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Late Quaternary slip across the Cañada David detachment has produced an extensive array of Quaternary
scarps cutting alluvial-fans along nearly the entire length (~60 km) of the range-bounding detachment. Eight
regional alluvial-fan surfaces (Q1 [youngest] to Q8 [oldest]) are defined and mapped along the entire Sierra el
Mayor range-front. Terrestrial cosmogenic nuclide 10Be concentrations from individual boulders on alluvial-
fan surfaces Q4 and Q7 yield surface exposure ages of 15.5±2.2 ka and 204±11 ka, respectively. Formation of
the fans is probably tectonic, but their evolution is strongly moderated by climate, with surfaces developing
as the hydrological conditions have changed in response to climate change on Milankovitch timescales.
Systematic mapping reveals that the fault scarp array along active range-bounding faults in Sierras Cucapa
and El Mayor can be divided into individual rupture zones, based on cross-cutting relationships with alluvial-
fans. Quantitative morphological ages of the Laguna Salada fault-scarps, derived from linear diffusive
degradation modeling, are consistent with the age of the scarps based on cross-cutting relationships. The
weighted means of the maximum mass diffusivity constant for all scarps with offsets b 4 m is 0.051 and
0.066 m2/ka for the infinite and finite-slope solutions of the diffusion equation, respectively. This estimate is
approximately an order of magnitude smaller than the lowest diffusivity constants documented in other
regions and it probably reflects the extreme aridity and other microclimatic conditions that characterize the
eastern margin of Laguna Salada.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Late Quaternary alluvial-fans are widespread throughout the
desert region of southwestern North America, and, with the advent
of new dating techniques, they have become the single most
important geomorphic marker for defining slip rates across an
extensive array of faults that accommodate shear between the Pacific
and North American plates. Alluvial-fan formation is widely recog-
nized to be the product of the complex interactions between climate,
tectonism and autocyclic processes. Fault slip produces topographic
relief that drives geomorphic systems and controls the distribution of
erosion and sedimentation. Climatic systems influence temperature
and rainfall, which have undergone marked variations on Milakovitch
and sub-Milankovitch timescales. At latitudes of the Mojave Desert,
glacial cycles create pluvial conditions that are wetter and cooler,
which generally give fluvial systems more power to erode and

transport sediment. These conditions, however, also promote vegeta-
tion growth that moderates the rate of geomorphic processes by
reducing hill-slope erosion and runoff.

Bull (1991) made regional correlations of alluvial-fans throughout
the Mojave Desert region and proposed that they formed during
climatic transitions when the balance of stream power and sediment
supply passed critical geomorphic thresholds. A growing set of
geochronologic data has better characterized the absolute ages of
the main fans in the sequence and largely has confirmed the regional
correlations (see Data repository item). Although most workers agree
that alluvial-fan formation is climatically controlled, there is still no
strong consensus on the type of transition that results in fan
aggradation in the desert environment. Perhaps the more favored
model envisages aggradation during transitions from humid to arid
conditions, but many workers have noted the large hydraulic capacity
and competence required to make fan deposits and propose that they
may have formed during transitions to more humid conditions (see
review in Dorn, 1994).

This study documents an extensive succession of alluvial-fans that
have formed along the margin of Laguna Salada, which is a sub sea
level rift basin in the northernmost gulf extensional province of
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Mexico (Fig. 1). The basin is a structural half-graben controlled by the
subvertical Laguna Salada fault as well as by a spectacularly exposed
low-angle normal fault called the Cañada David Detachment (CDD).
Both basin-bounding faults contain an extensive Quaternary scarp
array that extends ~55 km along strike.

In this paper, we report terrestrial cosmogenic nuclide (TCN) ages
for two of eight major fan surfaces that have been mapped along the
margin of Laguna Salada, which represent the first such ages of
alluvial-fans in Mexico. These data allow us to test both potential

correlations with the Mojave Desert and understand more about the
climatic controls on fan formation. In addition, we report quantitative
morphological ages of fault-scarps, using linear-diffusive degradation
modeling, and test the conformance of these ages with the different
ages of the scarps as determined from their cross-cutting relationships
with alluvial-fan surfaces. Using the ages of the fan surfaces we
estimate the mass diffusivity constant of scarp degradation, which
provides further insight into the Late Quaternary paleoclimate of the
Laguna Salada region.

Fig. 1. Location and structural map of the Sierras Cucapa (SC) and El Mayor (SEM) showing major detachment faults, high angle faults and range-bounding Quaternary fault-scarp
array. The latter is represented by different line patterns according to the crosscutting relationships of the displaced range-front Quaternary alluvial-fan surfaces (see text for
convention). Solid-line open boxes represent the boundaries between structural domains discussed in the text. Source of epicenters are from the Southern California Seismic Record
(1932 to recent). Abbreviations: LS, Laguna Salada fault; CR, Cañón Rojo fault; CF, Chupamirtos fault; CDD, Cañada David detachment; MBD, Monte Blanco detachment; MB, Monte
Blanco dome.
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2. Regional geologic setting

The Laguna Salada basin is located along thewestern margin of the
Gulf extensional province and is a major tectonic depression with a
broad sub-sea level depocenter (15–30 km wide). The abundant
seismic activity in this region confirms that it is located near the axis
of the zone of shearing between the North American and Pacific
plates. The basin has a crude rhombic shape that opens to the south
(Fig. 1) and is bordered by topographically rugged mountains
composed of Mesozoic crystalline basement (e.g., granitoid intrusions,
schist, migmatitic gneiss, amphobolite and marble). These include the
Sierra Juárez to the west, Sierra Cucapa to the northeast, and Sierra El
Mayor to the east. To the south, the Laguna Salada basin meets the
Colorado River delta plain and tidal flats of the northern Gulf of
California. Sedimentary infilling of the Laguna Salada Basin has been
fed by episodic fluvial incursions from the Colorado River system and
the deposition of coarser grained alluvial deposits fed by catchments
in the Sierras Juárez, Cucapa and El Mayor (Siem, 1992). It is likely that
fluvial incursions of the Colorado River entered the basin from the
south, which has happened several times in recent years (1980–1986,
1994) with high discharge (Hinojosa et al., 2001, 2004).

The Laguna Salada basin forms a structural half-graben that is
predominantly controlled by two major range-bounding faults that
define its eastern limit (Fig. 1; Axen and Fletcher, 1998). The western
margin of the Sierra El Mayor is controlled by the west-dipping CDD.
This structure was first documented by Siem and Gastil (1994) and later
Axen and Fletcher (1998)who showed that it could be traced for ~60 km
along the entire western margin of Sierra El Mayor. The CDD is a west-
dipping low-angle normal fault that juxtaposes Plio-Pleistocene con-
glomerates against Mesozoic crystalline basement. The fault zone
commonly dips from 20° to 29° and has 1–2 m of varicolored clay
gouge surrounded by a zone of cataclasite that can reach 100–200 m in
thickness. Activity along the CDD is believed to have begun ~12 Ma and
has accommodated 10–12 km of horizontal extension as indicated by
low-temperature thermochronology of footwall rocks (Axen et al.,
2000). This timing is consistentwith the age of the syn-rift sedimentary
sequence in the Laguna Salada basin, which includes the Late Miocene
Imperial Formation, Pliocene–Pleistocene Palm Spring Formation, and
younger, locally-derived deposits (Siem and Gastil, 1994; Vazquez-
Hernandez et al.,1996;Axenand Fletcher,1998;Axen et al.,1998;Dorsey
and Martin-Barajas, 1999; Martín-Barajas et al., 2001). Like most large-
offset normal faults, the CDD is corrugated and shows a strongly
curvilinear trace with two major antiform–synform megamullion pairs
(i.e., the larger grooves on the footwall, oriented parallel to the direction
of fault displacement). To the north, the CDD ends against the NW-
striking Laguna Salada Fault, which is a high-angle normal-dextral fault
that controls the western margin of the Sierra Cucapa (Fig. 1). As
presented in the following sections, both range-bounding faults are
active and associated with a nearly continuous array of fault scarps.

3. Modern climate

According to several different classification schemes the modern
climate of Laguna Salada is extremely arid. The Mexican National
Weather Service reports climatic normals for the years 1971–2000
(http://www.smn.cna.gob.mx). There are six weather stations in the
Laguna Salada region, and their mean annual precipitation varies from
54.9 to 127.4 mm and their mean annual temperature varies from 22.1
to 24.4 °C. Approximately 40% of annual precipitation occurs during
the high-sun half of the year (April to September). The normal
temperature during the coldest months of the year (December–
January) in Laguna Salada averages 13.3 °C, whereas the average
normal temperature during the hottest months (July–August) is
34.1 °C. The Köppen–Geiger climate classification compares annual
precipitation to potential evapotranspiration and according to the
formulas reported by Kottek et al. (2006), Laguna Salada is classified as

a hot desert environment (BWh). In fact, the mean annual precipita-
tion could be three to four times greater and the area would still be
classified as a hot desert according to the Köppen–Geiger scheme. An
independent classification developed by Ponce et al. (2000) is based
on the ratio of mean annual precipitation (Pma) of a given area
compared to the annual global terrestrial precipitation (Pagt), which
they estimate to be ~800 mm. This ratio varies from 0.07 to 0.16 in
Laguna Salada, and five out of six weather stations are classified as
superarid (Pma/Pagtb0.125) with the other as hyperarid (0.125≤Pma/
Pagtb0.25) according to the scheme developed by Ponce et al. (2000).

The extreme aridity of the region is probably due to its location in
the rain shadow of the Sierra Juárez. The Sierra Juárez is located to the
west of Laguna Salada and has an elevation of ~2000 m asl. Therefore,
it effectively blocks the zonal flow of moisture from the Pacific during
the winter months when Laguna Salada receives 60% of its annual
precipitation. As reported by the Mexican National Weather Service,
the Sierra Juárez receives nearly an order of magnitude more
precipitation than Laguna Salada, which is a strong testament of its
rain shadow effect on Laguna Salada. Another important factor that
contributes to extreme aridity in Laguna Salada is its position relative
to the meridional currents, which carry monsoonal moisture north-
ward from the Gulf of California during the summer. Laguna Salada is
located on the extreme western limit of the region affected by the
North American monsoon (see review by Adams and Comrie, 1997).
The low elevation and high summertime temperatures also combine
to inhibit the precipitation of monsoonal moisture.

