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ABSTRACT 

 

Quaternary Slip History and Structural Analysis of the Morongo Valley Fault, Morongo 

Valley, California 

 

By 

James C McNeil 

Master of Science in Geology 

 

The Morongo Valley Fault (MVF) is a northeast trending 18 km-long fault that is 

a splay from the overall sinistral Pinto Mountain Fault (PMF) system, located along Hwy 

62 between Coachella Valley to the south and Yucca Valley to the north. Project results 

seek to constrain the role of the MVF with respect to the Coachella Valley SAF and 

Eastern California Shear Zone systems, and the hazard that rupture of this system poses 

to southern California residents. Mapping of the MVF reveals a series of en-echelon right 

step overs that resemble a sinistral extensional duplex. Uplifted terrace remnants of 

Quaternary alluvium occur to the SE of the fault, which dips northwest and is interpreted 

to be a left-oblique, normal fault system. A trench excavated across the MVF exposes 

strong evidence for one event at the bottom of the trench overlain by a colluvial wedge, 

and weak evidence for a second event at the top of the wedge. Calibrated radiocarbon 

ages from detrital charcoal constrain the first and possible second event to between 

2,200-12,850 yrs BP. Three IRSL samples from the trench give much older ages 

(~20,000-116,000 yrs BP). The IRSL ages are not considered viable ages and probably 

carry an inheritance signal related to incomplete bleaching of feldspar grains. The trench 
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site‟s record of one, and possibly two, events since latest Pleistocene time suggests that 

the MVF ruptures infrequently relative to the Coachella Valley SAF system (average 

recurrence interval = ~220 yrs), and eastern PMF (at least four Holocene events). It is 

possible that the events on the MVF correlate with 1-2 events on eastern PMF. 

Alternatively, it is equally possible that the MVF breaks independently. The Eastern 

California Shear Zone (ECSZ) and 1992 Landers earthquake sequence may form the 

boundary between the eastern PMF, and MVF/western PMF. The paleoseismic record of 

the western PMF is unknown, but its geomorphic expression is similar to the MVF, and 

leads to speculation that the two faults possibly share a similar history. It seems likely, 

therefore that the MVF/western PMF act independently in the region. One explanation is 

that the SAF, PMF-MVF, and ECSZ form a triangle-shaped structural block at the 

southern Big Bend region of the SAF that acts as some form of crustal-scale „ball-

bearing‟ or pivot that accommodates slip transfer and gradients at the intersection of the 

SAF system and ECSZ. By itself, the MVF probably poses little seismic hazard to the 

region, but its location in the center of this complex region could mean that it breaks 

during or associated with rare events that involve multiple fault systems.
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INTRODUCTION 

The Morongo Valley fault (MVF) is a poorly understood, active fault that 

intersects and/or merges with both the left-lateral strike-slip Pinto Mountain fault (PMF) 

and right-lateral strike-slip Mission/Mill Creek strands of the San Andreas Fault 

(MMCSAF) (Figure 1). Its slip sense and rate, rupture history, and recurrence are poorly 

constrained or unknown, but appear to have normal dip-slip separations (Matti and 

Morton, 1993). The Southern California Earthquake Data Center lists the MVF as a left-

lateral strike-slip fault, yet regional mapping and geomorphic expression support 

primarily dip-slip motion. The merger of the MVF-PMF occurs at the southern end of the 

1992 M7.3 Landers rupture where the Eastern California Shear Zone (ECSZ) approaches 

the SAF system. Though only 18 km in length, the proximity to and possible connection 

with these major fault systems raises questions about the role that the MVF plays in the 

slip and earthquake history of this region (Figure 1). For example, does the MVF rupture 

independently or simultaneously with other faults in the region? What role, if any, does 

the MVF play in accommodating strain between the SAF and ECSZ systems, or in 

forming Morongo Valley and separating the Little San Bernardino Mountain (LSBM) 

and Big San Bernardino Mountains (BSBM); can the MVF rupture during western PMF 

earthquakes and if so is there some sort of strain partitioning going on? The apparent dip-

slip nature of the MVF may not be favorable for joint rupture with the PMF. In contrast, 

the MVF does appear to be favorably oriented to move during large ruptures on the 

Mission Creek strand SAF.  Here, slip gradients cause the LSBM block to move to the 

southeast at a faster rate than the Big San Bernardino Mountain (BSBM) block, and 

produce an intramontane, pull-apart basin at Morongo Valley (Figure 2; Yule and Sieh, 



2 
 

2003). This model is consistent with the dip-slip nature on the MVF and possible multi-

fault ruptures with the SAF.  

The Morongo Valley Fault has not been directly studied before, and its possible 

role in nearby fault systems has mostly been speculative. The trace of the MVF on the 

United States Geologic Survey (USGS) Quaternary faults database is essentially drawn as 

a straight line, but also as an active fault meaning the USGS believes the MVF has 

ruptured in the past 11,700 years. If a trench excavated across the MVF revealed a 

rupture during the Holocene, it would confirm the MVF is an active structure. 

Understanding the rupture history of the MVF is important when trying to understand the 

known hazard of the SAF to nearby metropolitan areas and associated infrastructure. 

Because the SAF at the San Gorgonio Pass (SGP) structural knot has not ruptured in 

modern times, our understanding of how the SAF behaves at the SGP is limited to a 

handful of paleoseismic studies. The USGS is directly concerned with understanding the 

potential hazard the SAF poses to the greater Los Angeles area in order to provide 

information to assist in improving building codes, and to alert the public of preemptive 

measures they can take to reduce possible risks associated with large earthquakes. 

Because of the proximity of the MVF to the SAF system at the SGP structural knot, the 

question of whether the MVF is possibly involved in multi-fault rupturing with the SAF 

system is important for assessing potential hazard. Additionally, the idea that the MVF is 

possibly involved in multi-fault ruptures with the SAF further reinforces the need for 

more data about the MVF in order to better understand the SAF system.  

The Pinto Mountain Fault system has been treated as a shorter, slower moving 

analog to the junction of the Garlock Fault and the SAF at the Big Bend (Allen, 1957). 
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The geometry of the PMF and the Garlock Fault are similar in that they both intersect the 

SAF system at a major compressional bend (Allen, 1957; Gabriel, 2017). Both the PMF 

and Garlock Fault are ~E-W trending sinistral faults with similar geometries possibly 

linked to similarities in the regional stress and tectonics at each junction with the SAF 

system (Gabriel, 2017).  The PMF could also play an integral role in transferring strain 

between the SAF and ECSZ systems (Matti and Morton 1993; Kendrick et al., 2015; 

Gabriel, 2017).  

Our results characterize the slip sense and rate, as well as the rupture history and 

recurrence of the Morongo Valley Fault. Results from the study constrain the role of the 

MVF with respect to a possible connection between the SAF and ECSZ systems or 

whether the fault moves as part of the PMF. The results can be compared with other 

paleoseismic data from the region to answer whether the MVF ruptures during SAF 

and/or ECSZ quake or with PMF earthquakes. 
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GEOLOGIC AND TECTONIC SETTING 

Morongo Valley Block 

 The Morongo Valley block is a fault block bound by the MVF, PMF, and 

Mission/Mill Creek SAF near the intersection of the ECSZ and Coachella Valley SAF 

systems (Figure 1). Previous studies examined the MVF in a regional context (Dibblee, 

1967; Jennings, 1994; Hopson, 1998) and have shown that Morongo Valley is a 

tectonically diverse region that is related to dextral shear along the San Andreas Fault 

(Matti et al., 1993). Morongo Valley is an alluvium-filled intermontane valley between 

the Little and Big San Bernardino Mountains (Figure 1; Yule and Sieh, 2003; Hopson, 

2013). Bedrock units are comprised of Jurassic-Cretaceous granitoids intruding 

Precambrian gneisses. Terrace remnants on bedrock in the SE block of the fault support 

the up-on-the-southeast motion across the fault (Plate 1; Dibblee, 1967). Subsequent 

uplift on the MVF uplifted the older alluvium relative to the modern Morongo Valley, 

and left remnants along the length of the fault. The interpretation is that Morongo Valley 

is a small pull-apart basin resulting from a) slip gradient on the Coachella Valley SAF 

(Matti et al., 1992; Matti and Morton, 1993) and/or b) clockwise rotation of the LSBM 

(Hopson, 1998, 2012). Reorganization of the SAF system has occurred multiple times 

over the last 2 m.y., with the most recent reorganization as recent as ~125 ka (Matti and 

Morton, 1993). 

