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ABSTRACT

LatePleistocene Slip Rate for theaatern Pinto Muntain Fault, Morongo Valley,

Southern California

By
Katherine Gabriel

Master of Science in Geology

The SanGorgonioPass(SGP)region of the San Andreasfault (SAF) systemin
southernCaliforniais complicatedoy overlappingactivestrandsandits intersectionwith
prominent,secondanstructuresuchasthe Pinto Mountainfault (PMF). Recentwork in
this areaproposeghat strain may be transferredfrom the Mission Creekstrandof the
SAF to the EasternCalifornia ShearZone (ECSZ), at leastpartly via the PMF. Like the
betterknown Garlockfault, the PMF is a major eastwesttrendingleft-lateraltransverse
fault that intersectsthe Mission Creek strand of the SAF in the easternSGP area.
Geodeticandgeologicslip ratesreportedfor the PMF vary from 1 to 12.5mm/yr andare
poorly constrainedecaus®f alack of geologicdata.

This reportdescribesa geologicslip rate from faulted alluvium in Big Morongo
Canyonin Morongo Valley, California A bestconstrainedstrath contactbetweenlate
Pleistocenalluvium (Qoa)andunderlyingbedrock(ggm)is offsetin a left-lateralsense
atotal of 2287 303 m. | obtainedcosmogenic®Be exposureagesof six monzagranite

boulderson the surfaceof Qoa.Assumingzercerosionrate,boulderagesrangefrom ~63

vii



ka to ~88 ka. | believe that surfacedeflation and erosionhas occurred,and therefore
chooseaweightedaverageof 86.9+/- 4.5ka asthe preferredagefor the surfaceof Qoa.l
calculatea preferredslip rateof 3.0+0.6£0.4 mm/yr for westernPMF systemfor the last
~87ka.

A fault scarpon one of the secondarysplaysin latest Pleistoceneo Holocene
alluvium (Qa) indicatesthat the westernPMF hasbeenactive during the last <~15 ka.
Resultspresentecheresupporta modelwherebythe PMF represents direct connection
betweerthe Mission Creekstrandof the SAF to the ECY and contributesto a decrease

in theslip rateon the SAF systemthroughthe SGPregion
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INTRODUCTION

Through the San Gorgonio Pass, the San Andreas fault (SAF) siat@sia
large left stepover, or restraining left bendhis portion of the San Andreas fault is made
up of a complex system of righdteral thrustobliqueslip faults (Yule and Seih, 2003;
Heermance and Yule, 2017). This restraining bend causes slip rates along the SAF
system to slow in the region (McGilt al., 2013; Gold et al., 2015; Heermance and Yule,
2017) and implies that slip is somehow transferred to other fault syssemwcts as the
Eastern California Shear Zone (ECSZ) or the San Jacinto(Fatti and Morton, 1993;
Yule and Sieh, 2003; Cook aridhir, 2011) The potential for a large, througjoing
rupture on the southern SAF through the San Gorgonio Pass (SGP) is not well established
(McGill et al., 2013; Gold et al., 2015, Heermance and Yule, 2Q17jerstanding the
potential for a larg&SAF systemruptureis critical to the nearly 20 million people living
in the greater Los Angeles area whose primary water, power and transportation lines
would be cut in the event of suah event

Because the SAF system through the SG#triscturally complexit is unclear
whether the observed slip deficit is owing to very long recurrence intervals for large
catastrophic events, or that slip/strain is being transferred to other structures. These could
include other less studied strands of the SAF system wheilsGP, such as the Garnet
Hill strand (Gold et al., 2015), or slip could be shunted to other fault systems, such as the
ECSZby way of structtes such as the Pinto Mountaauft. Even ifthe Pinto Mountain
fault (PMF) is not directly taking up slip/strain from the SAF system, it may play a key

role in the transfer of slip between the SAF system an8@%®Z(Kendrick et al., 2015).



The PMFis a poorly understood lefiteral strikeslip fault that extends from the
Mission Creek drainage in the northern San Gorgonio Pass east, through Morongo Valley
to Twentynine Palms, forming the boundaryvibetn the Mojave Desert and thastern
Transverse Ranges provinces (Figure 1; Kiekcet al., 2015, Hopsqr2003). ThePMF
intersectswith the San Andreas Fault systeéma similarway asthe Garlock fault to the
north, and mayrepresent a very similar tectonic feature on the southern end of the SAF,
though smallei(Allen, 1957). ThePMF is expressed in bedrock traces and Quaternary
sediments (Allen, 1957; Bryant, 2000), although scarps in Holocene sediments are rarely
observed, particularly on the western end (Matti et al., 1988)oal of this study is to
distinguish Holocene fault sgzs from geomorphic features on the active and abandoned
alluvial surfacesTotal offset of thdPMF, as determined by offset bedrockbetween 16
and 19 km (Kendrick et al., 2015, and references witlihg rarity of scarps within
Holocene sediments aride seismic quiescence of the PMF could be because the PMF
has a long recurrengeeriod and/or low slip rateand has not ruptured in the last several
thousand years or has recently become inactive and is becoming locked by the
surrounding faults, primdyi those in the ECSZHopson 1998; Kendrick et al., 2015)

In this study, Ipresent a late Quaternary slip rate for the western PMF, along with
detailed mapping of the fault using field geologic mapping in conjunction with a 3D
digital elevation model from Structure from Motion (SfM), collected in this study, and a
3D digital suface model from Lidar, available online through OpenTopography (Figure
2: NCALM, 2016). | usel in situ %Be terrestrial cosmogenic nuclide exposure dating in

conjunction with regional alluvial fan correlation to cdéte my preferred surface age



andconstain aslip rateof ~3 mm/yrusing an offset alluvial terrace and bedrock strath
contact (Figure 3).

Terrace and fan surfaces like the one studied here are common thro8@®ut
and the Coachéa valley, and likely indicatea significant climatic control on fan
formation in the region (Owen et al., 2014)use this relationship while considering
regional fan forming events and correlatithg fan surfaces in Big Morongo Canytmn
others in the SGP region.

Although the abiliy to determine the full role of the PMF in facilitating transfer
of slip around, rather than through the SGP is beyond the scope of this study, this data
fills a gap ininformation on the slip rate of the western PMF over the 483t ka.
Understanding # activity level of the western PMF is important for development of
realisticrupturemodels of the SAF restraining bend in the SGP and determination of the
potential for large, througgoing rupture in the region (Yule and Sieh, 2003; Dair and

Cooke, 2009).