Due to the extreme aridity of Laguna Salada, the lacustrine
depocenter of the basin is generally a completely dry lake bed. During
wet years, however, the basin commonly becomes temporarily filled
with water. The highest shorelines are 4–6 m asl and are probably
controlled by the elevation of the Colorado River delta and tidal flats
along its southern margin. Some of the highest historical lake levels
were recorded during 1980–1986 and 1994 when rainfall in south-
western North America increased due to the influence of El Niño
(Hinojosa et al., 2001, 2004). Excess discharge released from dams
along the Colorado River caused inundation of the delta and water
flowed into the Laguna Salada basin from the south (Hinojosa et al.,
2004). Therefore, it is likely that the lake was full more frequently
before the construction of dams such as the Hoover dam in 1936.

4. Alluvial-fan morphostratigraphy

The mountain-front alluvial-fans along the fault controlled eastern
margin of the Laguna Salada basin are fed by catchments of Mesozoic
crystalline basement in the Sierras Cucapa and El Mayor. These
deposits are dominated by coarse-grained debris-flow and channe-
lized fluvial deposits, which grade basinward into finer-grained over-
flow, sheet-flow deposits. The latter are commonly interstratified and/
or overlapped by aeolian dune sediments. The fan deposits also
interdigitate with lacustrine sediments near the basin depocenter.

Detailed mapping of the Quaternary surficial deposits and land-
forms reveal at least eight regional alluvial-fan surfaces of different
ages. The surfaces were differentiated on the basis of morphostrati-
graphy and weathering characteristics. The key characteristics for
establishing relative age include the study of post-depositional
features such as: (1) the relative elevation of fan surface above
the modern stream channels (Bull, 1991, 2000); (2) development of
rock varnish (Bull, 1991; Sowers, 2000); (3) preservation of the
original bar and channel morphology on the surface (Bull, 1991, 1996);
(4) chemical and mechanical disintegration of surface clasts (Birke-
land and Noller, 2000); (5) abundance and type of vegetation, and
finally (6) the degree of maturity of soils (Mueller and Rockwell, 1995;
Rockwell, 2000). Although the late Quaternary deposits contain both
granitoid and metamorphic clasts, the surface-weathering character-
istics described below primarily apply to the behavior of granitoid
clasts, which is an abundant rock type in most catchments and shows
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the widest range of weathering characteristics. The geomorphic
surfaces are designated, from youngest to oldest, Q1 to Q8; and their
key geomorphological characteristics are summarized in Table 1. In
general, younger fan surfaces are inset within older fan surfaces and
thus the fans form a telescopic sequence (Fig. 2).

Q1 is the youngest morphostratigraphic unit of the sequence and
makes up active alluvial-fans. Q1 deposits are defined as active
channels and bars associated with modern stream systems. In
general, surficial clasts on Q1 surfaces are unweathered and lack rock

varnish and rock pavement. However, clasts with inherited varnish
are rare but present. Soil development in Q1 is mostly absent, but,
when present, consists of an extremely thin zone of organic and/or
aeolian material immediately above the unaltered alluvium. Vegeta-
tion density is highest on the active fans and is generally found on
bars near active channels. Thermophile scrub species are abundant
including scattered desert ironwood, paloverde, mesquite, smoke
tree and brittle bush (Carter, 1977). The concentration of vegetation
in this unit is most likely due to the fact that they are located along

Table 1
Summary of the key characteristics of middle-late Quaternary alluvial-fan surfaces on piedmonts of the western Sierra El Mayor

Geomorphic
surface

Morphostratigraphy Soil-profile development

Local
nomenclaturea

Likely correlative
surfaces in SW
North Americab

Rock varnish/color Rock weatheringc Topography A-horizon B-horizon Carbonate
morphologyd

Vegetation

Q1 Q4b none Unweathered Bars and channels
of active arroyos

None None Not observed Relatively
abundant

Q2 Q4a None Unweathered Abandoned bars
and stream
channels

None None Not observed Relatively
abundant;
mostly on
bars

Q3 Q3c Incipient/light
pink

Incipient weathering;
clasts not fractured;
sugary texture

Undissected; very
rugged; fully
preserved
bouldery bar and
swale morphology

Weakly
developed near
vegetation

None Not observed Moderate;
less
abundant
than on Q2
surfaces

Q4 Not correlable
(see text)

Well developed
on all clasts/dark
brown

Clasts strongly
fractured; tafoni or
irregular cavernous
weathering is common

Undissected and
rugged; well
preserved bar and
swale morphology

Poorly
developed;
b1 cm thick

None Weak but
present

Sparse;
mostly
confined
to the floor
of
abandoned
channels

Q5 Q2c Granitic clasts
coated with ~50%
less varnish than in
Q4/ochre brown

Original surfaces are not
preserved; extreme
cavernous weathering;
“hat shaped” forms are
common

Slightly dissected;
smooth; bar and
swale relief is 50–
80% less than in Q4
surfaces

Best developed
in swales; ochre
brown, soft-
loose, vesicular
entrained loess;
1–2 cm thick

Bw composed of silt and
clay with minor
gypsum; ~20 cm thick
in finer-grained swales
and b10 cm thick in
coarser-grained bars

Weak but
present
throughout the
upper 2 m

Mostly
absent

Q6 Q2b Preserved only on
metamorphic
cobbles and
boulders; clasts in
swales have
slightly more
varnish/dark
brown

Extremely weathered;
“hat-shaped”
morphologies are rare
but still present

Moderately
dissected; smooth;
bar and swale
morphology
mostly destroyed;
incipient desert
pavement

Ochre brown;
vesicular;
2–3 cm thick

Bw, ~40 cm thick,
composed of redish
brown sand, silt and clay
with halite and small
gypsum precipitates

Weak stage I;
coatings
1–3 mm

Generally
barren

Q7 Q2a Preserved only on
sporadic
metamorphic
cobbles and
boulders/
burnished dark
brown

Granitoid clasts
completely destroyed
forming highly
fractured masses of
rubble; sporadic
metamorphic clasts are
much less weathered

Dissected and
undulating; bar
and swale
morphology
completely erased;
well-developed
desert pavement

Ochre brown;
vesicular;
b3 cm thick

Bw similar to that in Q6;
well-cemented calcic
horizons, ~10 cm thick,
are found within the
uppermost meter

Well developed
stage I

Barren

Q8 Not correlable
(see text)

Preserved only on
metamorphic
cobbles and
boulders/
dominantly black
and glossy

Granitic clasts
completely
desintegrated; tightly
packed metamorphic
clasts are common

Dissected and
undulating; bar
and swale
morphology
absent; very well-
developed desert
pavement

Pale brown;
vesicular;
2–4 cm thick

Bw, N2 m thick,
composed of redish
sand, silt and clay, along
with carbonate, gypsum
and halite precipitates, is
heterogeneously
developed

Discontinuous
calcic horizons
(2–6 cm thick)
extend to
depths N2 m;
transitional
stage II–III

Barren

Oldest
alluvial-fan
depositse

Q1 Not preserved Not strongly
weathered

Rounded; planar
geomorphic
surfaces are not
preserved

Poorly
developed

Removed by erosion Weak Barren

a For consistency we are using the nomenclature used by Mueller & Rockwell (1995) to describe the alluvial chronology in the western Sierra Cucapa. Q1 is the youngest
geomorphic surface whereas Q8 is the oldest (see text for details).

b Regional morphostratigraphic nomenclature defined by Bull (1991); see Data repository for compilation of numerical ages and geochronologic methods used on alluvial fans in
southwestern North America.

c Surface-weathering characteristics primary apply to the behavior of local surficial granitoid clast (see text for details).
d Correlative carbonate morphology stages in the Mojave desert (e.g., Gile et al., 1981).
e In the study area these alluvial-fan deposits are informally referred as the ‘gray gravels’ (Dorsey and Martin-Barajas, 1999). This unit forms the upper plate of all exposures of the

Canada David detachment in the study area (Axen et al., 1999).
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the modern channels, which become inundated during infrequent
flood events and are the last places to dry up after any small runoff
event.

Q2 is most-recently abandoned alluvial-fan surface. Most of the
characteristics of Q2 surfaces are nearly identical to Q1 and the main
difference is that Q2 has a higher relative height and is made up of
abandoned bars and channels.

Q3 deposits typically contain surficial clasts that show the onset of
rock varnish accumulation giving the surface an overall light-pinkish
color (Fig. 3A). Additionally the onset of weathering gives the
granitoid clasts a sugary texture, yet blows with a steel hammer
produce a solid ringing noise. With little weathering of the clasts the
original bar and swale morphology of the surface is fully preserved
and the surface is very rugged. Soil in Q3 deposits is generally absent
except for the formation of thin A horizons near vegetation. The same
species of vegetation present on Q1 and Q2 are also present on Q3, but
they are less abundant.

Q4 surface clasts are pervasively varnished, and Q4 surfaces have a
characteristic brown appearance regardless of clast lithology. Most
surface clasts show evidence of weathering; they are strongly
fractured and many display ‘tafoni’ or irregular cavernous features
(Fig. 3B). The surface morphology of Q4 is rugged with a well
preserved bar and swale morphology, similar to the younger deposits.
Q4 soil is poorly developed to nonexistent. Pedogenic carbonate is
weak but present in the upper 2 m of the deposit. Vegetation on Q4

surfaces is significantly reduced compared to the younger surfaces,
which probably reflects both the increased distance and elevation
from the best sources of surface runoff.