 

Pinto Mountain Fault/Morongo Valley Fault System 

The Pinto Mountain fault is an east-west trending, sinistral fault extending about 

110 km from east of Twentynine Palms and the ECSZ westward through Morongo 
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Valley and Big Morongo Canyon where it intersects the SAF in the Mission Creek 

drainage and terminates. (Allen, 1957; Hopson, 1998, Gabriel, 2017). The MVF is a 

southwest trending splay off the PMF intersecting about 1 km west of Yucca Valley 

(Hopson, 2012).  The PMF is the northern bounding structure for Morongo Valley while 

the MVF bounds Morongo Valley along its southern border (Hopson, 2012). The 

evolving junction between the Mission Creek strand SAF and the PMF was likely similar 

to the curving intersection between the modern SAF and the Garlock Fault at the Big 

Bend (Matti and Morton, 1993).  In Morongo Valley, both the PMF and MVF exhibit left 

normal separation (Hopson, 2012). The PMF system is suggested to have activity in the 

late Quaternary based on geomorphic expression (Allen, 1957; Diblee, 1967; Matti and 

Morton, 1993; Heermance and Yule, 2016). About 15 km of sinistral displacement has 

occurred between the Coachella Valley and Mojave sections of the SAF, nearly equal to 

the ~16 km of left lateral displacement on the PMF (Matti and Morton, 1993). Up to 9 

km of the ~16 km of slip on the PMF has occurred since the Pleistocene (Hopson, 1998). 

Sinistral displacements on the PMF likely interfere with the SAF system creating a 

bottleneck impeding through going dextral slip (Matti and Morton, 1993; Kendrick et al., 

2015). 

 

Slip Rates 

Geologic slip rates based on a paleoseismic study on the eastern PMF are 1.5-1.8 

mm/yr (Figure 2; Cadena et al., 2015; Gabriel, 2017). Several studies yield a geodetic slip 

rate of 5-9.2 mm/yr for the PMF (Meade and Hager, 2005; Spinler et al., 2010). Kendrick 

et at. (2015) determined slip rates of 10-12.5 mm/yr by interpreting the formation of the 
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Mission Creek fan complex. A recent study by Gabriel (2017) yields a minimum geologic 

slip rate of 2-3 mm/yr for the western PMF which is lower than other geologic and 

geodetic rates for the western PMF (Figure 2). 

  

Neighboring Fault Systems 

Eastern California Shear Zone (ECSZ) 

 The ECSZ is a region of active deformation east of the SAF dominated by NE 

trending dextral strike-slip faults and covering an area extending from the southern 

Mojave Desert along east of the Sierra Nevada and into western Nevada (Figure 1; 

Frankel et al., 2008; Hopson, 1998). The ECSZ has been suggested to accommodate 

between ~20%-25% of the total relative plate motion between the North American and 

Pacific plates (Frankel et al., 2008). Dextral shear appears to be distributed across the 

entire ECSZ where individual slip ranges between 0.2 -0.6 mm/yr and is a fraction of the 

overall slip in the region (Figure 2; Rockwell et al., 2000). When comparing geodetic 

velocities to geologic fault slip rates in the Mojave Desert, the geodetically measured 

velocity (12 ± 2 mm/yr) is double the geologic slip rate (≤6.2 ± 1.9 mm/yr) for the ECSZ 

in the Mojave (Oskin et al., 2008). In the paleoseismic and historic record, temporal 

clustering of earthquakes may occur regionally on time periods ranging from years to 

centuries (Oskin et al., 2008; Rockwell et al., 2000). Rockwell et al., (2000) suggests the 

release of regional strain in the ECSZ appears to occur in clusters of potentially large 

earthquakes with the 1992 Landers earthquake included in the most recent cluster. 

Additionally, based on trenching in the Mojave desert by Rockwell et al., (2000) the 

clusters at the ECSZ occurred in the late Holocene at (0-1 ka), middle (5-6 ka) and early 
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(8-9 ka) Holocene, and another possible cluster in the late Pleistocene (~15 ka). Given the 

roximity to the ECSZ to the PMF/MVF systems, this fault behavior of temporal 

clustering could have implications for PMF and/or MVF rupture behavior. 

 

Coachella Valley San Andreas Fault System 

 The Coachella Valley SAF system is composed of SAF strands of SGP including 

the San Gorgonio Pass Fault, Garnet Hill strand SAF, Banning strand SAF, Mission/Mill 

Creek strands SAF, and the Coachella Valley section of the SAF south of the junction of 

the Banning and Mission Creek strands of the SAF (Figure 1; Yule and Sieh, 2003). This 

section summarizes slip rates for the Coachella Valley SAF system based on results from 

previous paleoseismic studies. The Mission/Mill Creek strand SAF has little, if any, 

evidence for significant Holocene slip to the west of Highway 62 (Figure 2; Matti et al., 

1992; Matti and Morton 1993; Weldon, 2010; Sieh, 1994; Kendrick et al., 2015). Slip 

rates at Thousand Palm paleoseismic site are 2-6 mm/yr (Figure 2; Fumal et al., 2001). 

Pushawalla Canyon yields slip rates of 21-25 mm/yr (Figure 2; Blisniuk et al., 2013). The 

San Gorgonio Pass Fault zone at Millard Canyon has a slip rate of 4.2-8.4 mm/yr (Figure 

2; Heermance and Yule, 2017). The Banning strand SAF yields a slip rate between 2.3-

5.9 mm/yr (Figure 2; Gold et al., 2015). In Indio, the Coachella Valley segment of the 

SAF at the merger between the Banning and Mission/Mill Creek strands SAF have a slip 

rate of 12-22 mm/yr, and a preferred slip rate of 14-17 mm/yr (Figure 2; Behr et al., 

2010, van der Woerd et al., 2006; Keller et al., 1982). Overall, the region is characterized 

by slip rates that vary along strike and by stepovers between fault systems where slip 

transfer likely occurs between faults. 
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Active Faults of the Southern SAF System 

The southern SAF system has undergone multiple stages of reorganization of 

active faults in the past 4-5 m.y (Matti and Morton, 1993). Clockwise rotation of the 

eastern Transverse ranges ~5-7 Ma began right-lateral displacement on the N45W 

oriented proto-SAF, and begins the initiation of the PMF system (Hopson, 2012). Matti 

and Morton (1993) suggest that between 4-5 Ma the Wilson Creek-Punchbowl fault was 

likely a straight throughgoing strand that was continuous with both the Coachella Valley 

segment of the SAF to the southeast and the Mojave Desert segment of the SAF to the 

northwest. Next the Wilson Creek-Punchbowl fault deformed, becoming a sinuous trace 

abandoned in favor of the Mission Creek strand of the SAF, and occurring adjacent to the 

PMF (Matti and Morton, 1993). Matti and Morton (1993) conclude that the Mission 

Creek strand of the SAF is middle Pliocene and younger in age. The Mission Creek 

strand of the SAF acted as a throughgoing structure continuous with the Mojave Desert 

and Coachella Valley segments of the SAF (Matti and Morton, 1993). A structural knot 

evolved throughout the late Pliocene and Pleistocene caused by the deflection of the 

SBM to the west from left-lateral slip on the PMF. This knot creates a left-step in the 

SAF and the Mission Creek strand SAF (Matti and Morton, 1993). Due to the locked 

nature of the Mission Creek strand of the SAF, the Mill Creek strand of the SAF formed 

and produced ~8 km of dextral slip during the late Pleistocene after 0.5 Ma. The Mill 