GEOLOGIC BACKGROUND
San Andreas FauBystem

The southern SAF is characterizedtivo significantrestrainingoends in the fault
trace. The northern bend, commonly known &
between the Coast Range and the western Transverse Range provinces, north of Frazier
Park, California (Figure 1, inset mapSGS and CGS, 2006). The southern bend in the
SAF occurs in the San Gorgonio Pass (SGP), between the San Bernardino and Coachella
valleys, and is significantly moreomplex than the northern Big Bend (Matti and
Morton, 1993; Yule and Sieh, 2003; Heermarand Yule, 2017). This left step in the
fault forms a 15 knwide restraining bend, which results in a zone of oblique collision,
anda broadly distributed system of dextrddrustobliqueslip faults Figure 1;Yule and
Sieh, 2003).

The SAF system in th SGP has a significantly lower slip rate than the SAF
system to the northwest and southeast (Cooke and Dair, 2011; McGill et al., 2013; Yule
and Seih, 2003). The faulting in SGP accounts for only about 1/2 to 1/4 of the dextral slip
measured across the BAystem outside of the pass (Heermance and Yule, 2017; Yule
and Sieh, 2003) andn the northern Coachella Vallgis distributed on the Banning,
Mission’Mill Creek, and Garnet Hill strands (Kendrick et al., 2015). Slip on the Banning
strand accounts fat-6 mm/year, leaving-82 mm/yr (1/2 to 3/4) to be taken up by the
Mission/Mill Creek, Garnet Hill and/or other structures within the SAF system whose
slip rates are unconstrained, such asRth- (Gold et al., 2015; Behr et al., 2010). Much
oftheplatebundary moti on t hat SARasystenpa thi latiiudes i n g o

couldalso be taken up by the San Jacinto fault system or the ECSZ, completely avoiding



the SGP (Yule and Sieh, 2003; Onderdonk et al., 2015). Holasmiegicslip rates on
the Missor/Mill Creek strand of the SAF appear to change along strike with a very low
rate at the eastern margin of San Gorgonio Pass (Kendrick et al., 2015) incredsing to
17 mm/yr near Indio, California (Behr et al., 201@eodetic data also supports this trend
of a slip minima through the SGP (Lindsey and Fialko, 20A3)ossible hypothesis to
explain this change in rate is slip transfer onto other structures like the Banning strand to
the south and/or the Pinto Mountand Morongo Valley faults to the north.
The Pinto Mountain Fault

The PMF is a ~110 km long eastest trending left-lateral normal fault that
extends fromeast of Twentynine Palms in tl#CSZ west through the Morongo Valley,
Big Morongo Canyon and termates in the Mission Creek drainage, intersecting the SAF
system (Figure 1; Allen, 1957; Matti et al., 1988; Hopson, 1998; Kendrick et al., 2015).
The PMF bounds the north side of the Morongo Valley, while the south side of the valley
is bounded by the Mongo Valley fault (MVF), which splays off the PMF about 1 km
west of Yucca Valley (Hopson, 2003). The formation of the Morongo Vallegpparent
extensional basins likely linked to the combined righateral shear of the SAF aride
clockwise rotatiorof the EasternTransverse Ranges (Hops@®03). Although timing of
slip initiation on the PMF is not well established, the Pty havdformed as clockwise
rotation of the Bstern Transverse Ranges initiated, and not before 7.3 Ma, based on
deformed sedimentary rockgar Yucca Valley (Hopson, 1998; Hops@003).

The slip history and slip rate of theesternPMF are poorly understood, with
significant temporal variation like (Kendrick et al., 2015). The PMRas both left

lateraland dipslip normaloffsetin both geological observations and geodetic modeling



(Matti et al., 1992, Hopseri998, Meade and Hager, 2005). The total displaceofett

to 19 km, decreasing to thes is determined from offset crystalline basement rocks
(Mesozoic and older) observed to the east of Yucca Valley (Langenheim and Powell,
2009; Kendrick et al., 2015). Of this to&llp, approximately 9 kninas occurred during

the Pléstocene or later (Hmson 1998). The PMF shows no evidence of being
seismically active, but is considered a low activity fault, with evidence of late Quaternary
slip (Bryant, 2000; WGCP, 2008; Langenheim and Powell, 2009). Scarps in Holocene
depositsexist on the central aneastern portion of the fault, but scarps are mostly
concealed by Holocene sediments along the western portion of the faitt @¥al.,

1988; Hopson1998). Prominent scarps in late Pleistocene age deposits are present along
the PMF within the Morongo ey, while minor scarps in younger Quaternary deposits
are rarely observed and are difficult to distinguistatti et al., 1988)

Geologic and modeled slip rate estimates for the Pa/& based on poorly
constrained ages and ranfygem 17 7 mm/yr (Hopson 1998; Kendrick et al., 2015).
Paleoseismic work on the eastern end of the PMF near Twentynine Palms reveals five
events during the Holocene and two events in the late Pleistocene with an average
recurrence interval of 1200680 years (Cadena et al., 20@915). Assuming an average
slip per event of~3 m, similar to what was observed during the 1992 Landers
Earthquake, the slip rate for the PMF in this area is estimated to b& 1.89 mm/yr
(Cadena et al., 2015). Geophysical modeling has also beenousstimate the slip rate
for the PMF. Geodetic block modeling with GPS data of the SGP region produces a slip
rate of 9.4 +/0.9 mm/yr in a leHateral sense, and 9.2-4.0 mm/yr in a normal sense

on the PMF (Meade and Hager, 2005). Other geophysicalels have piuced slip



rates on the PMF d&.11 6.3 mm/yr for the western end and ~1.6 mm/yr for the central
part of the fault, with the eastern end showing low to unrealistic opposite-latglHl)
slip (Spinler et al., 2010). Kendrick et al. (20H&termine a slip rate of 1012.5 mm/yr
for the western PMF based on & 1.25 km offset of the Mill Creek strand of the SAF
by the PMF, and ~100 ka age based on soil development and IRSL dating of a fan
sequence abandoned at time of offset by the PAMEN (1957) was the first to suggest
that the PMF may offset the Mill Creek strand of the SAF, and this model was also
adopted by Kendrick et al. (2013h this model, lhe offset of the Mill Creek strand by
the PMF around 100 ka leaolabandonment ohe Mill Creek strand of the SAF system
and transfer to the San Bernardino, Banning and Garnet Hill sfrandsSan Gorgonio
Pass Fault Zoneaven though the Mill Creek strand is more optimally aligned with plate
motion (Kendrick et al., 2015).