Q5 surface clasts are strongly weathered. Extreme cavernous or
tafoni weathering is ubiquitous and many granitoid clasts are
weathered into distinctive “hat-shaped” forms that are constituted
by partially buried boulders that have high-standing cores surrounded
by rims that have been weathered flat down to the existing ground
surface (Birkeland and Noller, 2000; Fig. 3C). The original surfaces of
granitoid clasts are not well preserved and thus the development of
rock varnish is significantly less than that found on Q4 surfaces. In
general, less than 50% of granitoid clasts contain desert varnish. The
bar and swale morphology is well developed on Q5 surfaces, but the
relief decreases with decreasing clast size and increasing distance
from the mountain front. Compared with Q4 surfaces, Q5 bar and
swale relief is 50–80% less, which indicates a greater degree of bar
degradation and swale backfilling. The soil in Q5 fan surfaces is best
developed in the finer-grained swales where Av horizons reach
thickness of 1–2 cm and are composed of entrained loess that contains
a vesicular texture. Below this, the B-horizons are composed
predominantly of reddish weathered silt and clay with minor gypsum
and reach thicknesses of 10–20 cm. In contrast, soils are significantly
less developed or absent in the coarser grained bars where B-horizons
generally do not exceed 10 cm in thickness. Pedogenic carbonate is
weak but present in the upper 2 m of Q5 deposits. Vegetation on Q5

surfaces is rare.

Q6 surfaces are morphologically very different than any of the
younger surfaces. Extreme weathering of granitoid clasts has leveled
nearly all of them even with the ground surface, but rare clasts with
advanced stages of hat-rock morphology can still be observed.
Remnant bar and swale morphology can be observed but the relief
is less than 25% of that seen in adjacent Q5 deposits. Swales generally
have a darker appearance, and their surfaces contain desert pavement
formed by small clasts (b4 cm width) that have slightly more varnish
than those that form bars. Soils developed on Q6 alluvial deposits
contain Av horizons (2–3 cm thick) and Bw horizons (~40 cm thick).
The Bw horizon contains reddish brown sand, silt and clay with halite
precipitates and small gypsum and carbonate (1–3 mm) nodules. In
general, the carbonate in Q6 is disseminated throughout the upper 2m
of the deposit and pedogenic carbonate coats the bottom and sides of
clasts forming carbonate pendants. However, the abundance of
carbonate is not great and is classified as a weak stage I carbonate
morphology of Gile et al. (1981). Q6 surfaces are generally barren of
vegetation.

Q7 surfaces contain granitoid clasts that have been completely
disintegrated and form highly fractured masses of rubble that are
leveled even with the surface of the deposits (Fig. 3D). In contrast,
boulders of quartzite and amphibolite metamorphic rocks that are
much less weathered also exist on Q7 surfaces. These clasts seem to
preserve most of their original shape and contain a dark rock varnish.
As a rule the original bar and swale morphology of the surface of these
older deposits is completely erased and the surface contains well-
developed desert pavement. The reduction of bar and swale
topography, leading to relatively smooth abandoned fan surfaces in
the Mojave desert, have been documented as occurring between 280
to 410 ka (Matmon et al., 2006). However, as will be discussed in the
next section, the age of Q7 surfaces in Laguna Salada are somewhat
younger than 280 ka. Soils formed in Q7 alluvial deposits are very
similar to those of Q6 in terms of the thickness, texture and
composition of the Av and Bw horizons. Carbonate is somewhat
more abundant in Q7 deposits, which may contain well cemented
layers (10 cm thick) within the uppermost meter of the deposit.
However, carbonate coatings are generally restricted to the sides and
bottom of clasts and thus the carbonate morphology corresponds to a
well developed stage I of Gile et al. (1981). Q7 surfaces are barren of
vegetation.

Q8 fan surfaces are only found along one segment of the range front
and they are likely to bemuch older than the other seven surfaces. The
deposit is dominated by heavily varnished clasts of quartzite and
amphibolite metamorphic rocks that form a well-developed desert
pavement. Granitoid clasts are not sufficiently abundant to allow a
direct comparison of their weathering characteristics with the
younger surfaces. However, like Q7 surface the bar and swale
morphology of Q8 surfaces has been completely erased. Soil develop-
ment in Q8 deposits is markedly more advanced than with the
younger surfaces. Thin Av horizons (2–4 cm thick) overlie an extensive
Bw horizon that contains reddish sand, silt and clay along with

Fig. 2. N–NW facing photo-mosaic showing the distribution and relative height between major regional alluvial-fan surfaces in the northern synform domain. In this area, the oldest
alluvial-fan preserving planar geomorphic surfaces is Q7. Relative elevation of geomorphic surface Q7 above the modern stream channels is ~20 m. Younger fan surfaces are
systematically lower in elevation and thus the fans form a telescopic sequence. Note that Q3 deposits are not recognizable from this perspective. The ‘gray gravels’ in the right middle
ground, behind Q6 deposits, are the oldest alluvial-fan deposits in the entire study area and do not preserve any planar geomorphic surfaces.
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carbonate gypsum and halite precipitates. Although this altered
material is heterogeneously developed it extends to depths greater
than 2 m. Carbonate is much more strongly developed in Q8 deposits
and occurs as discontinuous horizons (2–6 cm thick) distributed
throughout the profile to depths in excess of 2 m. Many clasts are
completely coated in carbonate and the carbonate morphology of the
profile is transitional stage II–III of Gile et al. (1981). This is
considerably more advanced carbonate development than was
observed in Q7. It is possible that the deep profile indicates that Q8

soils are polygenetic, but no obvious depositional disconformities
were observed in the upper 2 m of the Q8 deposit. Q8 surfaces are
barren of vegetation.

The oldest alluvial-fan deposits exist as large and often isolated
hills that rise above the surface of the rift basin. These hills are
typically rounded and do not preserve any planar geomorphic
surfaces. In some exposures, the surface of the deposit has a higher
concentration of larger clasts than the underlying deposit, which we
interpret to reflect deflation of the surface and the preferential erosion

of the finer grained fraction. In general, surface clasts are not strongly
weathered and soil is not well developed, which suggests that the
surfaces are not stable. This unit is always strongly sheared near the
contact of the range-bounding Laguna Salada–Cañada David fault
system.

5. Exposure ages of regional alluvial-fan surfaces

The predominantly coarse-grained texture of the alluvial-fans in
Laguna Salada, coupled with the lack of datable organic material, limit
the application of commonly used techniques such as luminescence
and/or radiocarbon dating, respectively. As an alternative, we here
explore the terrestrial cosmogenic nuclidemethod (TCN) to determine
the exposure age of alluvial-fan surfaces in the Laguna Salada
sequence.

The accumulation of TCNs, produced by the interaction of cosmic
rays with minerals at the Earth's surface, allows the age and history of
geomorphic surfaces and deposits to be quantified (Gosse and Phillips,

Fig. 3. Geomorphic characteristics of selected regional Quaternary surfaces in the study area. Views of average surface boulder characteristics for each surface are shown in the lower
right corner of each plate. Note the difference in weathering of surficial clasts, degree of rock varnish, preservation/degradation of original bar and channel morphology, and
vegetation density with increasing age of the deposit. (A) Q3 geomorphic surface showing the onset of rock varnish; (B) geomorphic surface Q4. Note the difference in elevation with
geomorphic surface Q3 (right) and the discrepancy in the density of vegetation; (C) geomorphic surface Q5 showing accumulation of fine-grained material in the swales. The tree line
in rear is formed in Q1–Q2 deposits; (D) geomorphic surface characterizing geomorphic surfaces Q6 through Q8. Note the absence of original bar and swale morphology and the
smoothness of the surface caused by extreme rock weathering.
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2001; Cockburn and Summerfield, 2004). TCN ages record the length
of time that a given geomorphic surface has been exposed to cosmic
radiation since its deposition. The penetration of cosmic rays depends
on density of the medium and for rocks the production of TCN
decreases exponentially with depth below the surface. At depths of
60 cmwithin rock the production rate of TCN is approximately half of
that at the rock's surface. Production of TCN also depends on elevation
and latitude, which are known parameters for this study area. There
are several methods to obtain TCN exposure ages of alluvial-fan
surfaces and each has strategies to assess the effects of unknown
parameters such as (1) post-depositional erosion, which would result
in the exposure of new surfaces deeper within the sample and an
underestimation of true surface age, and (2) inheritance, which is the
component of TCN concentration that was produced prior to
deposition by exposure of the rock in outcrop and during its
subsequent transport through the catchment.

In this study, TCN 10Be surface exposure ages were determined for
autochthonous surface clasts on two key alluvial-fan surfaces. For each
geomorphic surface, TCN ages were derived from six samples of
individual quartz-rich surface boulders. The production of TCN 10Be
produced in quartz is well understood and the production rate is
known to b5% (Gosse and Phillips, 2001; Balco et al., 2008). Several
other key characteristics were used to select boulders that had
maintained a stable position and suffered the least erosion and
chemical attack over the duration of their exposure to cosmic rays.
Firstly, rounded boulders with the largest possible size (55–90 cm in
diameter) were selected to provide reasonable inference that little or
no weathering and no change in geometry has occurred since
deposition. Secondly, boulders with the darkest rock varnish were
selected to provide evidence that the surfaces considered for dating
had experienced the least amount of weathering. Thirdly, boulders
located on flat portions of the alluvial surface, away from swales or
dissecting channels, were selected to assure landform stability and
that no toppling had occurred since deposition. Samples were
obtained only from the top of the boulders and all of the material
was collected within 5 cm of the surface and the sample thickness was
recorded. Sampling locations and elevation above sea level are listed
in Table 2.