Creek strand of the SAF is ultimately deformed and abandoned in favor of the modern 

configuration where the San Bernardino strand is the active SAF strain in the eastern 

transverse region, and possibly reactivating the western Mission Creek strand of the SAF 

(Matti and Morton, 1993). 
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METHODS 

Geologic Field Mapping 

I produced a geologic map at the 1:24,000 scale using the Morongo Valley and 

Yucca Valley South 1:24,000 scale USGS topographic maps (Plate 1). The map I 

produced begins about 1.5 km to the south of Big Morongo wash along the trace of the 

MVF, and extends to the NE about 11 km to the junction of the MVF and S. PMFZ 

(Figure 1). I mapped the extent of various Quaternary alluvial/terrace units, bedrock 

units, faults and fault splays that make up the MVF system, and orientations of dikes and 

metamorphic foliations generally defined by alternating bands of biotite and plagioclase 

feldspar in the Precambrian migmatitic gneisses (Appendix A1.1). The general steep 

dipping SW-NE trend of the foliations may control the orientation of strands of the MVF 

(Figure 3). I measured foliations of the crystalline bedrock and dike orientations in the 

field and plotted them in Stereonet 10 (Figure 3). 

 

Paleoseismic Trenching 

The trench is located where two locally-sourced fans overlap, with the southern 

fan being larger than the northern fan (Figure 4). A small drainage located near the south 

east end of the trench feeds the smaller northern local fan. The trench truncates the 

southern edge of the smaller northern fan (Figure 4). Another proposed trench site is 

located on the southern step-over of the MVF C east of Morongo Lakes, but this trench 

was not excavated for this project (Figure 4). The sedimentary profiles exposed in the 

trench walls exhibit a visible rupture in the sub-surface strata overlain by younger 

sedimentation.  
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After completion of the “Zombie Trail” trench excavation (named for the nearest 

cross street to the trench site), we scraped and cleaned the trench walls and set up a 

leveled grid on the trench walls consisting of vertical spray painted lines spaced every 

meter, and horizontal strings at 0.5 meter spacing (Appendix B 1.1 and 1.2). Once we 

finished the grid, we surveyed the trench using a Leica Total Station, and I took over 

1,000 high resolution photos of the trench walls with an iPhone 6s that I stitched together 

in Agisoft to make photo mosaics. We used enlarged sections of the photo mosaics to 

archive the trench walls and produce detailed logs of the relations exposed in the trenches 

(Figures 5 and 6). Our trench logs identify a key unconformity that records faulting 

events based on faulted and/or deformed strata buried by unfaulted and/or undeformed 

strata. Detrital charcoal samples taken from the trench walls are used to obtain 

radiocarbon ages that constrain the ages of the unconformities and earthquake events 

(Table 1). Vertical separation of strata across faults can be used as a proxy for uplift 

during earthquakes. Vertical separation and ages can be combined to estimate uplift rates.  

 

Chronology 

Radiocarbon 

We used organic material in the form of detrital charcoal found in these layers to 

acquire radiocarbon age dates to correlate timing of recent ruptures and establish a slip 

rate for the MVF. Charcoal ages from above and below unconformities that identify 

earthquakes bracket the age of the quake, and thus provide timing of the paleo-event 

(Table 1; Grant and Sieh, 1994). We sent 10 radiocarbon samples were sent to the W.M 

Keck Carbon Cycle Accelerator Mass Spectrometry Laboratory at UC Irvine for 
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processing. The radiocarbon concentrations from 
14

C results are given as fractions of the 

Modern standard, D
14

C, and conventional radiocarbon age, following the conventions of 

Stuiver and Polach (Radiocarbon, v. 19, p.355, 1977). I calibrated the ages using the 

OxCal radiocarbon calibration. The 10 samples were treated with acid-base-acid (1N HCl 

and 1N NaOH, 75° C) prior to combustion. 

 

Infrared Stimulated Luminescence (IRSL) 

We collected three samples at different stratigraphic positions from the south wall 

of the trench (Figure 5). We collected these samples under a black tarp to prevent the 

sample from being corrupted by exposure to sunlight. The samples were sealed in the 

dark in PVC tubing, labeled, and sent to the USGS Luminescence Dating Laboratory in 

Denver, Colorado where Dr. Shannon Mahan (USGS) processed the samples. Field 

moisture dose rates were calculated using 25% of the saturated moisture in the samples. 

Analyses were obtained using high-resolutions gamma spectrometry, and included 

cosmic doses (0.20-0.17 Gy/ka) and attenuation with depth calculated using the methods 

of Prescott and Hutton (1994). We ran three age models to account for an inherited signal 

in the samples (Table 2). The reported ages are results from the central age model. 

Results from the minimum age model are younger but don‟t vary dramatically. Samples 

were analyzed via single aliquot regeneration on feldspar grains using post infrared 

stimulation. The ages are for fine-grained 25-90 micron sized feldspar. Errors for these 

ages are given to 2 sigma and are the reason the errors may seem high. The errors are 

given at the 95% confidence levels (2 sigma) so that comparisons with other isotopic 

methods are more convenient. 
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RESULTS 

Rock Units 

The project attempts to answer regional structural questions related especially to 

the Precambrian to Cretaceous (pЄ-K) crystalline rocks of the Little San Bernardino 

Mountains and their relationship to the Morongo Valley Fault. Thin sections of pЄ-K or 

any other map unit in the project weren‟t made, and so rock descriptions are limited to 

descriptions from hand samples, field notes, and previous studies involving these rock 

units.  

 

Bedrock Units 

The pЄ-K migmatitic crystalline basement rocks have a variety of compositions 

and textures. The crystalline rocks of the Little San Bernardino Mountains in the study 

area are comprised of Precambrian gneiss intruded by Jurassic to Cretaceous plutonic 

rocks of granitic and granodioritic compositions (Appendix A 1.1, 1.2, and 1.3). The 

Precambrian rocks are dominantly biotite, quartz, and/or plagioclase rich paragneiss and 

orthogneiss. The gneisses are highly deformed likely recording multiple episodes of 

deformation as evidenced by the presence of similar folds, parasitic folds, chevron folds, 

tight folding, overturned folds, recumbent folds, and the dominant dip of foliations 

generally at high angles (Appendix A 1.1). The plutonic rocks also exhibit a metamorphic 

overprint with a dominant north east trending steeply dipping foliation. Felsic dikes of 

unknown age, (assumed Jurassic to Cretaceous) and with varying compositions and 

textures are also present in the basement rocks of the LSBM and cuts both the 

Precambrian gneissic rocks, and the Jurassic to Cretaceous plutonic rocks (Appendix A 
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1.2 and 1.3). The dikes have steep dips, strike approximately east-west, and exhibit some 

subtle fabrics visible in hand sample. 