The PMF ishistorically aseismic, or inactivejespite thénigh seismic activity in
the regim and immediate vicinityHopson 1998).For example,ite PMF exhibited an
aseismic nature during both the 199Z.3 Landers earthquaksequenceand the 1992
M6.0 Joshua Tre earthquake, with no aftershocks attributed to the PMF in either case
(Hauksson et al.,, 1993). Although tlseuthern end of th&992 Landers Earthquake
seismic zone crosses the PMF, both cross section and map view of seismicity reveal that
the PMF was noactivated at any time during the earthquake sequence (Hauksson et al.,
1993; Rymer, 1992).

The geometry of theMF in relation to the SAF system in the SGP is very similar
to that of the Garlock fault and its intersection with the SAF at the Big Betie toorth

(Allen, 1957). Both the PMF and the Garlock fault intersect the SAF system where there



is a majorcompressionabendin the fault zongAllen, 1957; McGill et al., 2009)The
similar geometries between these two fault systems may be the resittilar stress
regimes at both bends in the SAF system, simdlar regional tectonic regimes that are
accommodated by ~B/ trending, leftlateral faulting. The PMF may also play a key role
in facilitating the transfer o$train between the SA8&ystemand the ECSZMatti and
Morton, 1993; Seeber et al., 19%endrick et al., 2015).
Regional Controls on Fan Formation

| focuson the control of climate on alluvial fan formation to identify regional fan
forming events in the SGP regiofihe arid model fomlluvial fan formation, which is
widely accepted in the southwest United Stgtesposes that aggradation of alluvial fans
coincides with transitions fromglacial to interglacial climate conditionand a reduction
in the overall vegetation densitlyattriggersincreased soil transport to the valley floors
(Bull, 1991 Spelz et al., 2008 With this model,onewould expect to see alluvial fan
aggradation beginning during the transition from or shortly after a glacial period, and
incision of fansoccurring well into the interglacial or until the beginning of the following
glacial period.This model allows oneto assume that conditions controlling fan formation
in the study area are the same as those contradliuyial fan formation throughout the
SGP and northern CoacheNélley region.Below | usel this assumption to compare
alluvial fansin Big Morongo Canyorto those in the Mission Creek drainage and interpret

regional farforming events.



METHODS

GeologicMapping and Digital Elevation Mod&ata Collection

| mappedhe geology of theoughly two square kilometatudy site aa~1:6,000
scale (Figure 3)The study area focused on the western PMF located in Big Morongo
Canyon, parallel to Big Morongo Canyon Road, also listed as Big MorongchRRoad,
Morongo Valley, California. In this location, Quaternary sediments and basement rocks
of the Mojave Deseitype (Kendrick et al., 2015) are offset by the PN8Ese maps for
mapping include both Lidar data, available online through OpenTopograpicy,a
structure from motion (SfM) survey collected as part of this stiiigure 2).l1 used the
3D surface data from both the Lidar and SfM surveys to determine the extent ofigeolog
units and geomorphic surfa¢ces well as the locations of the main trance of the PMF and
any additional fault splays not previously identified.

One meter resolution Lidar data was provided by WilliamhCa at Virginia
Tech, collectedby the National Center for Airborne Laser Mappi(NCALM), available
through OpenTopography (Figure RCALM, 2016). | used thisto evaluate overall
geomorphic features and determine accurate fault location. To evaluate the landscape at a
<1 m resolution] performed a SfM survey (Figure 2). SfM sursegven those taken
with low cost unmanned aerial vehicle systems, compare well with the accuracy of Lidar
surveys (Cook, 2017). collected mages for Structure from Motion (SfM) using an
unmanned aerial vehicle (UAV) and camera setup. The UAV used isaatd 3
Advance quadcopter flown in a ppeogrammed grid. The camera used is a Sony
EXMORE 12.4 megapixel with GPS/GLONASS (global positioning system/global

navigation satellite system).placed s&teen ground control pointwith independently



measuredsPSlocationsat regular intervals over the entire surveyed area. Ground control
points are critical for improving both relative and absolute accuracy of SfM data (Cook,
2017). Photos were taken with an approxima&d9oi 80% overlap, at an altitude of
~50 m.| processed the photos usiAgisoft Photoscan Pro version 1.3.1 build 4030 (64
bit). Approximately 850 photogenerateda roughly 0.5 krh threedimensional (3D)
modeled surface within the study area.

| subdivided gologicunits basean classificabn used by Kendrick et al. (2015)
and Dibblee (1967). mapped all bedrock as basement rocks of the Mojave type (ggm)
and two Quaternary alluvial unitsubdividedinto only two membersOIld Alluvium
(Qoa) and Young Alluvium (Qa)n addition to geologic mappingmapped geomorphic
features, primarily incised channels and drainage geometries. In this study, the
geomorphic surfaces within the Qoa and Qa units are not separated from the geologic
features.
Fault offset

Piercing wints are defined by projection of the strath contact (Qoa/ggm) to the
fault. | mapped the contadefined by piercing points A 6 w i 10Imiohthe-main
splay of the PMF and defined a cone within which the piercing pould belocated.
Because théottom of the Qoa risdstrath contagtdefined by piercing points-B6 a n d
C-C 6s buried by Qa sedimentismappeda reasonableswath in which the contact could
be located and project thiato the fault.Offset distanceused to calculate slip raeere
derived from 10,000 Monte Carlo simulationgertical offset was measurebly

comparing the elevations of the piercing points across the fault.
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In Situ Terrestrial Cosmogenic Exposure Dating

To determine the age of the old alluvial surface (Qoa) offset by the PMEd in
situ terrestrial'®Be cosmogenic nuclide surface exposure dating of bouldéBs is
produced i n miner alpsmaritytby waph @& spéllagenichheactionss ur f a
between higkenergy particles, derived from interactions with cosmic rays, and the
oxygen in quartz. BecauséBe is onlyproduced in this way, st concentration in the
guartz within a rock or sediments depends on the amount ofthiategquartz has been
exposed at or near (& m) the surface, the production rate 8Be (consideringfactors
such as elevation, latitude and shieldiagjithe decay rate df’Be (Gold et al., 2015).
The production and decay rates'®Be are known, soybmeasuring the concentration in
quartz bearing clasts or sediments from a surface, the egpege;, or time since
abandonment, of a fluvially derived surfacan be calculatedHowever, in addition to
production rate and decay rate'Be, erosion of ests and surfaces, as well as inherited
1%Be must be considered. Erosion can result in reductiof’B# concentration, thus
making the sample appear younger (Gold et al., 2015). In the above calculation for
surface age, erosion rate and decay rate conalsifigctors decreasirtBe concentration.
In contrast, inherited®Be (inheritance) increases the overall concentratiot’Beé and
can makethe sample appear too old (Hancock et al., 1998).a fluvial setting,
inheritance include$®Be accumulated during exhumation from the source andBee
accumulated as the sample (boulder or other size) is transported from the source to the
deposit (fan srface) (Hancock et al., 1999).