The rock samples were crushed and sieved to obtain particles
between 250–500 µm in diameter. This was followed by aminimumof
four acid leaches: aqua regia for N9 h; two 5% HF/HNO3 leaches for
~24 h; and one or more 1% HF/HNO3 leaches each for ~24 h, adapted

from the methods of Kohl and Nishiizumi (1992). To remove acid
resistant and mafic minerals, heavy liquid (density of 2.7 g/ml)
separations with lithium heteropolytungstate (LST) were used after
the first 5% HF/HNO3 leach. Pure quartz was dissolved in concentrated
HF and then fumed with perchloric acid to remove fluoride atoms.
Samples were then passed through anion and cation exchange
columns to remove Fe and Ti, and to separate the 10Be and 26Al
fractions. Ammonium hydroxide was added to the 10Be fractions to
precipitate beryllium hydroxide gel. The beryllium hydroxide was
oxidized by ignition at 750 °C for 5 min in quartz crucibles. Beryllium
oxide was mixed with Nb powder and loaded in steel targets for the
measurement of the 10Be/9Be ratios by accelerator mass spectrometry
at the PRIME Laboratory in Purdue University. The measured isotope
ratios were converted to TCN concentrations in quartz using the total
10Be in the samples and the sample weights. TCN 10Be concentrations
were then converted to zero-erosion exposure ages using sea level
high latitude (SLHL) 10Be production rate of 4.98 atoms/g of quartz/
year (Stone, 2000; Balco et al., 2008). 10Be production rates were
scaled to the latitude and elevation of the sampling sites using the
scaling factors of Lal (1991) and Stone (2000) with 3% SLHL muon
contribution. The TCN data and ages are shown in Table 2.

In this study, TCN 10Be surface exposure ages were determined for
autochthonous surface clasts on alluvial-fan surfaces Q7 and Q4. These
geomorphic surfaces were considered key deposits because: (1) Q4 is
one of the more extensive surfaces along the mountain front; (2) Q7 is
the oldest surface that is cut by well preserved fault scarps and is
suitable for morphologic dating; and (3) the scarps characterized in
this study cut at least one of these two surfaces.

TCN 10Be concentrations in rock samples collected from alluvial-fan
surface Q7 yielded surface exposure ages of ~174 to ~223 ka (Fig. 4). The
age of the surface was estimated from the weighted mean of the
individual sample ages. This procedure gives more weight to ages with
the least amount of uncertainty, which includes the likely uncertainty in
the 10Be production rate and the analytical error on the 10Be/9Be
accelerator mass spectrometer measurements. The Q7 dataset yielded a
weighted mean age of 204±11 ka (Table 2; Fig. 4). The reported
uncertainty is the “a priori” error that is calculated without considering
the mean square of weighted deviates (MSWD), which for this case is
low (MSWD=0.63). In contrast, most samples collected from alluvial-
fan surface Q4 yielded TCN 10Be surface exposure ages that cluster
between ~11 to ~26 ka, with a significant outlier giving an age of ~76 ka
(sample #1727-02 in Fig. 5) that is probably the result of 10Be

Table 2
Sampling locations, TCN 10Be concentrations and surface exposure ages for boulders sampled from the surfaces of Q4 and Q7 alluvial-fans in the western Sierra El Mayor

Boulder size Location Altitude 10Be concentration TCN age, ka.

Sample ID (cm) Rock typea Latitude Longitude (m asl) (104 atoms/g) Sampleb Surface

Surface Q7
RR-1 80 MS 32.0235 −115.3493 60 65.01±7.47 174.2±31
RR-2 60 MS 32.0233 −115.3529 50 69.60±2.53 191.2±23.2
RR-3 63 MS 32.0235 −115.3520 50 83.39±2.22 240±29.8 204±11c

RR-4 55 MS 32.0244 −115.3471 70 74.69±2.31 204.4±24.7
RR-5 70 MS 32.0242 −115.3521 50 78.66±3.69 222.7±29.3
RR-6 69 MS 32.0242 −115.3534 45 71.34±3.23 198.1±25.1

Surface Q4
1727-01 80 G 32.2016 −115.4613 141 11.46±0.57 24.7±2.6
1727-02 80 MS 32.2017 −115.4612 142 33.39±0.78 75.7±7.7
1727-03 60 G 32.2019 −115.4606 145 5.25±0.37 11.1±1.3 15.5±2.2d

1727-04 75 G 32.2019 −115.4607 145 7.40±0.56 15.7±1.9
1727-05 65 MS 32.2016 −115.4607 145 7.52±0.36 16±1.7
1727-06 90 MS 32.2012 −115.4607 146 12.15±0.93 26.1±3.2

The uncertainty of individual TCN ages includes the error on the 10Be/9Be AMS measurement plus an error for the likely uncertainty in the 10Be production rate.
Shielding factor, as calculated to correct for topographic barriers, is the unity for all samples.
Erosion rate for all samples is considered to be 1 m/Ma.

a Rock type refers to rock composition and/or origin. G = granitic; MS = meta-sedimentary.
b The sample ages are for single rock samples, the surface ages are weighted averages of the sample ages (see text).
c Surface age of alluvial surface Q7 is the weighted average of all individual sample ages.
d Surface age of alluvial surface Q4 is the weighted average of all individual sample ages minus sample #1727-02 (see text).
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inheritance from a previous exposure episode. The weighted mean for
Q4 individual samples, excluding the anomalous outlier, yielded a
surface age of 15.5±2.2 ka (Table 2; Fig. 5). In this case the data
dispersion is high and the MSWD (7.01) was used to calculate the
uncertainty, which is the “a posteriori” error.

6. Surface rupture sequences

Detailed mapping along the ~60 km long Sierra El Mayor range-
front was undertaken at a scale of 1:7000. This allowed the cross-
crossing relationships of individual surface rupture sequences of all
scarps in the array to be characterized. The relative age of surface
faulting was based on evaluation of the youngest alluvial deposit cut
by and the oldest alluvial deposit not cut by the scarp-forming faults.
The relative age of a scarp is described by the notation Qi−Qj, which
indicates that the scarp cross-cuts Qj but not Qi surfaces. The results of
the spatial and temporal relations of Quaternary surface rupture
sequences are shown in Fig. 1.

The most recent (Q1–Q2) and best-documented surface rupture
sequence in the study area occurs in the northern synformal domain
and is thought to have been produced by a widely felt earthquake in
1892 (Mueller and Rockwell, 1995). The rupture contains scarps with
free faces that cut Q2 surfaces, extending ~22 km, and has vertical
displacements that vary from 2.5 to 5 m (Mueller and Rockwell, 1995).
Based on the reconstruction of piercing points, including offset
alluvial-fan heads and topographic lows where fans merge, Mueller
and Rockwell (1995) showed that the rupture accommodated slightly

more dextral strike slip than dip slip. Using these deformation
parameters, they estimated a moment magnitude (Mw)~7.1 for the
event. One of the most interesting aspects of this rupture is that it
clearly propagated along two distinct faults. Near the southern end of
the rupture it deviated from the NW-striking Laguna Salada Fault and
then followed the NE-striking Cañón Rojo Fault for ~2.5 km (Mueller
and Rockwell, 1995). From the southern end of the 1892 rupture, the
scarp array continues for ~33 km to the south and the southern limit of
the scarp array coincides with the southernmost exposure of the CDD.

Along the length of the CDD the scarp array can be divided into
segments with distinct cross-cutting relationships, which probably re-
present discrete rupture sequences. In general the rupture sequences are
dominatedbyscarpsQ3–Q4andQ4–Q5cross-cutting relationships. Surface
Q3 could be too young to have accumulated many ruptures. In contrast,
scarpswith older cross-cutting relationships are lesswell preserved. Thus,
the time interval between Q3 and Q5 is likely to be optimum for scarp
accumulation andpreservation. Scarps older thanQ5 are only preserved in
two segments of the array. In both cases they are present with younger
rupture sequences (Fig. 1). Therefore, these segments are important
because theymay allow the estimation of recurrence intervals as the ages
of the alluvial deposits become better characterized.

The array in any given segment contains as many as 15 different
scarps, which occur as a band of nested grabens that may have formed
at the same time. Although definitive cross-cutting relationships are
quite common along the entire length of scarp array, not every scarp
that was assigned to a particular rupture sequence has definitive
cross-cutting relationships. This becomes especially important when

Fig. 5. TCN 10Be surface exposure ages of individual surface boulders collected from alluvial-fan surface Q4 (northern antiform). Error bars include the error on the 10Be/9Be AMS
measurement plus the error for the likely uncertainty in the 10Be production rate. Heavy horizontal line represents theweighted mean of the full data set minus sample #2, yielding a
surface exposure age of 15.5±2.2 ka for alluvial-fan surface Q4. The gray band represents the age uncertainty whereas the chart on the right margin shows the relative probability of
TCN 10Be ages.

Fig. 4. TCN 10Be surface exposure ages of individual surface boulders collected from alluvial-fan surface Q7 (southern antiform). Error bars include the error on the 10Be/9Be AMS
measurement plus the error for the likely uncertainty in the TCN 10Be production rate. Heavy horizontal line represents the weightedmean of all samples yielding a surface exposure
age of 204±11 ka for alluvial-fan surface Q7. The gray band represents the age uncertainty whereas the chart on the right margin shows the relative probability of TCN 10Be ages.
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evaluating ruptures that cut the older alluvial-fan surfaces and may
have accumulated over longer periods of time. Therefore, as presented
in the next section, the morphologic ages provide independent
verification of the internal consistency of the inferred relative timing
of individual scarps.

7. Morphologic age of surface ruptures

The geomorphologic analysis of fault scarps cutting poorly
consolidated alluvial sediments has been extensively used as an
approach to determine the ages of surface ruptures. Themethod arises
from the simple observation that slope angles of normal fault scarps
are lower on older scarps and that, for scarps of the same age, the
slope angle decreases with decreasing scarp height (Wallace, 1977;
Bucknam and Anderson, 1979). For many years these simple but
powerful observations have represented the foundation for quantita-
tive morphologic dating techniques that uses the diffusion equation to
estimate the ages of fault scarps (e.g., Bucknam and Anderson, 1979;
Nash, 1980, 1986; Colman and Watson, 1983; Mayer, 1984; Hanks and
Wallace,1985; Andrews and Hanks, 1985; Avouac,1993; Hanks, 2000).

Detailed topographic profiles were surveyed across multiple sur-
face rupture sequences of variable cross-cutting relationships in our
study. The topographic transects were measured perpendicular to the
strike of the scarps using a laser-distance meter total station with an
accuracy to 0.003° and ±8 mm in a distance of 1 km. The location of
topographic profiles is shown in Fig. 1. Visual inspection of represen-
tative topographic profiles of scarps from Laguna Salada relationships
shows an obvious degradation of the scarp slope with progressively
older cross-cutting relationship (Fig. 6). Below we describe the
morphometric parameters of the scarps that are used to test whether
the observed scarp morphology and cross-cutting relationships are
compatiblewith scarp degradationmodeled by the diffusion equation.