 

 Quaternary Units 

The Quaternary rocks are subdivided into four units, Quaternary older alluvium 1 

(Qoa1), Quaternary older alluvium 2 (Qoa2), Quaternary Alluvium (Qa), and Quaternary 

local fan (Qlf). Qoa1 is the oldest of the four Quaternary units and is found in patches 

capping the pЄ-K basement rocks in the footwall block of the MVF. Qoa1 represents 

remnant pieces of an abandoned older alluvial surface. Qoa1 is usually found with 

layering of pebble to cobbles and/or boulder-sized clasts and is generally gently dipping 

(<10°) (Appendix A 1.4). Some outcrops of Qoa1 where a MVF splay (MVF D) 

intersects with the PMF exhibit Qoa1 ramping up from shallow dips to steep dips within 

a short distance (~100-200 m) approaching the PMF from the south. Dips in the Qoa1 

measured in an outcrop located at the PMF are vertical and/or possibly overturned. Qoa2 

essentially represents the basin floor of „Little‟ Morongo Valley located in the hanging 

wall block of the northern MVF D splays (Appendix A 1.5). Qa represents modern 

washes as well as the alluvium making up the modern basin floor of Morongo Valley. Qlf 

is the youngest of the Quaternary units and represents modern local fans located at the 

break in slope between the LSBM and Morongo Valley sourced from drainages along the 

eastern edge of the LSBM. 
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Morongo Valley Fault 

Structure 

The Morongo Valley Fault is divided into four sections by three en-echelon step-

overs. The fault sections are labeled from southwest to northeast as MVF A, MVF B, 

MVF C and MVF D respectively (Plate 1; Figure 7). The en-echelon right step-overs of 

the Morongo Valley Fault produce a similar surface fault pattern to a sinistral extensional 

duplex (Twiss and Moores, 2007). MVF C and D have a similar surface pattern as 

compared to major faults in the the Dasht-E Bayaz fault zone in northeastern Iran, a 

developing extensional duplex (Twiss and Moores, 2007). MVF A is the most southern 

section of the MVF. MVF A is the straightest section of the MVF and likely is comprised 

of a series of parallel fault splays that merge towards the south west section of MVF A. 

MVF B begins a series of three major right stepovers in the MVF (Appendix A 1.6). The 

south west section of MVF D contains a left stepover, but the trace of the south west 

MVFD is relatively straight until it reaches Little Morongo Valley, where the fault takes 

a left bend to the north along a series of parallel fault splays that extend to the north 

towards the junction of MVF D and the east-west trending southern Pinto Mountain Fault 

zone. 

 

Geomorphic Expression  

Although the Morongo Valley Fault lacks a clear fault scarp along its trace, the 

fault is identified through careful inspection of the geomorphology. The most obvious 

geomorphological feature is the abrupt change in topography along many sections of the 

MVF at the base of mountain fronts. Here the steeper slopes of the LSBM suddenly 



15 
 

become the gentle-sloped topography of the Morongo Valley basin floor and the modern 

alluvial surface. This break in slope is also visible along the trace of MVF D near Little 

Morongo Valley where a notch can be seen at the change in topography right along the 

trace of MVF D (Appendix A 1.5). The splays of the MVF located in the crystalline 

bedrock of the LSBM are easily identifiable from satellite imagery based on vegetation 

lineaments that follow the trace of MVF splays. Here, vegetation grows in higher density 

than the surrounding area likely due to weaknesses in the rocks from the faulting that 

allow for superior root penetration and water acquisition by the roots. In the satellite 

imagery these appear as faint linear features. The southern section of MVF C is well 

exposed at the surface and cuts the crystalline bedrock (Appendix A 1.7 and 1.8). 

Evidence for faulting is seen in distinct gouge zones several meters wide where the 

crystalline bedrock has been crushed or powdered with significant clay and cataclasite 

present (Appendix A 1.8).  

 

Bedrock Control on Fault Location 

 The western margin of the Little San Bernardino Mountains is composed of 

Precambrian gneisses intruded by Jurassic to Cretaceous granitoids and felsic dikes 

(Appendix A 1.2 and 1.3). The Precambrian basement rocks of the LSBM are composed 

primarily of biotite rich orthogneiss and paragneiss with alternating dark (biotite) and 

light (plagioclase) banding. These high-strain rocks have a dominant northeast-striking, 

steeply northwest-dipping gneissic layering. Despite the dominant northeast strike of the 

foliation, these rocks are highly folded, exhibiting overturned and recumbent folds. At the 

outcrop scale attitude measurements from the gneissic rocks can vary, but the dominant 
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northeast striking foliation is even visible from satellite imagery as light and dark bands 

of rocks. The fabric of the LSBM crystalline basement rocks trends parallel to sub-

parallel to the trace of the MVF splays, and likely plays a key role in the controlling the 

geometry of the MVF (Figure 3). The steeply dipping fabric likely acts as a plane of 

weakness during the initiation of the MVF sections. 

 

Offset 

Patches of older alluvium (Qoa1) lie unconformably on Precambrian crystalline 

bedrock in some cases up to ~250 m above the Qa/PC-K contact located at the Morongo 

Valley Fault to the south of the Zombie Trail paleoseismic trench site (Plate 1; Figure 8). 

They represent alluvial material from an older alluvial surface interpreted as evidence for 

dip-slip normal fault motion on the MVF. Vertical separation based on the SW cross 

section suggests at least ~200 m, and possibly as much as 300 m of vertical separation 

across the fault (Figure 8). These remnant older alluvium patches represent an older (pre-

faulting/half-graben formation) alluvial fan system that predates the modern Morongo 

Valley. Qoa2 represents the older alluvial unit in Little Morongo Valley at the north east 

end of the geologic map (Plate 1; Figure 9). This unit is younger than Qoa1. Little 

Morongo Valley is a half-graben bound by MVF-D to the south with down to the north 

west apparent fault displacement (Figure 9). 

Sinistral fault motion on the MVF is likely, if not expected due to its structural 

relationship with the Pinto Mountain Fault. The evidence suggests that the MVF is a 

splay of the PMF and is a sinistral-normal oblique fault likely with the dip-slip 

component playing the dominant role. Because Morongo Valley Fault is a splay on the 
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western end of the PMF, it is likely playing a role in the variation of slip history and 

behavior between the western PMF and MVF, and the eastern PMF, which is a single 

strand thought to now be considered the active trace of the western PMF zone based on 

recent earthquakes exhibiting sinistral movement (Hopson, 2012). 

 

Paleoseismic Trench 

Description of Site Location 

The name for Zombie Trail comes from the name of the closest cross street to the 

trench site. The street sign reads, „ZOMBIE ?R‟ which is likely Zombie Trail but the „T‟ 

in „TR‟ is no longer visible (Appendix B 1.1). Originally, the trench site was proposed for 

a different location ~100 m to the NE along MVF B on a small local fan (Figure 4). 

Immediately after we began to dig, a local property owner called the Police to the trench 

due to a misunderstanding between property owners related to permissions, and the 

trench had to be filled. Luckily the proposed backup site was still available for use. A few 

days later, we dug the Zombie Trail trench at the new location. The Zombie Trail 

paleoseismic trench is located on private property at the base of the LSBM about 700 m 

to the south west of the entrance to Morongo Lakes along MVF B (Figure 4). The trench 

exposes massive to very faintly layered stratigraphy unconformably overlying crystalline 

bedrock dominated by granitic compositions. The bedrock appears to be cut by a series of 

faults and/or fractures that down drop the bedrock to the NE across a series of structures. 

Deposits revealed in the trench are fed by two drainages. The first drainage is 

immediately uphill from the SE end of the trench, and has a transport distance of 10-20 

meters at most. The second drainage is SE of the trench, is much larger than the first and 
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flows obliquely across the site to the north and northeast with a transport distance of 10-

200 meters.  

 

Pre-Event Units 

Note: Distances in meters in the following text refer to the distance along the 

trench relative to the 0 m mark at the southeast end of the trench. 

The oldest unit exposed in the trench is Jurassic to Cretaceous plutonic granitic 

rocks that are highly fractured and/or crushed with a small amount of Precambrian biotite 

gneiss (Units 1a and 1b – the dark and light blue colored units) (Figures 10 and 11). The 

crystalline bedrock exposed in the trench is the oldest unit involved in faulting. Unit 2 

consists of a clay-rich zone developed in granite (probable saprolitic soil), and is best 

observed between about 10-15 m in the trench (Figures 10 and 11). The saprolitic 

material is easy to scrape and contains a few pieces of charcoal. We hand-dug 

excavations at two key locations in the trench exposure (Figures 12, 13, 14, 15, and 16; 

Appendix B 1.2). The hand excavation located between 14-15 meters (~14.1-14.3 m) 

extends beneath the saprolitic horizon into granite, and shows offset of the saprolite by a 

small fault (Figures 12, 13, and 16). The saprolitic layer is down-dropped by faulting 

(down to the northwest) by about half a meter across a 1-1.5 meter wide zone. Another 

hand excavation located between 12-13 meters shows another clear break between 

weathered granite to the saprolitic layer at the base of the trench floor (Figures 14, 15, 

and 16). This break is evident and can be traced across the trench floor. (Figures 14 and 

15). The saprolite appears to extend to the southeast below the talus/rubble pile (Unit 3a), 

and is likely truncated by the fault/fracture between 10-11 m at the contact with granitic 
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bedrock. Two detrital charcoal pieces were collected within the saprolitic horizon. The 

calibrated calendar ages are discussed below. 