Cosmogenid®Be exposure datingiorks well for identifyingthe depositional age

of alluvial surfaces on timescales of*1i010° years (Gold et al., 2015). However, within
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the Coachella Valley and surrounding areas, cosmogenic datimgdaes have proven
challenging. 8r f ace ages appear “Beprodiaticmrate/surfated , or
erosionrate steady stataround 70i 100 ka (Matmon et al., 200Qwen et al., 2014
This means that surfaces that are much older than 10Daked on other dating
techniqguesanhave cosmogenit®Be exposure ages of only 7A00 ka.

| sampled the upper 5 to 8 dnom the topof 6 monzegranite bouldersn the
surface of Qoa. The boulders rangéeight from 14 to 40 crabove the present ground
surface (locations shown on Figure 3). Bouldersctetl were identified as most stable,
and as far from surface edge erosion and faplaysas possible, typically located on
topographic bars. Sampled boulders showed minimal evidence of surface weathering.
did not sampléoulders with evidence afignificant erosion or spallation. All boulders
on the Qoa surfaceere relatively low to the groundnd did not allow for sampling of
boulderswith height of 40 cm.

| processed!®Be samples at CSUN laboratories. Initial processing included
crushing andsieving of samples to size 250600 micrometerand magnetic separation
by S.G. Fratzx magneticseparatarFollowing separation of magnetic minerdligleaned
and leached all nonmagnetic minerals using hydrochloric acid bath, followed by
hydrofluoric/nitic acid etching on rollers to eliminate all but quaftzhen added the
Beryllium carrier Be spike) to the samples and used-éschange chromatography to
separate all beryllium from a known mass of quaktprepared AMS targets for the
samples and s¢ them to Lawrence Livermore National Laboratory Center for
Accelerator Mass Spectrometry where tf@e concentrations were measured as a ratio

to the knowr?Be spike.
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| calculated boulder exposure ages using the CRORN&# online calculator,
version 2.3, 2016 (Balco, 2008)using timeindependent production rate of ~4
atoms/gram, scaled for elevation and latitude (Lal et al., 1991; Stone, 2000; Borchers et
al., 2016). For these sampldsassumed a 0.0 mm/yr erosion rate and 0.0 atom/gram
inheritance,as these values could not be quantified within the scope of this study.
Modelling ages in CRONUS online calculator with any erosion rate larger than 0.0025
cm/yr produced unrealistically high exposure ages.

Oncel determined the age for each sampleomparedof the height of the
boulder top above the present surface tofBe age of the boulder to determine if
deflation of the Qoahas occurredBehr et al., 2010)Surface d#ation, or surface
lowering, occursvhen the silt and sand matrix of a sw# is eroded away, by aeolian
fluvial processesThis erosion leavebehind a vertically compressed sediment column
with overturnedgravel and cobbles, and can expbseldersthat were buried at time of
surface abandonmef(figure4; Behr et al., 2010 | chose to avoid using cobble size or

smaller clasts fothe °Be data set to avoid additionajeaerror from surface deflation.
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RESULTS

Geology

Within the map ared, identified three primary geologic units; one bedrock unit,
and two alluvial units (FigurB). The bedrock is Mesozoic and older quartz monzonite to
granodiorite and gneissic rocks of similar composition (Dibblee, 1967). | gdabpse
rock types together and adopt the nomenclature presented by Kendrick et al. (2015),
calling this unit granitic and gneissic rocks of Mojave Desert type (ggm).

The alluvial unitsnclude oldalluvium (Qoa) and young alluvium (Qaffor Qoa
and Qa, otcrops reveal cobblend boulder sizedclasts in a sandy matrix. Clast
supported alluvium is most common, but masupported strata are also observedidn
Qa and Qoa are distinguished on the basis of their different geomorphology, soil
development andveatheringQoahasorangebrown weatheringabundant boulder bars,
and some shallow inset swales. Boulders on this surface are often varnished, and range
from slightly to highly weathered, and in some places, are broken up and spalled (Figure
6). Althoughthere is significant soil development on the Qoa surface, it does not appear
to be as developed as the oldest soils on the surfaces from the Mission Creek drainage
(Kendrick et al., 2015; Owen et al., 2014§oils on fans in the Mission Creek fan
complexare much more red than the soil on @andrick et al., 2015).

Qa has tan weatheringp soil development and is likely Holocene in age. boulder
bars arenot as commoion thesurface ofQa (excluding the Big Morongo Canyon active
channel).Boulders in Q&have little to no varnish, are slightly to moderately weathered,

rarely spalled, and tend to be short or more completely buried than boulders on the Qoa
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surface (Figureb). The Qa surface appears to have no deflation, with some shallow
gullies from recentvater flow.
Fault Outcrops and Pleistocene Offset

The mainsplayof the PMF is expressegk a prominent scaip late Pleistocene
alluvial sediment¢Qoa)in Big Morongo Canyon, on the northwest side of the dvigo
Valley (Figure 2 and 3)l obsened no scarps along the maisplay of the fault in Qa
either in the field or in Lidar and SfM data. The main splay of the PMF strikesENB85°
due EW in the study area. Where th®in splayoutcrops ina road cubrthogonal to the
fault, | observed that the fault zone is approximatefiO8m wide, with near vertical to
slightly north dip (Figure7). In this exposure the fault juxtaposes ggm and Qoa
Although the roadcut showdownto-the-north separatioracross the fault zonehis is
due o primarily left-lateral offset of a gently eastipping unit Qoa such that originally
lower elevation Qoa is now juxtaposed against originally higher elevation ggm (beneath
Qoa). The elevations of offset piercingiqis support almost pure strigip moion
(described below)Logging of this outcropevealed two main faulplanes that bound
tectonically mixed material between them, including large crushed displaced bedrock
clasts and fault gouge with mixed alluvium/colluvium. The bedrock in this outsrop i
crushed, but exhibits a unique sudrticalsheared fault gouge

Roughly 80m to the north of the main splay of the PMF on the eastern sitlhe of
study area, a second, previously unidentified fault splay outcropsdtherroad cut.
This splay boundshe northern side o& shutter ridge that blocks a beheaded stream
channein the eastern portion of Figure @bservation of the fault outcrop in the road cut

reveals a roughly 1 m wide fault zone, with a near vertical dip. In this outcrop the fault
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juxtaposesunitsggm and Qoa, with a dowto-the-south separation thagainis probably
due primarily to sinistral offset of uneven topogragRkigure 8). The fault outcrophas
several localizedubvertcakhear planegutwithin a much narrower zone thahe main
fault splay to the south (Figu83.