The linear-diffusion datingmethod used in this study compares the
observed scarp morphology, derived from topographic profiles, with
that predicted by two widely used solutions to the diffusion equation.
The first solution, commonly termed the infinite-slope solution, was
derived by Colman and Watson (1983) and is shown below.
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This solution is expressed as the product between time (t) and mass
diffusivity (k), which is known as diffusion age (kt). The diffusion age is
calculated in termsof the regional slope of the fan (α), scarp offset (d), the
initial maximum angle (θo), and the observed maximum angle of the
scarp (θ). The second solution, shownbelow, uses these sameparameters
and is known as the finite-slope solution (Hanks and Andrews, 1989).
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The major differences between the two solutons are the initial
conditions used to solve the diffusion equation and theway inwhich the
initial scarp angle (θo) is taken into account. For a more detailed
discussion seeHanks (2000). Belowwerefer to these two solutions of the
diffusion equation as the infinite and finite-slope methods, respectively.

The main suppositions for applying both solutions of the diffusion
equation to describe diffusive scarp degradation is to assume that: 1)
scarps formed during a single event; 2) scarps formed in unconsolidated
homogeneous material and the slopes are transport-limited; 3) all
changes in elevation occur along the profile, perpendicular to the scarp
trace, with no movement of material oblique to this profile; 4) there has
beennooverall loweringof the landscapenear the scarp and 5) there has
been a constant base level for the scarp throughout the degradation
history (Nash, 1980; Colman andWatson, 1983; Keller and Pinter, 1996).

With a few exceptions that will be discussed further in the text,most
of the fault-scarps thatwere analyzed seemed to complywith the above
assumptions. Nevertheless, significant variations in clasts size and
regional slope of the displaced alluvial-fan surfaces are observed along
the ~55 km length of the Quaternary scarp array in Laguna Salada. The
scarp array shows systematic variations in distance from the mountain
front that coincideswith synformal and antiformalmegamullions of the
range-bounding detachment fault (Fletcher and Spelz, 2007). As shown
in Fig. 1, the scarp array in synformal domains is generally separated by
several kilometers from themountain front and thus, the grain size and
regional slopes of the alluvial-fan surfaces decrease appreciably in these
domains. Therefore,we separated the array into structural domainswith
similar characteristics. In addition, based on the results from studies that
show the dependency of mass diffusivity on climatic and geometric
factors (e.g., Pierce and Colman, 1986), only synthetic west-facing fault-
scarps were compared to the modeled diffusive degradation. Antithetic
east-facing scarps were eliminated from the analysis because their
slopeswere opposite to the regional slope of the alluvial-fan surface and
thus their modeled diffusion ages cannot be directly comparedwith the
synthetic scarps due to possible differences in scarp degradation
induced mainly by geometric variations.

Even in the more geomorphologically homogeneous domains the
regional slope varies both between transects and along the same
transect. Therefore, the regional slope of each scarp was determined
individually by averaging the upper and lower surface slopes in the
immediate vicinity of the scarp. These regional slopes for individual
scarps were then averaged to calculate diffusion contours shown in the
plots of maximum slope angle versus scarp offset (Fig. 9A–D). To
calculate offset, which is the scarp amplitude within the diffusion
equation framework, scarp profiles were rotated by the local regional
slope and the offset was taken to be the difference in elevation between
the crest and the toe of the scarp. Neglecting the rotation of the scarp
profiles results otherwise in the estimationof the scarpheight (h),which
ultimately leads to erroneous age estimates (Hanks and Andrews,1989).

The frequency distribution of scarp offsets is illustrated in Fig. 7A.
Fault-scarp offsets vary between 0.12 to 9.91 m, however, the
frequency distribution shows that most of the scarps in the Laguna
Salada region have vertical displacements that cluster in the range
between several decimeters up to ~1.25 m. Fault-scarps with greater
vertical offset become progressively less numerous, and the general
trend of the frequency distribution can be approximated by a power-
law function, as shown in Fig. 7B. The observed maximum scarp angle
was measured at the mid-point of the scarp offset in the rotated
profiles, which is consistent with the modeled symmetry of the scarp
profile. The observed mid-point slope angle of the Laguna Salada
fault-scarps varies from 6.3° to 37.1°. The accuracy of these parameters
depends largely on the accuracy of the laser-distance meter total

Fig. 6. Examples of observed fault scarp topography (see Fig. 1 for location). Numbers in
parenthesis indicate the cross-cutting relationship of each individual scarp. Note the
decreasing mid-slope angle with increasing relative age of the scarp.
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station and roughness of the alluvial-fan surface. Although it is
difficult to quantify the range in error of the measurements, the
accuracy of offset should be a fixed number (±5 cm as a rough
guideline) and the accuracy of the maximum scarp angle should vary
inversely with scarp height as observed by Pierce and Colman (1986).

Theonly variable that cannotbedirectly determined fromthedetailed
topographic profiles collected for this study is θo, which represents the
initial geometry of the scarpwhen the degradation became controlled by
diffusive processes such as rain-drop impact, slopewash and slope creep
(Nash,1980,1986; Colman andWatson,1983). It iswidely recognized that
immediately following the rupture forming event, scarp degradation is
largely controlled by non-linear processes, such as slumping and collapse
(e.g.,Wallace,1977; ColmanandWatson,1983), leading to thedestruction
of the free face and the formation of a debris wedge at approximately the
angle of repose of the alluvium, which is generally estimated to range
from 30° to 35° (e.g., Carson and Kirkby, 1972; Nash, 1986; Pierce and
Colman, 1986). In the Basin and Range province of the western United
States it is thought that non-diffusive, gravity-driven processes dominate
scarp degradation for a period of a few tens to a few hundreds of years
(Wallace, 1977,1980; Pierce and Colman,1986; Machette, 1989); a period
of time that should be added to the age estimated from the diffusion
equation. In LagunaSalada theyoungest known fault scarps, that havenot
completely lost their free faces, are the Q1–Q2 Cañón Rojo fault scarps,
whichMueller andRockwell (1995) believed formedduring the ~7.1 (Mw)
event in 1892. These scarps yield observed maximum angles that range
from 32.7° to 37.1°. Therefore, we assume an initial maximum angle of
32.5°, which is slightly lower than the shallowest maximum angle that is
observed for the Cañón Rojo fault-scarps.

As noted in many other studies, the Laguna Salada scarps yield a
consistentpositive correlationbetweendiffusion age andoffset,which is
a scaling problem that has been related to non-linear diffusive processes
of scarp degradation (e.g., Colman andWatson,1983; Hanks et al., 1984;
Pierce andColman,1986;Hanks andAndrews,1989; Fig. 8). Additionally,
a close examinationof the LagunaSalada scarps revealed that, regardless
of scarp height, those associated with Quaternary mini-grabens
consistently show much higher diffusion ages compared to other
synthetic scarps with similar cross-cutting relationships (Fig. 8). These
scarps typically have the largest offset, but their association with
antithetic scarps andmini-grabensmakes them particularly susceptible
to out-of-plane transport ofmaterial, which of course violates one of the
basic assumptions of the solution of the diffusion equation. Indeed, it
was nearly impossible to find a floor of the Quaternary mini-grabens
that have not been dissected by post-rupture channels. Therefore, all
synthetic scarps associatedwithmini-grabenswere eliminated from the
domainal statistical analysis of diffusion ages. This filter eliminated all
scarps that had an offset greater than 4 m, except for one with a 6.9 m
offset in thenorthern synformdomain,which is alsoanomalouslyold. To
have a consistent data set for comparing diffusion ages, this scarp was
also eliminated from the statistical analysis (Fig. 8). It is important to
highlight that filtering out the larger scarps does not completely
eliminate the positive correlation of diffusion age and offset. This is
particularly notable in Q6–Q7 scarps; thosewith the oldest cross-cutting
relationships (Fig. 8D). A linear regression of the filtered scarps shows
that the Q6–Q7 population has one of the highest coefficients of
determination and a positive slope that is an order ofmagnitude greater
than the other Q3–Q4 populations. As discussed below, the correlation is

Fig. 7. Fault-scarp offset characteristics. (A) Bar graph showing the frequency distribution of scarp-offset. Numbers in italics above each distinctive peak indicate the average offset for
scarps within the particular class interval. (B) Relation between frequency and scarp-offset (both on log scale) for surveyed scarps in Sierra El Mayor. Scarp-offset follows a power-law
distribution which is similar to the frequency-magnitude relation of earthquakes in the Laguna Salada region. For the regression analysis, r2 is the coefficient of determination.
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best observed in the oldest scarps, which suggests that non-linear
diffusive processes have a measurable effect on the observed morphol-
ogy throughout the entire degradation history. Furthermore, they are
not limited to just the initial period of degradation as is commonly
assumed (e.g.,; Wallace, 1977; Colman and Watson, 1983; Nash, 1986).

Despite documented problems related to non-linear diffusive
processes, quantitative morphological ages of the Laguna Salada
fault-scarps are very consistent with the cross-cutting relationships
determined in the field. In Fig. 9, maximum scarp angle is plotted
against scarp offset to compare the observed and predicted scarp
morphology, the latter of which is shown as diffusion age contours
based on the infinite-slope solution of the diffusion equation. Even
without the previously described filter, scarps with different cross-
cutting ages define relatively distinct distributions in the plots (Fig. 9).
However, statistical analysis of filtered scarps clearly shows that the
95% confidence intervals of scarps with different cross-cutting
relationships do not overlap (Fig. 9). Fault-scarps in the northern
synformal domain display the most diverse range of cross-cutting
relationswith 3 different generations and, although the data is limited,
the differences in age between these are easily observed (Fig. 8A).