 

Post-Event Units 

Colluvial Wedge 

A wedge-shaped deposit comprised of un-weathered, angular granitic cobbles and 

boulders (Unit 3a) and laterally equivalent, faintly laminated pebble gravel (unit 3b) 

directly overlie the saprolitic horizon and abut crushed granite (Figures 10 and 11). The 

south lower wall between 12-13 m exposes about a 0.5 meter diameter un-weathered 

granite boulder that appears to have fallen into a potential depression or scarp at the 12-

13 m fault (Figures 14 and 15). The talus pile of fresh angular granite and the boulder 

overlies the saprolitic horizon atop weathered bedrock. We interpret the abrupt southeast 

extent of the wedge in contact with bedrock as a fault, but it is unclear whether the wedge 

is cut by the faults or is deposited against a fault scarp. Regardless of this ambiguity, the 

fault clearly does not extend into the overlying massive debris-flow material (Figures 10, 

11, 12, 13, 14, 15, and 16). 

 

Debris Flow Units 

Debris flow units (Units 4-7 – gray, yellow, pink, dark green) unconformably 

overlie Units 1a and 1b in the southeast part of the trench and conformably overly Units 

3a and 3b in the northwest part of the trench (Figures 5, 6, 10, and 11). Unit 4 

dramatically thickens to the NW across the fault zone and possible scarp-like features. 

This unconformable contact juxtaposes the oldest Jurassic to Cretaceous granitic bedrock 
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against the overlying massive debris flow units. Fissures, fractures, and faults in 

terminate beneath the debris units (Figures 5, 6, 10, and 11). Between ~1-11 m the 

nonconformity between Unit 4 and Units 1a/1b is sharp and defined by a change in 

lithology and color. Northwest of ~10 m, the base of Unit 4 overlies Units 3a/3b. Here, 

Unit 4 is composed of poorly sorted sand with cobbles and pebbles in a mud rich matrix. 

The occasional alignment of pebbles defines faint horizontal layering; however, no 

individual „layer‟ extends for more than ~1 m.  

Unit 4 is a massive and poorly sorted unit comprised of cobbles and pebbles and a 

sandy, muddy matrix. Unit 5 overlies unit 4 and is a pebbly gravel that is similar to Unit 

4, but is distinguished by lower clay content and more apparent layering. The uppermost 

strata, Units 6 and 7 do not correlate across the trench. Unit 6 is loosely consolidated 

pebbly and fine cobble gravel that overlies Unit 5 on the south wall. The ground surface 

atop Unit 6 is part of the north-flowing local fan (Figure 10). Unit 7 (Figure 11) is up to a 

half meter thick and consists of well stratified and very loosely consolidated sand and 

pebbly gravel. The ground surface atop Unit 7 is part of the northwest-flowing small 

local fan (Figure 11). Located in the top 3 cm is a pervasive network of modern roots 

forming mesh roots and clumps of silty sand. Pebble to small cobble material dominates 

the base of Unit 7 just above the green horizon. Units 6 and 7 we therefore interpret as 

sourced from different drainages. 

 

Fractures and Fissures 

Fissure fill of overlying units down into underlying units is common especially 

adjacent to faults, or in fault bounded fissure zones (Grant and Sieh, 1994). Fissure zones 
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may or may not be related directly to a fault, or break in bedrock. Another possibility is 

that the fissure zones are a depression that is later filled with sediment. A clear break in 

the bedrock is not visible, but the trench may be too shallow to have exposed a definite 

fault in the bedrock material. Multiple fissure-filled zones extend down from the lower 

trench walls to the floor of the trench, and connect to the other trench wall continuously 

across the trench floor at the location where the saprolitic layer (Unit 2) begins to step 

down to the northwest (Figures 5, 6, 10, and 11). The main fissure zone occurs between 

4-6 m, between two faults/fractures in the granitic bedrock (Figures 10 and 11). Another 

possible fissure is exposed on the lower wall between 8-9 m, seen well on the south lower 

wall (Figure 10). We did not log a fracture/fault wasn‟t logged in association with that 

possible fissure, but the possibility for a break in the rock in that location is not ruled out. 

The fissure-like feature between 8-9 m, could also just be some kind of depression or 

hole that was filled in with sediment (Figure 10). Material in the fissure zones is a 

combination of crushed granite and material likely derived from the overlying massive 

layer. A fracture/potential fault can be seen on the north lower wall around 3 m dipping 

to the SE and cutting fractured granitic bedrock, but doesn‟t necessarily show up on the 

south lower wall (Figures 6 and 11). Another fracture is exposed between 5-6 m, where 

the block of biotite gneiss is located (Figures 5, 6, 10, and 11). This fracture is continuous 

across the trench floor from gneiss block to gneiss block on each side of the base of the 

trench walls. A fracture exposed between 10-11 m on the lower wall could possibly just 

be a fracture but also could be a fault (Figures 5, 6, 10, and 11). Displacements on many 

fractures cannot be easily determined. Some of the fractures in the trench logs could be 

interpreted as faults. 
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Faults 

Based on the fault exposures revealed in the trench, the MVF fault zone appears 

to be between 5 – 11 m wide (Figures 10 and 11). Interpreting these faults is a challenge 

due to the shallow nature of the trench exposing what appears to be just the very tip of the 

fault zone. In most cases, faults terminate at the base of Unit 3a and 3b (~12, 14, and 15 

m) (Figures 12-15). For example, the three faults that occur between 12-15 m reveal a 

stair-stepping down-to-the-northwest displacement of Units 1 and 2, totaling about 0.5 m 

of vertical separation (Figures 10 and 11). The fault or faults at ~m 10 juxtapose Unit 3a 

and Units 1a/1b. This truncation clearly post-dates Units 1a/1b. Unit 3 may be cut by this 

fault, but it also may buttress a fault scarp. The vertical separation at the apparent 

truncation of Unit 3 is ~1m. None of the faults extend into Unit 4, which is interpreted as 

an unbroken unit. 

 

Event Horizon(s) 

Based on stratigraphy and the relationship between bedrock geology and 

overlying alluvial/colluvial material, we can define two event horizons. Event ZT1, with 

strong evidence, is defined where three faults terminate against the base of Units 3a/3b, a 

wedge-shaped deposit of angular cobbles and boulders that overlies a saprolitic layer 

(Figures 10, 11, 14, and 15). Event ZT2 is weakly defined and occurs at the base of Unit 

4 where unbroken debris-flow gravels overlie a high-angle discontinuity between Units 

3a/3b and Units 1a/1b (Figures 5, 6, 10, and 11). Interpreting the base of Unit 4 as the 

ZT2 event horizon hinges upon the whether the discontinuity cuts or is buried by Units 

3a/3b. 
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Chronology 

The record of slip history found from stratigraphic relationships found in the 

Zombie Trail trench is constrained by two sets of conflicting ages (Figure 17; Tables 1 

and 2). One set of ages are from 
14

C in detrital charcoal taken from the trench walls, and 

the other set comes from IRSL samples taken from the trench walls. 