Offset values oftte PMF are summarized in TableAlong the main splay of the
PMF, | identified two sets ofoffset piercing points The first piercing points A-A 0
(Figure 3),are defined by the projectiarf the western edge of theontact between the
Qoa and ggm (strath) to the main strand of the PNME.piercing points arkeft-laterally
offsetby a map distance df88i1 214 m. The elevation differences indicate a deten
the-south vertical offset of A m (961 m on N vs 951 m on.9he sinistral strikeslip to
dip-slip motion is thus about 20:1. The excellent exposure and high angle of intersection
of this contact with the fault makes this the best constrained offset across the PMF

The second offsepiercing pointsB-B6 ( Fi gur e 3funcations pfr e s e nt
the eastern edge of tHgoa/ggm contact (strath) by the fadlhe piercing points aréeft-
laterally displacedoy map distance 0251 i 300m. The elevation differences indicate a
downto-the-south vertical displacement of ~7 m (949 m on N and 942 m on S), giving a
similar but slightly highestrikeslip to dipslip ratiofor fault motion Offset BB 6 nat s
as wellconstrainechis AA6 because the contact is buri ec
fault. Rates for both offsets are presented below.

| mapped thredo four additional, previously unidentifiediscontinuousfault
splays north of the main splayon thewestern side othe study area. These splays
produce scarpsvithin Qoa sediments but these scarpsadnot extend into QaThese

scarpsstrike roughly N70°EHere, he buried Qoa/ggm contactstratl) is left-laterally
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offset across two of thesplaysby 407 89 m (GCC6 on Fi gure 3). Becs

same contact offsedt A-A 6 a +Bd|, cBnsider this additional offset tihe offset
measured othe main splayf the PMF.For the western PMHK,determine a total offset
of 2281 303 m(for A-A PlusC-C 6 ) 2910 389 m (B-B ®lusC-C & )

HoloceneFault Offset

The northern fault splays on the western side of the study area do no exhibit
scarps in Qa sediments, but Have evidence of recent, possibly Holocene offset. A
channelincised into Qoa by 5 7 m is leftlaterally offset bya total of237 38 m across
two fault splaygD-D 6 o n F This incised cBapnel is not offset by the main splay
of the PMF(Figure 10). Although | cannot directly constrain the age of this incisibn,
interpret this offset as younger thére offset of the Qoa/ggm strath contastdl did not
include it inthe long-term slip rate calculationlt is likely that this incision occurred
following thetermination of thdast glacial maximum around ~18 ka (Jouzedlet1993;
Petit et al., 1999), and could be as young as the Holocene.

In addition to the scarpsmapped in Qoa on the western sideha study site |
identified a subtle escarpment that appears towesawardcontinuation of the northern
splay observed in outcrop on the north side of the Qoa surface, into the Qa surface
(Figure 3) This escarpment is 0551 m high and strikes roughly parallel to the main
splay of the PMFat N85°E (Figure 11). Within QaJ did not measure any horizontal
offset along this escarpmenthis escarpment continues for about 200 m to the west
beforeprojectinginto an areanodified byearthmoving equipment for presuméide and
flood control. Expressionfahis scarp appears again to the west of the modified area,

juxtaposing ggm/Qoa with Qa. This escarpment runs parallel to ahohwaibout5 1 10
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m of a snall road feature, suggesting the escarpmmaly be the result of recent
anthropogenic surface modiétion. However, the escarpment is bounded on either side
by maturevegetation, including >2 #tall yucca, cholla, and bushes. With the SfM 3D
surface model] mappedthe extent of modification, and find that the fault splay is
outside of that modificatiom this area (Figurd?2). Stream flow in this part dhe study
area can also run parallel to the escarpmeéfdawever, | observed similar soll
development on both sides of this escarpment, which suggests that the now offset sides
were part of the same surface, rather than the incision and deposition of a new terrace.
Additionally, I compare the sinuosity of the escarpmeint that of the fluvial gullies
throughout the Qa and Qoa surface and see that the escarpment has a significantly lower
sinuosity (Figurel3). A tectonic origin for the escarpments is therefore most likely.
Geochronology

| sampled i boulders from QoaFjgure 3,Figure14). Concentrations of’Be for
these samples ranges from 4.4 X abms/gram to 6.4 x 2@Gtoms/gramResults of the
CRONUSEarth online calculator are given Trable 2 | calculated poduction rate ages
using CRONUSEarth onlinecalculdor version 2.3 (Balco 2008). Exposure ages for the
six boulder samples from the surface of Qoa range from 62%.6+ka to 88.2 +7.9 ka
assuming zero inheritance and zero erosion rate

| plotted the boulder agewersus the height of the top of tbeulder above the
surface of Qoa(Figure 15), and observa trend that suggessemedeflation of the Qoa
surface has occurre@he three boulders with the youngest exposure ages {P&AF2,
PMF16-01 and PMFL6-04) are the three shortest boulders (< 30.crhe datapoints

for these three samples form a steep slopeelating young ages with short heights of
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boulders indicating that the youngéshortestsample has been exhumed most recently
(Figure 15; Behr et al., 2010)This suggests that deflation t¢ie Qoa surface has
occurred, and those boulders shorter than 30ware buried at the time of surface
abandonmentand were exhumed later, once the surface began to déftatsamples
from boulders at or above the height of 30 &VEF16-03, PMF16-05and PMF16-06),
the slope oflata pointss roughlyhorizontaland the age errors overléiigure15). This
near horizontal slopendicates that all boulder tops above 30 cm have not experience
differential exposure and have been exposed at the surfacacesi the time of
abandonmenfThe ages of these three boulders should represent the true exposure age of
the surface of Qodlherefore,|l usel only the exposure ages from samples PMFO3,
PMF16-05 and PMF16-06 to calculate a weighteaerage'®Be exposure agaith one
standard erroof 86.9 ++ 4.5kafor the surface of Qoa