Scarp diffusion ages show systematic variations that are consistent
with independent estimates of relative timing based on cross-cutting
relationships. Q1–Q2 fault-scarps yield negative or undefined diffu-
sion ages because their observed maximum angles are higher than
the assumed initial angle of 32.5°. For this generation of historic fault-
scarps no further analysis was performed. The Q3–Q4 fault-scarps
yield mean diffusion ages that range from 0.12 to 0.27 m2 using the
infinite-slope method and from 0.19 to 0.37 m2 using the finite-slope
method (Fig. 9A, B, C, Table 3). Older Q4–Q5 surface ruptures were
only measured in the northern synformal domain and are repre-
sented by a single scarp yielding a diffusion age of 1.03 m2 using the
infinite-slope method and 1.69 m2 using the finite-slope method

(Fig. 9A, Table 3). The Q6–Q7 scarps, in the southern antiformal
domain, give the oldest mean diffusion age of 3.06 m2 using the
infinite-slope method and 3.43 m2 using the finite-slope method
(Fig. 9D, Table 3). These scarps show the broadest variation in diffu-
sion age relative to their mean.

8. Discussion

8.1. Climatic and tectonic effects on alluvial-fan formation

The eight distinct alluvial surfaces along the Sierra El Mayor
Mountain front typically contain a thin layer of alluvial-fan sediment
(1–4 m thick) deposited on a surface beveled into older basin fill
sediments. Near the mountain front the fan surfaces may change into
narrow pediment surfaces carved into the crystalline basement. We
envisage the formation of each surface to have included a combination
of 3main processes: 1) vertical incision along the channels of themain
footwall drainage basins; 2) lateral erosion to form the broad beveled
platforms; and 3) deposition of the capping gravels. Therefore, we infer
that the surfaces must have formed by a combination of tectonic uplift
and climatic variations.

The common slot canyons andwineglass valley profiles adjacent to
the youngest ruptures in this region suggest vertical incision is
significantly controlled by episodic fault offset across the Laguna
Salada–Cañada David fault system. Fan surfaces older than Q3 are not
common on the down-dropped side of the scarp array, which suggests
fan abandonment is strongly controlled by changes in base level
produced by displacement on the range-bounding faults. Detailed
mapping of rupture sequences show that faulting was highly
diachronous along the length of the mountain front. Therefore, if fan
abandonment was predominantely driven by fault-related base level
changes, one would expect the fan surfaces to be diachronous and

Fig. 8. Calculated diffusion ages for fault-scarps with initial slope angles (θo) of 32.5° in different structural domains, using the infinite-slope method. Scarps in circles were excluded
from the analysis (see text for details), and the symbol shape indicates the scarp cross-cutting relationship (see key). The sloping line defines the linear regression of diffusion age
versus scarp offset, which was calculated for filtered Q3–Q4 and Q6–Q7 scarps. Coefficients of determination for the linear regressions are listed as r2. Heavy horizontal line represents
the mean diffusion age for Q3–Q4 and Q6–Q7 scarps. Gray envelope indicates the uncertainty around the mean with a 95% confidence level.
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noncorrelable along the mountain front. However, as described
previously, the alluvial-fan surfaces are all defined by a unique set of
surficial geomorphologic characteristics, which strongly suggests that
each formed coevally along the entire range front. Therefore, we infer
that climatic variations were largely responsible for producing the
geomorphic thresholds that controlled alluvial-fan formation.

The ages of the two dated surfaces inwestern Sierra El Mayor show
a pattern that is consistent with climatically controlled terminations
of alluvial aggradation events (Fig.10). Given that our dates define four

main surfaces over a 200,000 year period, it is likely that alluvial-fan
formation is modulated by climatic changes on Milankovitch time-
scales that influence the regional hydrology. As shown in Fig. 10, the
surface exposure ages of boulders on Q4 and Q7 surfaces coincide well
with oxygen isotope stage 2 and the most recent stadial of stage 7,
respectively, in the oxygen-isotope chronostratigraphy defined by
Martinson et al. (1987).

Numerous authors have proposed process-response models for
alluviation associated with catchments in desert environments (see

Fig. 9. Slope-offset plots of the Sierra El Mayor fault-scarps in different structural domains. Symbol shape indicates the scarp cross-cutting relationship (see key). Solid curves are
diffusion age contours (m2), predicted by the infinite-slope method, using the average regional slope of each domain and assuming initial slope angles of 32.5°. Heavy lines represent
the mean diffusion age for scarps with different cross-cutting relationships. Gray envelope indicates the uncertainty around the mean with a 95% confidence level. Scarps in circles
were excluded from the statistical analysis (see text for details).

Table 3
Estimation of the maximum and minimum mass diffusivity constant based on cross-cutting relationships

Mean diffusivity (m2/ka)

Mean diffusion age (kt, in m2) Scarp age (t, in ka) Infinite-slope methodc Finite-slope methodd

Domain Cross-cutting
relationa

Number of
filtered scarpsb

Infinite-slope
methodc

Finite-slope
methodd

maximum minimum minimum maximum minimum maximum

Northern synform
Cañón Rojo fault Q1−Q2 4 −0.09±0.05 − ~0.115e ~0.115e − − − −
Cañón Rojo fault Q3−Q4 10 0.19±0.12 0.22±0.12 15.5f 3g 0.012 0.063 0.014 0.073
Chupamirtos fault Q4−Q5 1 1.03 1.69 71g 15.5f 0.015 0.066 0.024 0.109

Northern antiform
All scarps Q3−Q4 9 0.12±0.04 0.19±0.04 15.5f 3g 0.008 0.040 0.012 0.063

Southern synform
All scarps Q3−Q4 5 0.27±0.21 0.37±0.29 15.5f 3g 0.017 0.090 0.024 0.123

Southern antiform
All scarps Q6−Q7 10 3.06±1.12 3.43±1.28 204f 126g 0.015 0.024 0.017 0.027
Weighted average 0.013 0.051 0.016 0.066

a Cross-cutting relationship is determined by the oldest unit not cut and the youngest unit cut by the scarp-forming faults.
b Filtered scarps have offsets lesser than 4 m.
c In this method the solution of the diffusion equation is based on an initial condition geometry which assumes a vertical (infinite slope) initial-value scrap.
d In this method the solution of the diffusion equation is based on an initial condition geometry which assumes a finite-slope initial-value scrap.
e Historical age based on the widely felt earthquake in 1892 (e.g., Mueller and Rockwell, 1995).
f 10Be surface exposure age calculated in this study.
g Inferred surface age based on the average age of correlative surfaces in SW North America (see Fig. 10 and text for full details).
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review by Blum and Törnqvist, 2000). Interestingly, some workers
argue that fan aggradation is associated with a relative increase in
aridity (e.g., Bull, 1977; 1991, 2000; Wells et al., 1987, 1990), whereas
others interpret fan aggradation as occurring with a relative increase
in rainfall (e.g., Dorn et al., 1987; Harvey et al., 1999a,b; Ponti, 1985).
Belowwe refer to these twomodels of alluvial-fan formation in desert
environments as the arid and humid models, respectively. In both
models, climatic variations controlled by Milankovitch orbital cycles
are described with reference to changes that occur in Mediterranean
latitudes of the northern hemisphere.

The arid model of fan formation is widely accepted and was
perhaps best developed by Bull (1991, 2000). Bull (1991, 2000)
proposed that in the southwestern USA aggradation of alluvial-fans
coincides with transitions from glacial to interglacial cycles when
reduced annual rainfall and increased temperatures leads to
decreased soil moisture and vegetation density, as has been
documented by Van Devender (1977). These conditions reduce
infiltration rates and expose soil to rain-splash erosion, which
ultimately increases sediment supply and triggers valley floor
aggradation. The aggradation event is likely to continue until a
deposition-erosion threshold is crossed and sediment concentration
decreases due to either the removal of hillslope colluvium and/or the
stabilization of the colluvium produced by a higher vegetation cover
on hillslopes (e.g., Bull, 1979, 2000). At this point the geomorphic
system becomes transport limited and fluvial systems will begin to
incise through the alluvial surface and develop an erosional strath
upon which the next fan in the telescopic sequence will be deposited.
Therefore, fan sediments should have interglacial/interstadial ages
and their abandoned surfaces can form at anytime thereafter when
the deposition-erosion threshold is crossed. However, the age of
surface abandonment should not exceed the age of the onset of the
next glacial/stadial period when rainfall and runoff increase drama-
tically. According to this model alternating cycles of erosion and
aggradation take place over relatively long time periods that
correspond with the glacial and interglacial cycles, respectively.

An alternative humid model of fan aggradation was proposed by
Harvey et al. (1999a; 1999b), who interpreted the aggradation of
both stacked and telescopic fan sequences to coincide with wetter
conditions associated with glacials/stadials. Harvey et al. (1999a)
has demonstrated that geomorphic activity significantly slowed
during the more arid interglacial periods and was restricted to
minor fan head trenching. In this scenario one can infer that the
formation of a telescopic sequence of alluvial-fans (i.e., those with

younger fans incised into older fans as observed in Laguna Salada)
would require both lateral erosion and deposition to have occurred
during the wetter climatic cycles when geomorphic activity was
high. Therefore, the geomorphic thresholds that control erosion and
aggradation should be crossed at a very high frequency, perhaps
with each major storm event. Cessation of alluviation in this model
should coincide with the return to more arid conditions associated
with interglacial cycles. In this manner the overall timing of fan
forming events is controlled by major climatic variations and should
take place on Milankovitch timescales as with the first model of fan
formation.

At first glance the two models for fan formation seem mutually
exclusive, but they may in fact be equally valid in different desert
settings. For example, the arid model of fan formationwould probably
apply in semiarid deserts that undergo large changes in vegetation
with glacial cycles. Portions of the Mojave Desert above 500 m
elevation were predominantely covered with Pinyon-juniper forests
(e.g., Van Devender, 1977), which would have significantly reduced
hill-slope sediment supply and controlled geomorphic thresholds
over the entire duration of the glacial cycles. In contrast, the humid
model of fan formationmay best apply in deserts with extreme aridity.
If climate only changes from superarid to arid during interglacial and
glacial cycles, the combination of sparse vegetation and low rainfall
will cause geomorphic systems to be persistently underpowered
relative to sediment supply. As shown by Van Devender (1977)
portions of the Mojave desert below 500m elevation never developed
a significant vegetation cover even during the wetter pluvial
conditions. Such a strongly transport limited system would require
wetter conditions with increased runoff to drive the progradation of
alluvial-fans beyond the mountain front and into the rift basin.