 

Radiocarbon Dating (Table 1) 

Detrital charcoal samples were scarce at the Zombie Trail paleoseismic trench. In 

total, we found and collected 11 charcoal samples for radiocarbon dating. The results 

from the 
14

C data are all in-sequence ages (Table 1). Of the 11 samples, one was too 

small to be analyzed, two were found to be post-bomb (post 1950) era due to 

anomalously high 
14

C content. Five of the remaining eight samples were taken from the 

south upper wall and yielded ages younger than ~500 years old. Samples #2, #3, and #11 

were taken from the lower wall (Figures 5, 6, 10, and 11). Sample #2 is located between 

21-22 m on the north lower wall stratigraphically above the base of Unit 4, and yields an 

age of 2,148-2,307 years BR. Samples #3 and #11 were taken from the south lower wall 

at or around the level of ZT1, stratigraphically below Unit 4. Sample #3 yielded a 

calibrated calendar age of 12,727 – 12,951 years BP, and sample #11 yielded an age 

between 15,390 – 15,120 years BP. These ages provide an ~10,000 year range for the 

timing of ZT1 and possible ZT2 events. 
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IRSL Sample Descriptions (Table 2) 

Three IRSL samples were taken from the south wall of the trench. (Figure 5 and 

10) MVF-01 is dominated by colluvial material, brown in color with sub-rounded to sub-

angular pebbles, medium to fine grained sand and clay. MVF-01 exhibits minor soil 

structure with 1-2 cm clumps crumbling with light pressure. MVF-02 is similar to MVF-

01, but coarser containing pebbles and coarse sand. MVF-02 exhibits minor soil structure 

with cm sized clumps crumble with very light touch. MVT-03 is massive containing fine 

sand with cobbles, pebbles and the occasional 20-25 cm boulder. MVT-03 contains much 

more cobbles than MVT-01 and MVT-02; however, the overall grain size of sand sized 

and smaller grains in MVT-03 is smaller than the other two IRSL samples. MVT-03 

exhibits moderate soil structure with 1/2 -1 cm sized clumps crumbling with light touch 

or squeezing. 

 

Infrared Stimulated Luminescence Dating (Table 2) 

MVT-01 was collected from Unit 5 at the base of the south upper wall between 

16-17 m, and is located highest stratigraphically of the three samples (Figures 5 and 10). 

MVT-02 was collected from Unit 4 at the south lower wall of the trench between 16-17 

m. MVT-03 was collected from Unit 3 near the base of the south lower wall. MVT-02 

lies stratigraphically above the MRE horizon (ZT2) ~30 cm below the bench at the top of 

the south lower wall. MVT-03 lies ~30 cm stratigraphically below the MRE horizon 

(ZT2). Based on laboratory observations, MVT-03 is different from the other two 

samples in that the contribution to a vastly lower dose rate results from sediment 

geochemistry. Shannon Mahan (USGS) observed that MVT-03 is either much finer 
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grained than the other two samples or sourced from a totally different regional geology. 

She also noted that MVT-01 has more scatter in the equivalent dose (56% vs 7% and 

23%), and suggests that the sediment transport exhibits one of the following 

characteristics: more turbid, debris flow-like, of a short travel path, or fluvial. Many of 

her observations and interpretations are similar to or line up with field observations from 

the trench walls.  

Using the central age model (CAM), the age of MVT-01 is 4,570 ± 1,400 old. 

MVT-02 yields an age of 19,900 ± 1,260 years old, and MVT-03 yields an age of 

115,710 ± 20,480 years old (Table 2). Based on these age dates from the IRSL samples, 

the MRE horizon (ZT2) is late Pleistocene in age between 19,900 ± 1,260 and 115,710 ± 

20,480 years old and ZT1 is older than 115,710 ± 20,480 years old (Table 2). Results 

from the minimum age model are as follows: MVT-01 is 2,520 ± 520 years old, MVT-02 

is 18,260 ± 1,640 years old, and MVT-03 is 79,690 ± 9,440 years old (Table 2). Although 

the minimum age model does yield slightly younger ages, they still suggest that the MRE 

occurred during the late Pleistocene. Even by using both the highest possible dose rate in 

combination with the minimum age model sample ages are as follows: MVT-01 is 2,310 

years old, MVT-02 is 16,700 years old, and MVT-03 is 72,730 years old (Table 2). In 

order to get MVT-01 to ~500 years to match closer with the 
14

C
 
ages from the upper wall 

would require an unrealistic dose rate that isn‟t possible on earth (Table 2). 

 

Event Chronology  

Strong evidence for one event (ZT1) and ambiguous evidence for a second event 

(ZT2) is exposed in the Zombie Trail trench. C
14

 results constrain the timing of events 



26 
 

ZT1 and ZT2 between 2148-2307 and 12,727-12,951 years old (Table 1) based on 

charcoal ages from Units 2 and Unit 4. The ZT1 event horizon at the base of Unit 3a/b 

suggests event timing closer to ~12,000 yrs BP. The possible ZT2 event horizon at the 

base of Unit 4 suggest event timing closer to 3,000-5,000 yrs BP. IRSL age data bracket 

the two events to late Pleistocene age for the MRE unconformity between 19,900 ± 1,400 

and 115,710 ± 20,480 years old (Table 2), but are considered too old (see Discussion).  
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DISCUSSION 

Resolving the Different 
14

C and IRSL Ages 

The discrepancy between the 
14

C and IRSL ages does not have a clear resolution. 

An interesting observation to note is how for both data sets, the ages increase with 

stratigraphic depth, as is expected (i.e., there are no „out-of-sequence‟ ages for either data 

set) (Table 1 and 2). One possible explanation for the order-of-magnitude discrepancy 

between the 
14

C ages and the IRSL ages could be that the charcoal ages are too young. 

This could be possible if the charcoal was collected from burrows or are pieces of old 

roots; however, no evidence of bioturbation was observed in the trench walls. Only an 

active modern ant burrow was located on the north lower wall of the trench, so the 

possibility of bioturbation remains but is unlikely the cause of the age discrepancy. 

Another indication that the 
14

C samples likely weren‟t corrupted by bioturbation is the in-

sequence ages relative to stratigraphic position. Normally a trench with prevalent 

bioturbation or root penetration can yield numerous out-of-sequence ages. Modern roots 

were present and in some cases were seen in the material above the white MRE horizon. 

Most roots were found in the upper wall material. Human error related to both dating 

methods is always possible; however, we took great care during sampling to reduce 

human error. For instance, any potential charcoal samples that were found were inspected 

for evidence of root structure and/or bioturbation. Additionally, the IRSL samples were 

taken by Jon Matti (USGS) with the assistance of four others to ensure that the black tarp 

was held down on all sides, and that light wasn‟t able to corrupt the samples. Another 

more likely explanation for the discrepancy between the 
14

C and IRSL ages is that 

feldspar grains used in the IRSL process carry an inherited luminescence signal that 
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yields an older burial age. S. Mahan (USGS, personal communication) suggests that one 

possible source of error that could be contributing to the age discrepancy between the 

IRSL and 
14C 

ages could be due to the deposits in the trench being sourced from debris 

flows, and would expect the ages to be older than they should be in this case. 

 

Sequence of Events at Zombie Trail Trench 

 A puzzling question initially was, what is the role of the saprolitic layer in the 

sequence of events at Zombie Trail trench, and is it part of the MRE or does it represent 

an older event? The Zombie Trail trench exposes one well defined event defined by the 

orange line (ZT1), and faults cutting the saprolitic layer (Figures 10 and 11). This 

interpretation assumes the faults cutting the saprolitic layer don‟t extend into Units 3a/3b 

above. Apparent horizontal layering in Unit 3b suggests the faults cutting the saprolitic 

layer do not extend into Unit 3a/3b above (Figures 10 and 11). A second, more 

ambiguous event (ZT2) is defined by the unconformity at the base of Unit 4. I propose 

two models for events at the Zombie Trail trench, a one event model (M1) and a two 

event model (M2)(Figures 18 and 19).  