Although| cannot determine the exact age of Qa sedimeimtgrpreta Holocene
age based on the lack of soil development and unaltered nature of boulders on its surface
(Figure5, Figure6).
Slip Rates

| calculate the slip rate for the western PMIsing offset derived from10,000
Monte Carlo simulationsParameters used in the silaion are presented in Tablell
calculated slip rates for the main splay of the PMF with offsels@® a-B&d Bnd sl i
rates for all splays of the PMF by adding the slip rate-@f& t o -Abbo takB A Bl i p
rates. Histograms of the slip rate Monte Carlo simulation are shown in Ai§gudsing
the weighted mean age of 86.9 4/5 ka for the Qoa surfackecalculatel slip rates with

one standard erraf 3.0 +0.6/-0.4 mm/yr for the offset ofA-A @lus C-C dor 3.9 +0.6/-
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0.5 mml/yr for the offset ofB-B lus C-C dsee discussion below for offset uncertainties
and slip rate implications)

The offset channel incised into the Qoa surface also provides an oppottunity
speculate ora more recent slip rate for the western PMF. Assuming incision occurred
following the last glacial maximum, between 10 and 20llaglculate a slip rate of 1.1
T 3.7 mm/yr for the last 2@0 ka. This sp rate overlaps wittlihe calculated slip rate

based on offsets of the Qoa/ggm strath contact.
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DISCUSSION

Geochronology Uncertainties

Because | know that the surface of Qoa has experienced deflation, | chose the
three oldest ages that have not been affected by deflation (Figure 15) to calculate a
weighted mean age of 86.9-#.5 ka for the surface of Qoa, assuming zero inheritance
and 2ro erosion of boulder tops. | was not able to quantify the amount of inh€Beed
in the boulders on surface Qoa within the scope of this study. However, Big Morongo
Canyon is narrow with significant surrounding relief and the samples are compositionall
consistent with the exposed bedrock of those peaks. Thus, | assume that the amount of
time between initial exhumation and final deposition of the sampled boulders is short,
resulting in inheritance on the order of ~1.0 ka, which is reasonable for thwakll
system in the study area (McGuire, 2011) and falls well within the age error.

| consider thé®Be exposure age of Qoa a minimum age because | did not include
erosion of the boulder tops in the age model. Erosion of a boulder surface prior to
samplirg will result in loss of accumulatet’Be, reducing total concentration and
resulting in an exposure age for the boulder that is too young. | was not able to constrain
an erosion rate within the scope of this study, and thus assume 0.0 mm/yr erosion rate.
However, | know that this is not the case, and that boulders have experienced some
erosion, particularly given their old age. Therefore, present 86.%4.%/ ka as the
minimum age for the surface of Qoa.

In the SGP/northern Coachella Valley region, lag@lsion rates have resulted in
1%Be accumulation @ching a maximum value around i7Q00Kka, as production rate and

decay plus erosion rate reach an equilibrium (Matmon et al., 2006; Owen et al., 2014;
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Kendrick et al., 2015). Boulder ages from the Qod#aserfall into this age range and for
this reason it is important to consider regional controls on fan building, and the
possibility of localized fan forming events that can be compared between fan complexes.
Regional Corelation of Surfaces

| comparedalluvial surfaces in Big Morongo Canyon and their ages to those of
the nearby Mission Creek fan complex. The Mission Creek alluvial fan complex, located
in the Mission Creek drainage at the eastern end of the San Bernardino Mountains, is a
complex of seval fan surfaces, whose deposition spans a significant amount of time
during the late Pleistocer{&endrick et al., 2015)The precise timing of deposition and
abandonment of the fan complex has been a point of contention (Owen et al., 2014;
Kendrick et al. 2015). Dating methods such as cosmogefiRe have provided
controversial ages, but infrared stimulated luminescence (IRSL) have proven more
successful (Kendrick et al., 2015). | adopt the nomenclature used by Owen et al. (2014)
for the fan surfaces bumclude data from both Owen et al. (2014) and Kendrick et al.
(2015) in the discussion.

Figure 17 is a schematic topographic profile of terrace levels in the northwestern
Coachella and Morongo valleys. Age data from both Owen et al. (2014) and Kendrick et
al. (2015) are shown for the dated surfaces. Within the Mission Creek complex, the two
oldest surfaces, FM1 and FM2 sit ~200 m and 40 m above the present active channel and
havel®Be ages of ~68 ka and ~86 ka respectively (Owen et al., 2014). These ages are out
of stratigraphic order, as FM2 is incised deeply (>100 m) into FM1, and shotddottee
be younger (Figure 17). Additionally, soil development suggests that surfaces FM1 and

FM2 are around 500 ka and >250 ka respectively, which contradicts both relative and
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precise ages presented by Owen et al. (2014) (Kendrick et al., 2015). Isiisigpdisat
surfaces FM1 and FM2 have reached ftBe secular equilibrium, or have experienced
significant erosion and deflation. There are no fan surfaces in Big Morongo Canyon that
are comparable to the FM1 and FM2 fan surfaces.

| believe that, basednoheight above active channel, age and relative soll
development, the FM4 surface within the Mission Creek fan complex is the fan surface
most comparable to the Qoa surface in Big Morongo Canyon. FM4 sit20%n above
the active channel and has'®e age of ~68 ka (Owen et al., 2014). This age is of
concern in that it is the same as the FM1 surface, ~170 m above (Figurel7). IRSL ages
for the sediments below the surface of FM4 produce an age range iofl06 ka
(Kendrick et al., 2015). Because tHBe age for surface FM4 is the same as FM1, and
suggests that this surface has also reatiB=isecular equilibrium, | accept the IRSL age
of 9571 106 ka as the preferred minimum age for the surface of FM4. | believe that the
same regional fan forming evemsponsible for FM4 is responsible for formation of Qoa
in Big Morongo Canyon.

Surfaces FM5, FM6 and FM7 in the Mission Creek fan complex are comparable
to the Qa sediments and surfaces, and represent a Holocene fan formation and incision
(Figure 17) | did not subdivide Qa into surfaces within the scope of this study, and
cannot directly compare Holocene surfaces between Big Morongo Canyon and the
Mission Creek fan complex.