Laguna Salada is a sub-sea level basin with a modern climate
classified as superarid. The best dated alluvial-fan is Q4, which be-
came abandoned immediately following the Last Glacial Maximum.
This timing most likely coincides with a decrease in geomorphic
activity associated with the northward migration of the polar
jetstream and an increase in aridity. Therefore we propose that the
Q4 alluvial-fan deposits most likely formed by the humid model
described above. The age of Q7 coincides with the most recent stadial
of oxygen isotope stage 7. It is possible that this fan also formed
during relatively wetter/cooler conditions that may have accompa-
nied the brief stadial cycle. However, the age has large error bars and
it is possible that Q7 alluvial-fan deposits formed according to the arid
model of fan development.

Fig. 10. TCN 10Be surface exposure ages of alluvial-fan surfaces in the western Sierra El Mayor (black dots with error bars) are plotted against the normalized δ18O record (modified
from Martinson et al., 1987). Thick black segments along the oxygen isotope curve represent the time range of regional alluvial-fan formation in the deserts of southwestern North
America, as compiled frommultiple numerical ages reported in the literature (see Data repository item). The alluvial-fan nomenclature of the regional sequence (e.g., Bull, 1991, 2007)
and the related age range of the aggradation event are reported in parenthesis. Outside the parenthesis is the nomenclature of the likely correlable alluvial-fan of the Laguna Salada
sequence (see text for details).
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8.2. Regional correlations of alluvial-fans

The sequences of alluvial-fan deposits in Laguna Salada showmany
similarities with the more regional fan morphostratigraphy. Through-
out the southwestern United States, Bull (1991, 2007) has defined nine
regionally correlated alluvial geomorphic surfaces based on simila-
rities in soil, surface morphology, relative height above modern fluvial
channels, and age. Q1 is the oldest class of fan deposits of the regional
suite and is thought to be more than 1.2 Ma in age (Bull, 1991, 2007).
This unit does not preserve planar geomorphic surfaces and thus is
very similar to grey gravel deposits in Laguna Salada (Table 1). The
oldest fans with planar surfaces are thought to be 240–730 ka in age
(Bull, 1991, 2007). It is not likely that a single fan forming event lasted
throughout this entire period of time. Rather these older fan surfaces
are likely to display similar extremes of surface weathering and soil
development, but they most likely formed in many discrete events
and are now variably preserved throughout the region. The Q7 (204±
11 ka) and Q8 fan surfaces of Laguna Salada are best correlated with
Q2a fans of the regional sequence.

None of the regional alluvial-fan sequence as originally defined by
Bull (1991) correlates well with the 15.5±2.2 ka age of Q4 in Laguna
Salada. Q2c fans are considerably older (~60 ka) and Q3a are younger
(~12 ka; Bull, 1991, 2007). However, numerous recently-dated fan
surfaces throughout the southwestern USA have yielded ages between
17 and 38 ka (e.g., Bull, 1991; Benn et al., 2006; and references therein;
Harvey et al., 1999b; Le et al., 2007; Sohn et al., 2007). Most of the fans
in this age range are located in Owens Valley on the eastern flank of
the Sierra Nevada and are thought to have formed by paraglacial
processes like the catastrophic breaching of dams formed by terminal
moraine deposits (Blair, 2001; Benn et al., 2006). An important
exception is an alluvial-fan from Death Valley with an age of ~25 ka,
which Sohn et al. (2007) interpreted to have formed in an arid-to-
humid transitional climate. They classified the fan as Q2d, which
represents a new category in the regional fan nomenclature and is the
most likely to correlate with Q4 fans in Laguna Salada.

A regional compilation of dated alluvial-fans (see Data repository
item) show two strong clusters of ages that are intermediate between
the ages of Q4 and Q7 of the Laguna Salada sequence. One set of fans
formed in early stage 5e and range from 129 to 124 ka (Fig. 10; e.g., Bull,
1991 and references therein; Le et al., 2007). These fansmake up theQ2b
set of the regional sequence, which is most likely correlated with Q6 in
Laguna Salada. The Q2c fans of the regional sequence range in age from
60–83 ka (e.g., Bull, 1991 and references therein; Frankel et al., 2007a)
andmost likely correlatewithQ5 of the LagunaSalada sequence (Fig.10).

In the regional fan sequence, workers recognize five major sets of
alluvial-fans that are younger than Q4 of Laguna Salada (Bull, 1991;
Knott et al., 2005; Benn et al., 2006 and references therein;Wells et al.,
1987; Le et al., 2007; Sohn et al., 2007). Two of these sets (Q3a and
Q3b) coincide well in age with the onset (~12 ka) and intensification
(10–8 ka) of the North American monsoon system, respectively
(Spaulding and Graumlich, 1986; Harvey et al., 1999b). Laguna Salada
is located on the extreme western limit of the region affected by the
North American monsoon (Adams and Comrie, 1997). This combined
with its very low elevation and hot summer temperaturesmake it very
unlikely to have been a site of extreme monsoonal precipitation.
Therefore, it is not likely that any of the Laguna Salada fans formed at
these times and we tentatively correlate the three youngest fan
surfaces (Q4b, Q4a, Q3c) of the regional sequence with Q1, Q2, and Q3 of
Laguna Salada, respectively.

Fan surfaces younger than Q4 in Laguna Salada are not likely to be
preserved after major aggradation or erosional events that will occur
in the future. On the upthrown side of the scarp array, these fan
surfaces are restricted to narrow regions along the margins of modern
channels and they generally do not exceed 2 m in height above the
modern Q1 channels. Therefore, they can be easily removed when
geomorphic systems become more energetic. On the downthrown

side of the scarp array, the three youngest fan surfaces in Laguna
Salada should simply become buried by subsequent alluviation
events.

8.3. Diffusivity constant estimations

Scarps in the Laguna Salada region yield systematic variations in
diffusion ages. These are not only consistent with the cross-cutting
relationships, but also have virtually no overlap at the 95% confidence
interval (Fig. 9). The mean values of the diffusion ages for the filtered
scarps (i.e.,≤4 m in offset) with different cross-cutting relationships
are listed in Table 3. Despite the clear separation of diffusion ages for
different cross-cutting relationships, it is interesting to note that Q3–

Q4 scarps have distinctly different diffusion ages in different domains
(Table 3, Fig. 9). This variability is probably related to twomain factors:
1) rupture sequences in different domains could have formed at
different times despite having the same cross-cutting relationships;
and 2) it is possible that the rates of diffusive degradation vary
between domains. Regarding the latter possibility, it is important to
note that the greater diffusion ages for Q3–Q4 rupture sequences come
from synformal domains where the scarp array is more distant from
the mountain front (Fig. 1; Table 3). Therefore, it is possible that the
finer grained material, which makes up the scarps in synformal
domains, has a higher diffusivity constant. Numerous other studies
have documented variations in mass diffusivity for scarps in the same
area, which have been attributed to local variations in geologic,
climatic, temporal and even geometric factors such as orientation and
scarp height (e.g., Colman andWatson, 1983; Hanks et al., 1984; Pierce
and Colman, 1986).

In order to calculate the diffusivity constant, ages of the undated fan
surfacesmust be estimated. Using the strong correlation of fan surfaces
in Laguna Salada with dated surfaces in the regional morphostrati-
graphy as outlined above,we assignQ3, Q5, andQ6 of Laguna Salada the
ages of ~3, ~71, and ~126 ka, respectively. These ages represent the
middle of the time range of each group of ages shown on Fig. 10.

The mean values of the diffusion ages, in combination with the
minimum and maximum age of the scarp-forming faults based on
their cross-cutting relationships, were used to calculate a minimum
and maximum value of mass diffusivity for each cross-cutting
relationship in each domain (Table 3). The infinite-slope method
yielded minimum values of mass diffusivity that vary from 0.008 to
0.017 m2/ka with a mean that is weighted by the number of filtered
scarps of 0.013 m2/ka. The maximum mass diffusivity values
calculated by the same method ranges from 0.024 to 0.09 m2/ka,
with a weighted mean of 0.051 m2/ka (Table 3). The finite-slope
method yielded slightly higher mass diffusivities of 0.016 and 0.066,
which correspond to the weighted mean of the minimum and
maximum estimates, respectively (Table 3). Due to the fact that the
data set is dominated by Q3–Q4 and Q6–Q7 scarps, the minimum
estimates of mass diffusivity are probably more reliable because they
are based on dated surfaces (Q4 and Q7), whereas, maximumestimates
of the diffusivity constant are largely based on speculative surface
ages. Nonetheless, it is important to note that the diffusivity constants
calculated by either method are remarkable similar given the wide
range in age of the scarps used in this analysis.

Although our method for making an approximate estimate of the
diffusivity constant yielded internally consistent results for a
temporally diverse population of scarps, it is important to note that
these values are very low compared to other studies, the results of
which have been compiled by Hanks (2000). In general, mass
diffusivity estimates for middle-late Pleistocene and early Holocene
scarps, ranging from a few meters to several meters high, under
semiarid climatic conditions vary between 1 to 16 m2/ka (e.g., Hanks
et al., 1984; Hanks andWallace, 1985; Pierce and Colman, 1986; Hanks
and Andrews, 1989; Arrowsmith et al., 1998). Mass diffusivity
approximations for similar scarps under arid climatic environments
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have been found to vary between a narrower range of 1 to 6 m2/ka
(e.g., Tapponier et al., 1990; Avouac,1993; Avouac and Peltzer,1993). In
contrast, the lowest reported diffusivity rates, ranging from 0.1 to
0.4 m2/ka are for scarps developed in poorly consolidated terrains
under extremely arid climatic conditions (e.g., Bowman and Gerson,
1986; Begin, 1992; Enzel et al., 1996).