M1 begins ~15,000 yrs BP with a period of erosion followed by the saprolitic 

weathering of the granitic bedrock and the development of Unit 2 (Figure 18). Next, 

sometime after ~12,850 yrs BP, ZT1 occurs cutting Unit 2 and dropping it down to the 

northwest (Figure 18). This creates a buried scarp where Unit 3a is deposited as a boulder 

and talus debris over the saprolitic layer and filling in the buried scarp at ~ 12 m either 

during or following the ZT1 event (Figure 18). Deposition of Unit 3b occurred 

simultaneously with 3a or likely soon after ZT1 (Figure 18). We interpret units 3a/3b as a 
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colluvial wedge filling a scarp. From about 10,000 to 2,200 years ago, a period of erosion 

is followed by the deposition of Unit 4, a massive debris flow layer (Figure 18). Finally, 

from ~2,200 yrs ago to present, deposition of units 5, 6 and 7 occurs (Figure 18).  

M2 is similar to M1 but during event the faults near 5 m don‟t rupture but the four 

faults between 10-16 m do rupture (Figure 19). Next, the footwall of the 10 m fault 

erodes and deposits Unit 3 over the top of the ZT2 (Figure 19). On a side note, erosive 

periods could potentially have erased evidence of additional events in the trench. ZT2 

likely occurred between 10,000 to 2,200 years ago (Figure 19). ZT2 is evidenced by a 

sharp nonconformable contact with Unit 4 exposed in the southeast half of the trench, as 

well as evidence of Unit 4 possibly incorporated into fissuring/faulting, or just deposited 

into depressions sometime after the earthquake. During ZT2, the faults at 5 m and 10 m 

rupture (Figure 19). The 10 m fault cuts Unit 3a, and the wedge shaped zone of crushed 

granite at 5 m is formed (Figure 19).  Material caught up in the fracture zones during the 

events likely was subjected to additional fracturing and crushing. ZT2 is followed by a 

period of erosion and the deposition of Unit 4 as massive debris flows (Figure 19). Units 

5, 6, and 7 are deposited sometime after ~2,200 years ago (Figure 19). Both the Unit 6 

and Unit 7 have faint layering of pebbles especially compared to the massive colluvium 

unit below (Figure 10 and 11). The upper walls are slightly different one with the Unit 6 

and one with Unit 7 (Figure 10 and 11). Unit 6 and 7 could represent a single fan lobe 

from the smaller fan located at the trench site. Alternatively, and more likely, they could 

be coming from opposite fans on each side of the trench site. Age constraint on events at 

Zombie Trail trench is poor with ZT1 and ZT2 in addition to deposition of Unit 3 and a 
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possible hiatus following ZT2 in M2 occurring between ~12,850 and 2,200 yrs BP (Table 

3). 

 

Implication. Does the MVF Rupture by Itself? 

The question of whether Morongo Valley Fault ruptures with large San Andreas 

Fault ruptures, in association with Pinto Mountain Fault ruptures, or with itself can be 

better resolved using C
14 

age dates. Given at least one, possibly two events for the MVF 

during the latest Pleistocene and Holocene versus an ~200 year recurrence interval for the 

southern San Andreas Fault system, the Morongo Valley Fault probably isn‟t associated 

with multi-fault ruptures with SAF earthquakes, unless it‟s a rare, once-every 5,000-

6,000 year occurrence. If the eastern section of the Mill Creek strand, SAF is still active 

(Morelan et al., 2016), the MVF may co-rupture during a SAF event. Though speculative, 

it may be possible that the MVF experiences more frequent earthquakes in the late 

Pleistocene (pre ~125,000 yrs ago) when the Mill Creek strand of the SAF was more 

active (Matti and Morton, 1993). 

Results from the trench suggest that rupture behavior for the MVF and by proxy 

western PMF doesn‟t necessarily support every ~200 year events like the SAF, or even 

every ~2000 year events like the eastern PMF. Based on two events in the Holocene to 

late Pleistocene, the MVF slip history doesn‟t match SAF rupture behavior, but could 

possibly correlate to 1-2 eastern PMF events. Slip history for the western PMF is 

unknown; however, both MVF and the western PMF traces have similar geomorphic 

expression suggesting possible similarities between rupture behavior. Thus, the MVF and 

western PMF system appear to be kinematically linked and exhibit their own unique 
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rupture behavior. It is then possible that the triangle-shaped crustal block that is bound by 

the western PMF to the west, SAF to the south, and 1992 Joshua tree earthquakes to the 

east may be forming as a result of slip transfer/slip gradients at the SAF/ECSZ 

intersection. 

With the increased complexity of the MVF from a relatively straight and 

unbroken trace of the fault along the LSBM/Morongo Valley contact to a series of en-

echelon right step-overs, another question of how the MVF ruptures comes up. Does 

MVF A-D rupture together in large events, or do the individual fault splays exhibit 

varying or unassociated rupture behavior as compared to the other MVF splays? The 

answer to this question cannot be answered with the results of this study. Additional 

trenches across various splays of the MVF and/or a deeper trench exposing a thicker 

section of stratigraphy with the potential evidence for multiple paleo-earthquakes could 

answer the question of rupture behavior and provide a more robust slip history for the 

MVF. 

 

Kinematic Model for Initiation of Faulting and Rifting of Morongo Valley 

 We make an interesting observation about the structural relationship between the 

MVF splays and the fabrics of the crystalline bedrock they cut. The steeply dipping NE 

trending foliation aligns with the traces of the MVF splays with a parallel to sub-parallel 

relationship. This relationship suggests the initiation of the MVF is likely structurally 

linked to the clockwise rotation of the LSBM block (Hopson, 2012). The question of 

when the initiation of the MVF occurred comes up. The answer to that question can‟t be 

answered by this study and would require additional work. Assuming the MVF and 
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fabrics of the LSBM are structurally linked, the MVF either initiated after the LSBM 

block fabrics had been rotated to a NE orientation, or the initiation occurred at some point 

during the rotation of the LSBM block and possibly before slip gradients on the SAF 

system resulted in the initiation of rifting of Morongo Valley. The clockwise rotation of 

the eastern Transverse Ranges by ~41° has occurred since the late Miocene (Carter et al., 

1987), and is suggested to have begun between 5-7 Ma (Hopson, 2012). If the LSBM 

block is back-rotated ~41°, the trace of the MVF is essentially trending north-south based 

on an average trend of ~N45E for the MVF splays. In turn this back-rotation would also 

bring the average east-west trend of the central and eastern PMF to a similar northeast 

orientation as the modern MVF. If the MVF initiated before the ~41° rotation occurred its 

back-rotated orientation would not be favored for initiation before the completion of the 

rotation based on a rotational model with NE-SW regional compression in the eastern 

Transverse region previous to the clockwise rotation (Carter et al., 1987). Based on this 

logic, the initiation of the MVF is more likely tied to variations in slip gradient on the 

SAF system possibly during the late Pliocene and into the Pleistocene following the 

completion of the rotation (Matti and Morton, 1993, Hopson, 2012). 

We propose a kinematic model based upon models and previous work from 

Hopson (2012), and Matti and Morton (1993). The triangular block bound by the PMF to 

the northwest, the SAF to the southwest, and the 1992 Joshua Tree and Landers ruptures 

exhibits counter-clockwise rotation allowing for extension at Morongo Valley (Figure 

20). The counter-clockwise rotation is due to the combination of sinistral slip on the 

PMF, the slip-gradient along the dextral Mission Creek strand SAF, and dextral slip 

along the 1992 Joshua Tree and Landers faults (Figure 20). Morongo Valley Fault likely 



33 
 

formed during as the evolution of the PMF system laterally displaced the SBM to the 

west, starting in the late Pliocene and extending into the Pleistocene (Matti and Morton, 

1993). The majority of rifting of Morongo Valley likely occurred during the period of 

transition between the Mission Creek abandonment to the southern strands of the SAF as 

slip rates gradually diminish on the northern SAF strands, meanwhile the Coachella 

valley section of the SAF to the south continues to exhibit a higher slip rate 14-17 mm/yr 

(Behr et al., 2010). The Morongo Valley Fault breaks along pre-existing NE striking, 

steeply dipping foliation planes in the basement rocks of the Little San Bernardino 

Mountains, and pulls the LSBMB away from the San Bernardino Mountain block toward 

the SE to account for lower slip rates in the structural knot caused by the PMF (Matti and 

Morton, 1993). The ~41° rotation of the eastern Transverse Ranges coincidentally 

aligned the fabrics of the LSBM at a high angle to the SAF to allow for the initiation of 

faulting along preexisting weaknesses in the crystalline basement rocks, as a mode of 

accommodating the slip gradient on the SAF system east of the SGP, and/or functioning 

as a connecting structure transferring stress from the locked SGP structural knot to the 

ECSZ system.  
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CONCLUSIONS 

The results of this study significantly improve understanding of the Morongo 

Valley Fault through mapping of the MVF and its splays, and from excavating a trench 

across the MVF looking for paleo-earthquakes. Previous work on the fault lacked 

evidence characterizing the slip behavior and history of the MVF. Radiocarbon ages 

taken from detrital charcoal samples collected from the walls of the Zombie Trail 

paleoseismic trench provide clues to the behavior of the MVF as related to the PMF and 

SAF systems.  