The timing and regional span of thete Pleistocene and Holocefan forming
everts suggest climate was the dominant control (Owen et al., 2014). Based on the arid

model for alluvial fan formation, fans aggrade as the global climate warms (Bull, 1991;
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Spelz et al.,, 2008). | believe that Qoa and FM4 began to aggrade following the
penulimate glacial maximum, as the global climate transitioned from glacial to
interglacial conditions. Regional abandonment and incision of alluvial surfaces occurred
between 80 110 ka.

Fault Scarps

The main splay of the PMF in this study area is cleariible cutting Qoa
sediments, and can be easily identified in the field (Figure 2). Lidar and SfM data helped
identify additional subtle scarps in both Qoa and Qa sediments that had not previously
been recognized. The main splay of the PMF does not predaces in the surface of Qa
and does not offset a modern channel incised into the Qoa surface (Figure 10), and thus
has likely not ruptured since this incision event. However, | observed scarps within Qa
sediments and offset of the modern channel by tnéhem splays of the PMF (Figure 3).

The northern splays of the western PMF has therefore ruptured since the incision of unit
Qa. Though the age of Qa and its incision are not known in Big Morongo Canyon,
rupture of the western PMF must pastte 38 ka if correlations with Qa and FMB in

the Mission Creek fan complex are valid.

It is noteworthy that the main splay of the western PMF does not appear to cut
unit Qa. The main splay of the PMF is characterized by a striking, linear scarp in Qoa,
whereas thenorthern splays have subtle scarps and form en echelon steps. The
discontinuous northern splays may be a new fault trace that has developed as the more
prominent main splay has been abandoned. Without paleoseismic trench data for the
western PMF, | cannadetermine if all splays in the system rupture together, or if slip

tends to partition between the northern splays and the main splay during an earthquake.
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Offset Uncertainties

Within the study area, | identified dominantly sinistral offset with a <tn
to-the south vertical component. Matti et. §1992) recognized normal dglip
separation, but | did not observe aignificantcomponent of diglip in the study area.

Apparent normal separation observed in the fault outcrops (Figure 7 ane Bgasr
primarily an artifact of leflateral slip juxtaposing a stratigraphically higher (Qoa) and
lower (ggm) units.

Piercing points of offset features along the main splay can be pinpointed in the
field and on structure from motion data, and generallghaw uncertainties, even where
the contact (strath) is buried by a thin layer of Qa. Offs&¢& on t he mai n sp
western PMF is the best constrained at 1234 m. An additional offset of 4089 m is
measured on the northern splaysQ® ) . etB®B & si $ 30@Q b and is significantly
greater than AA 0 .

The discrepancy betweenrA0 a#8@ Bs i ntriguing and cé
two models. After initial fault offset, erosion of the downstream portion of the eastern
margin of paleo channel witbiproduce a greater offsetvaluefoBBO . Thi s er osi
explain why Qa is not present to the south of the fault. Alternatively, the larged B
displacement can be explained by an earlier age for abandonment of the eastern channel
margin as sinistranotion across the fault moved the shutter ridge into the paleochannel.

For this model the western channel margin remains active for some time after the eastern
margin is abandoned and presumably shielded by the shutter ridge. Reconstructions for

the varios offsets of the western PMF in the study area is shown in Figure 18.
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Motion across the northern fault scarp is constrained 3823 of sinistral offset
ofaterraceriser, 6 i n Figure 19. Al though the geom
is compliated by high sinuosity, D6 may record di splacement d
57 7 rupture events since the latest Pleistocene on the eastern end of the PMF (Cadena et
al., 2015). |1 do not know the timing of incision of the channel into Qoa, and kngw onl
that the base of the channel contains Qa sediments. Using the slip rate determined for the
PMF system, | estimated the time of incision based on total offset of the channel. Based
on the offset of 23 38 m and a slip rate of 3.0 +0.8/4 mm/yr, incisio likely occurred
between 6,389 years b.p. and 14,615 years b.p. This age is consistent with Holocene
incision events that have been documented elsewhere in the northern Coachella Valley
(Figure 17; Heermance and Yule, 2017).

Tectonicimplications

There ae severatharacteristics and interpretatidios the Garlock fault that are,
or may be similar to the PMmBoth the Garlock fault and the PMFRave evidence of
Holocene slip, although Holocene offsets along the western PMF are more(Siditie
et al., 1992 McGill et al., 2009) It is proposed that a combination of compressional
forces moving the Mojave block to the northeast, rotation of theawdoplock, and
differential extension of thBasin and Rangeauseleft-lateralslip on the Garlock fault
(McGill et al., 2009). The PMF mayhelp accommodate compression occurring within
the SGPR or transtension of the ECSZ, but rotation in the region likely has a significant
role in the formation of the PMF (Hopson, 200Bhe PMF is the northern boungeaof
the clockwise rotatingeastern Transverse Ranges provirasg] the southern boundary of

the clockwise rating Mojave block (Hopsqn2003). It is possible that the PMF is
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accommodating the rotation in much the same way that the Garlock fault could
accommodag rotation(Hopson 2003)

The region around the Garlock and Pinto Mountain faults is dominated by NW
trending strain accumulation within the Walker Land and ECSZ, with little to no strain
accumulating in the &V to NESW direction (McGill et al., 2009)Geodetic data
collected from 1992 2000 showed strain accumulation concentrated on the Blackwater
and Little Lake fault zones, which cross the Garlock fault and roughly connet8ilze
Owens Valley earthquake tthe 1992 Landers rupture, with little too strain
accumulation on the Garlock fault (McGill and Rockwell, 2003). Similarly, the PMF has
been historically aseismic, despite the 1992 Joshua Tree earthquake and the adjacent
1992 Landers earthquake whose epicenters are immediately south and tioeti? b,
respectively (Hauksson et al., 1993; Rymer, 1992). The recent inactivity and lack of
strain accumulation on the PMF and Garlock fault, could support an oscillatory pattern
between activity on NWSE trending rightateral fault systems (ECSZ, Walk Lane)
and EW to NESW trending lefiateral fault systems (PMF and Garlock fault) (McGill
and Rockwell, 2003). This oscillatory pattexmould accommodatebservedhe rotation
of the Mojave and &stern Transverse Ranges blo@kepson, 2003)