The average estimates of mass diffusivity derived from the Laguna
Salada fault-scarps are approximately an order of magnitude smaller
than the lowest documented diffusion rates for fault scarps in
extremely arid environments. Three possible hypotheses may be
invoked to explain this difference.

Firstly, it is possible that the low diffusivity values in the Laguna
Salada region may reflect the original filtering process that we used,
which had the effect of removing the scarps with the oldest diffusion
ages. Clearly, the inclusion of these scarps would increase the mean
diffusion age, which in turn would increase the mean values of mass
diffusivity. However, these scarps were not used in the calculations
because of other criteria that made us doubt the validity of their
diffusion ages (e.g., their association with grabens that probably
introduced a strong component of out-of-plane erosion of the scarps).

The second hypothesis is perhaps the boulders sampled for TCN
10Be surface exposure dating all have similar values of inheritance and
the real age of the alluvial-fan surface is much younger. Due to the
large size of the boulders sampled, the inherited component of TCN
10Be would be different for each boulders; it is highly unlikely that
inheritance could be essentially identical in all six individual boulders
that were used to the estimate age of each deposit. Gosse (2003)
pointed out that inheritance is the dominating control on the ages of
young Holocene alluvial-fans in arid regions and that its influence
diminishes with depositional age of the fans. In the Laguna Salada
region, the exceptional clustering of the TCN data sets of both of the
dated pre-Holocene alluvial-fan surfaces argues against the possibility
of inheritance as the dominating control on the older alluvial surface
exposure ages.

As a third alternative hypothesis, one can argue that the low
diffusivity values in Laguna Salada are consistent with the present
superarid climate of the area. The fact that TCN 10Be surface exposure
ages for surface Q4 are substantially older than those estimated by
Mueller and Rockwell (1995) strongly suggests that soil profile
development in Laguna Salada is much slower than in other arid
environments in southwestern North America. The carbonate mor-
phology stages, however, broadly agree with our TCN ages, albeit the
carbonate morphology stages have extremely large age ranges. Mean
elevations of the Laguna Salada basin are near sea level and the area
lies in the orographic rain-shadow imposed by the Sierra Juárez, which
captures the eastward migration of moisture contained in the zonal
winds from the Pacific Ocean. According to weather stations operated
by the Mexican National Weather Service (http://www.smn.cna.gob.
mx), the average number of days per year with light rain in the Laguna
Salada basin varies from ~7 to ~11 and the mean annual temperature
ranges from 22.1 to 24.4 °C (see Section 3). The overall west-facing
direction of both the scarps and the entire footwall mountain flank
further exacerbates the effects of low rainfall and high temperatures.
Therefore, the anomalously low values of the diffusivity constant are
reasonable in light of the extreme local climatic conditions.

8.4. Nonlinear diffusive degradation

Numerous studies have documented a positive correlation
between diffusion age and offset, which is a scaling problem that
has been related to non-linear diffusive processes of scarp degradation
(e.g., Colman and Watson, 1983; Hanks et al., 1984; Hanks and
Andrews, 1989; Pierce and Colman, 1986; Fig. 8). Such nonlinear
diffusive processes include gravitational collapse and slumping, which
are thought to operate in the earliest stages of scarp degradation (e.g.,
Wallace, 1977). The positive correlation of diffusion age with scarp

offset implies that the nonlinear diffusive processes operate faster
and/or over a longer period of time for scarps with greater offset.
Colman andWatson (1983) proposed that the positive correlationwas
related to differences in the time required for the scarp to achieve
slope angles that were low enough for linear diffusive processes to
dominate scarp degradation. Colman and Watson (1983) showed that
the positive correlation can be mathematically eliminated by reducing
the initial slope angle and they proposed that the mathematically-
derived initial slope differed from the angle of repose and represented
the slope at which scarp degradation begins to obey linear diffusion.
This explanation is compatible with the temporal sequence of scarp
degradation processes proposed byWallace (1977), who described the
early period of degradation as dominated by nonlinear diffusive
processes like gravitational collapse and spalling. These non-linear
diffusive processes are thought to dominate scarp degradation for the
first 100 yrs and die out altogether after 1000 yrs (Wallace, 1977),
which should give a reasonable estimate for the time required for
scarps to achieve the initial angle of linear diffusivity.

An unanticipated result of this study is the documentation of the
differential development of a positive correlation of scarp offset with
diffusion age for scarps with different cross-cutting relationships. Fig. 8
shows that the positive correlation is better developed in older Q6–Q7

scarps as compared with Q3–Q4 scarps using the filtering scheme that
excluded scarps that were either greater than 4 m in offset, or formed
grabenswith a paired antithetic scarps. The linear regression of diffusion
age versus offset for Q6–Q7 scarps in the southern antiform domain
yields a slope of 1.39m (Fig. 8D). In contrast, the linear regression of Q3–

Q4 scarps, yields much lower slopes (0.19 m, −0.06 m, 0.42 m), for the
northern synform, northern antiform and southern synform domains,
respectively (Fig. 8A–C).

Clearly, more data are need to confirm these relationships. In
future work, it will be particularly important to obtain diffusion ages
of Q3–Q4 scarps that have more than 2 m offset, which are the scarps
that really define the positive correlation in the older population.
However, the existing data open up the possibility that the positive
correlation of diffusion age with scarp offset may increase through
time, which in turn implies that nonlinear degradation processes may
operate over timescales of several hundred ka. Although nonlinear
degradation processes may operate over much longer timescales, the
similarity of mass diffusivity constants for all scarps in this study
shows that linear mass diffusivity is a reasonable approximation for
scarp degradation over periods of several hundred thousand years.

8.5. Paleoclimate

Our integrated study of alluvial-fan formation and fault scarp
degradation provides several lines of independent evidence that
indicate climatic conditions in Laguna Salada were extremely arid
throughout the late Quaternary.

(1) The erosional diffusivity constant calculated for Laguna Salada
is among the lowest of reported values in the world (e.g.,
Bowman and Gerson, 1986; Begin, 1992; Enzel et al., 1996).
Many of the scarps in this dataset probably experienced two, if
not three, of the last global glacial cycles. However, there is no
significant difference in the diffusivity constant of these scarps
compared to others that have only experienced the latest
interglacial cycle, which perhaps would be expected if the
glacial cycles had been significantly wetter in Laguna Salada.

(2) Compared to other desert regions in southwestern North
America, carbonate soil horizons in Laguna Salada are remark-
ably poorly developed. Stage I carbonate observed in Q7 fan
surfaces (204±11 ka) is most similar to carbonate stage
developed in Holocene soils in the Mojave desert (Bull, 1991).
Fan surfaces in the Mojave desert that are as old as Q7 have
stage IV carbonate development to depths of 2 m (Bull, 1991).
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Although carbonate-rich soils are associated with arid climates,
a certain minimum volume rainwater infiltration is required to
produce them. We propose that the poor development of soil
carbonate in Laguna Salada is due to superaridity and low
rainfall throughout the late Quaternary.

(3) Soils in Laguna Salada have very thin Av horizons (1–4 cm)
compared with those in the Mojave Desert (up to 20 cm),
which are interpreted as resulting from the infiltration of loess
trapped at the surface and are thought to have developed
during latest Pleistocene to Holocene aridification (McFadden
et al., 1987). In Laguna Salada the poorly developed Av
horizons cannot be attributed to a lack of fine-grained aeolian
material, which is abundant in drill cores from the dry lake
bed (Aco-Palestina, 2006), nor to a lack of blocky desert
pavement like that observed on Q8 surfaces, which is needed
to trap loess on the surface. Instead the poor development of
loess-rich cumulate soils in Laguna Salada may be due to
superaridity, which would inhibit the frequency and strength
of wet-dry cycles needed to produce vertical desiccation
cracks that form conduits for the infiltration of loess into the
soil (McFadden et al., 1987, 1998). We propose that without a
certain minimum amount of rainfall, loess will be transported
out of the system and not infiltrate into the soil.

(4) The ages of two dated fan surfaces in Laguna Salada are
consistent with their abandonment followingmajor glacial (Q4)
and stadial (Q7) cycles, which implies the cessation of
alluviation at the onset of more arid conditions. This is
consistent with the humid model of fan formation, which, as
we argue above, is likely to operate in deserts that remain
strongly arid even during the wetter glacial cycles.

Many of the factors that likely have contributed to the inferred
superaridity of the paleoclimate are the same as those that affect the
modern climate in Laguna Salada, such as the rain shadow effect of the
Sierra Juárez, location on the western edge of the region of monsoon
precipitation, low elevation, and high mean annual temperature.
Additionally, the superaridity documented in this study is likely to
reflect microclimatic effects such as the westerly facing direction of
the hill slopes along the eastern margin of the basin. This region
receives the direct sun in the late afternoon, which further amplifies
the high temperatures of the basin. Higher evaporation rates of
surface water along west-facing slopes should decrease infiltration
and significantly reduce the rate of pedogenic processes.

9. Conclusion

We document the existence of eight alluvial-fan surfaces that are
defined by distinct geomorphologic characteristics and can be
mapped along the entire range front of Sierra el Mayor. TCN 10Be
surface exposure dating defines the ages of two surfaces, Q4 and Q7, to
15.5±2.2 ka and 204±11 ka, respectively. Alluvial-fan, alluvial-fan
surface and surface formation is largely controlled by tectonics, but is
strongly modulated by climate that influences the regional hydrology.
The formation of the surfaces in this area is probably responding to
climate change on Milankovitch timescales. The scarp array along
active range-bounding faults in Sierras Cucapa and El Mayor can be
divided into individual rupture sequences, based on cross-cutting
relationships with alluvial-fan surfaces. Quantitative morphological
ages of the Laguna Salada fault-scarps are consistent with the age of
the scarps based on cross-cutting relationships. Using these data, the
weighted means of the maximum mass diffusivity constant for scarps
with offsets b 4 m is 0.051 and 0.066 m2/ka for the infinite and finite-
slope solutions of the diffusion equation, respectively. This is an order
of magnitude smaller than those for other arid regions and hreflects
the extreme aridity of the study region during a time period that
extends at least as far back as the past 200,000 yrs.
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