.3 Onset of Normal Faulting

	3. TECTONIC GEOMORPHOLOGY
	3.1 Mean Catchment Hillslope Gradient
	3.2. Normalized Channel Steepness Index

	4. METHODS
	4.1 Topographic Analysis
	4.2 Cosmogenic 10Be Denudation Rates

	5. RESULTS
	5.1 Catchment Morphometry along 
the Sierra San Pedro Mártir
	5.2 In Situ Bedrock Denudation Rates
	5.3 Catchment-Averaged Denudation Rates

	6. ANALYSIS AND DISCUSSION
	6.1 Topography and Denudation Rates
	6.2 Late Pliocene Increase in Fault 
Slip Rates
	6.3 Middle–Late Miocene Onset Age of Sierra San Pedro Mártir Faulting
	6.4 Tectonic Implications

	7. CONCLUSIONS
	ACKNOWLEDGMENT
	REFERENCES CITED

	Equation 1
	Equation 2
	Equation 3
	Equation 4
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Table 1
	Data Repository item 2016296