The precse interaction between the SAF system and the western PMF remains
equivocal. Much as the Garlock fault appears to be an accommodating structure, | believe
that the PMF serves a similar purpose, accommodating rotation or differential slip
between the San @gonio Pass and Mission Creek strands of the SAF and the Coachella
Valley strand of the SAF to the south. Additional geologic and geodetic study of the PMF

is necessary to define this relationship.
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Slip Rate Implications
In this study, | determined late Quaternary slip rate of 3.0 +G@GA mm/yr or
3.9 +0.6/0.5 mm/yr for the western PMF. The different rates reflect a difference in late
Pleistocene offsets-A6 a-B BFi gure 3 and 18). I prefe
A-A0 of fset rainesl aldl¢gheB O comsstambi guous. Ul ti mat
discrepancy will require age dating of unit Qa and trench exposures to better constrain the
|l ocation of the possible buried strath alo
The ~3 mm/y slip rate is the maximum long term slip rate, because | considered
the cosmogenit®Be age of 86.9 +/4.5 ka to be the minimum surface exposure age. This
slip rate is higher than the 1158 mm/yr determined from a paleoseismic study on the
eastern PMF(Cadena et al., 2015), but significantly lower than th6.5 mm/yr
geodetically determined slip rates (Meade and Hager, 2005; Spinler et al., 2010;) and the
10-12.5 mm/yr slip rate determined from interpretations of Mission Creek fan complex
formation (Kendrick et al., 2015). | calculated a leteym slip rate for the western PMF,
and am not able to account for temporal variability because | used only one feature offset
by the fault to determine the slipte. To better constrain temporal slip rate vaoregifor
the western PMF, additional, independent features offset by the fault or the age of basal
sediments ponded above the beheaded channel (Qa) are necessary.
Significant temporal variation in the slip rate and activity level of this fault would
have alarge effect on the hazard of this fault and the likelihood of a large rupture. The
PMF may have a complex relationship with adjacent faults in the ECSZ, which may
complicate the evaluation of hazard even more. Assuming an average horizontal offset of

3-4 m during a significant rupture, similar to the 1992 Mw 7.3 Landers rupture (SCEDC,
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2013), a slip rate of 3.0 +0:6/4 mm/yr would produce a rupture every 1002300

years. The average recurrence interval for the eastern end of the PMF is 10D for

the last ~9 ka (Cadena et al., 2015). Paleoearthquake data for the western PMF is needed
to establish whether recurrence occurs periodically, irregularly or is controlled by

regional stress changes within the ECSZ or SAF system.
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CONCLUSIONS

| determine the minimum cosmogeniéBe surface exposure age of 86.9 45
ka for an alluvial surface offset by the western PMF in the Morongo Valley. This age is
consistent with a regional, climatically controlled fan building following the penultimate
glacial mximum. | measured 188 214 m and 251 300 m of leftlateral offset on the
main splay, with an additional 4089 m of offset on previously unidentified northern
fault splays. Using the preferred sum of 188214 m plus 400 89 m of offset, |
calculated aslip rate of 3.0 +0.60.4 mm/yr for the western PMF over the last ~87 ka.
This geologic slip rate is significantly lower than other geologic rates for the western
PMF and geodetically modeled slip rates, but is slightly faster than geologic rates
estimaeéd from paleoearthquakes on the eastern end of the fault. Determining the age of
the base of the Qa unit ponded on the north side of the PMF is critical for pinpointing the
completion of beheading of the paleochanneB(B ) , thus bettea consi
variation in slip rate.

The western PMHin the study area is made up of several splays, which include
the previously mapped main splay with scarps in Pleistocene sediments and a series of
subparallel, discontinuous splays to the north of the main splay, with scarps in both
Pleistocene and Holeoe sediments. Although it appears that the northern splays of the
PMF ruptured most recently, it is likely that the PMF is capable of rupturing all splays
simultaneously, similar to the 1992 Landers rupture. A deep but narrow channel incised
into the Qoasurface is leflaterally offset by two of the northern splays mapped in this
study, but is not horizontally offset by the main splay of the PMF. Based on the slip rate

calculated for the PMF system and the offset distance | calculated an incision ag& of 6
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14.6 ka, which is consistent with climatically controlled regional incision in the
Holocene, which has been observed elsewhere in the no@bachella Valley.

Although the PMF has been historically aseismic, the geologic slip rate and
Holocene offet suggest that this fault is a recently active fault, capable of significant
rupture every ~1.3 ka. The earthquake recurrence may be complicated, hdweser
complex relationship with surrounding faults. TRBIF is similar to the Garlock fault in
its geometry with the SAF, and could play a similar role in the overall tectonic regime by
accommodating rotation of the Mojave block to the north and the eastern Transvers
Range block to the south. A possible oscillatory relationship observed between the
ruptures on the Garlock fault and ruptures in the ECSZ could also exist between the PMF
and the ECSZ and/or the SAF. The exact relationship between the PMF and the SAF and
ECSZ remains equivocal, particularly without paleoseismic data for the central and
westernPMF. However, the PMF has been active in the Holocene, and thus may play an
important role in the seismic hazard of southern California, driving the need for

continued research of the PMF.
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APPENDIX A: FIGURES
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Figure 1:Simplified regional fault map of the southern San Andreas Fault (SAF) system
through the San Gorgonio Pass (SGP). Inset map shows the SAF in California. Red box
is location of this figure. Faults are modified from the USGS Quaternary fault and fold
databae. Arrows show sense of offset. Barbs indicate upthrown block along thrusts. Tick

marks indicate downthrown block on inferred normal fault.
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Figure 2: Lidar and stature from motion (SfM) dataA: Lidar data used as a basemap
(NCALM, 2016) B: Lidar data overlain by Structure from Motion data. Colors are true
photo colors not corrected during processing.
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[] Figure Location

[ggm] quartz monzonite and gneissic bedrock

[@oa] old alluvium
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Figure 3: Geologic map of study area. Blue boxes are Cosmo@Baisample locations

and are labeled with sample name. Offset pierpimigts are labelled with capital letters.
Arrows indicate offset direction. Multiple strands of the PMF are shown cutting through
old alluvium (Qoa), young alluvium (Qa) and offsetting bedrock (gd@hje lines show
modernstream flowanddashed blue lireshowpaleo stream flow.
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Figure 4: Process of surface deflation (or lowering). Cartoon shows fines eroding from
the surface over time, resulting in settling/piling of gravels and cobbles. Photograph
shows a cross section view of Qoa in a road cut in the southeast cotimestofly area.
Notice the similarities between the accumulation of cobbles and boulders right at the
surface in the photograph and in the cartoon of Deflation (Present). Note: This amount of
deflation is not typical for most of unit Qoa. This road cut is clodbe¢ edge of map unit

Qoa where a relatively large amount of deflation has occurred

40