Results from the geologic mapping significantly increase the complexity of the 

MVF from a relatively straight trace on the USGS Quaternary faults database, to a series 

of at least four en-echelon right stepovers. The results from the excavation of the Zombie 

Trail trench suggest up to two events during the Holocene to latest Pleistocene, 

confirming that the MVF is likely an active Holocene structure. Although the MVF is 

probably an active Holocene fault, it is among the least active faults in the region. This is 

not very surprising considering the MVF is only 18 km in length and likely isn‟t capable 

of large ruptures on its own further questioning the role of the MVF with respect to the 

SAF and ECSZ systems. 

Based on the calibrated 
14

C ages, Morongo Valley Fault had at least one and 

possibly two earthquakes between ~2,200 and ~12,850 yrs ago. Even considering this 

younger set of ages provided by the 
14

C, the MVF does not appear to have a slip history 

that matches the ~200 year recurrence interval of the SAF in Coachella Valley. The 

~2000 year recurrence interval of the eastern PMF more closely fits activity for the MVF 

based on 
14

C ages, but the eastern PMF records up to 4 events in the Holocene while our 
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results suggest 1-2 events. However, assuming two events during the Holocene, activity 

on the MVF appears to be linked to older events (mid Holocene and older), or exhibits 

rupture behavior on longer time scales (2,200-12,850 years). The MVF and likely the 

western PMF exhibit unique rupture behavior within the region possibly as multi-fault 

ruptures. Slip transfer/slip gradients occurring at the ECSZ/SAF junction are likely 

responsible for the presence of a triangular structural block bound by the western PMF, 

SAF, and the fault system responsible for the 1992 Joshua Tree and Landers earthquakes 

(Figure 20). 
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FIGURE CAPTIONS 

Figure 1: Simplified regional fault map of San Gorgonio Pass (SGP) and associated San 

Andreas Fault (SAF) strands, San Jacinto Fault (SJF), Eastern California Shear Zone 

(ECSZ), and Pinto Mountain fault (PMF) and Morongo Valley fault (MVF) splay (in 

red). Location of Figure 2 highlighted with blue box. Dashed lines are shown for part of 

the Mission Creek and Mill Creek strands SAF to indicate these structures have likely 

been abandoned in favor of the modern fault arrangement through SGP.  MVF shows the 

en-echelon step overs and down to the northwest apparent displacement. 

Figure 2: Map of SGP area showing geologic slip rates for different faults in the region 

based on other paleoseismic studies. Red circles represent the location of the various 

paleoseismic sites. 

Figure 3: Stereonet plot showing poles to foliation as black circles and poles to dikes as 

orange diamonds. Contours show a strong foliation trending east-northeast/west-

southwest. The average strike of foliation is N42E, which is parallel to sub-parallel to the 

average N45E trend of the MVF. 

Figure 4: Simplified geologic map of the Morongo Lakes area showing the surface trace 

of the MVF in red. A right stepover in MVF occurs at Morongo Lakes. The trench site 

and failed trench site are highlighted in white. The blue teardrop shapes represents local 

alluvial fans.  

Figure 5: Zombie Trail south-wall upper and lower trench logs. Red lines represent faults. 

White is the white nail horizon MRE unconformity. Pink is the pink nail horizon in the 

upper wall. Orange is the ZT1 event above the saprolitic soil Unit 2. The vertical neon 

orange lines are spray-painted meter markers. Blue stars show the locations of the detrital 

charcoal samples and the teal ellipsoids show the locations of the IRSL samples. 

Figure 6: Zombie Trail north-wall upper and lower trench logs. Red lines represent faults. 

White is the white nail horizon MRE unconformity (ZT2). Orange is the ZT1 event above 

the saprolitic soil layer Unit 2. The vertical neon orange lines are spray-painted meter 

markers. Blue stars show the locations of detrital charcoal samples 

Figure 7: Fault map of Morongo Valley showing the PMF and the updated trace of MVF 

and the A-A‟ and B-B‟ cross section lines. The blue box represents the border of the 

geologic map (Plate 1).  

Figure 8: Geologic cross section across Morongo Valley south of Morongo Lakes. Cross 

section shows remnant Qoa1 and an estimation of ~200-300 m of vertical separation 

based on a 60 degree NW dipping normal fault for the MVF and projecting Qa into the 

subsurface by projecting the slope of the mountain-front. 
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Figure 9: Geologic cross section of Morongo Valley near the junction of MVF D and the 

PMFZ. MVF splays become vertical to sub-vertical as they approach the PMF. Qoa1 

located at the PMF has increasing dips up to vertical or possible overturned beds 

approaching the PMF from the south. 

Figure 10: Simplified trench log for the south wall of Zombie Trail paleoseismic trench. 

Different colors represent various layers or horizons exposed in the trench. Unit 1a 

represents crystalline basement rocks. Unit 1b represents zones dominated by crushed 

granite. Unit 3a represents fresh angular granite boulders and/or talus that appear to have 

been deposited after ZT1. The orange line is the ZT1 event capping the orange layer 

which is the saprolitic clay rich soil. The Unit 3b is cobble and pebble rich sands with a 

mud matrix likely associated with the deposition of the purple zone and found beneath 

the white nail horizon unconformity shown as a gray line. The gray line represents the 

possible ZT2 event. Unit 4 is a massively bedded poorly sorted sandy unit with cobbles 

and pebbles with a significant mud matrix found stratigraphically above the white nail 

horizon. Unit 4 is a possible debris flow and was deposited after the possible ZT2 event 

or following the deposition of Unit 3. The top of the Unit 4 is the top of the lower wall. 

The upper wall is comprised of the Unit 5 and Unit 6. Unit 5 has similar lithology to the 

Unit 4 and is likely the same unit. Unit 6 represents a faintly layered poorly sorted sand 

unit with pebbles and cobbles and a significant mud matrix. Faults are shown in red. Blue 

stars show the locations of detrital charcoal samples and the teal ellipsoids show the 

locations of the three IRSL sample locations. 

Figure 11: Simplified trench log for the south wall of Zombie Trail paleoseismic trench. 

Different colors represent various layers or horizons exposed in the trench. Unit 1a 

represents crystalline basement rocks. Unit 1b represents zones dominated by crushed 

granite. Unit 3a represents fresh angular granite boulders and/or talus that appear to have 

been deposited after ZT1. The orange line is the ZT1 event capping the orange layer 

which is the saprolitic clay rich soil. The Unit 3b is cobble and pebble rich sands with a 

mud matrix likely associated with the deposition of the purple zone and found beneath 

the white nail horizon unconformity shown as a gray line. The gray line represents the 

possible ZT2 event. Unit 4 is a massively bedded poorly sorted sandy unit with cobbles 

and pebbles with a significant mud matrix found stratigraphically above the white nail 

horizon. Unit 4 is a possible debris flow and was deposited after the possible ZT2 event 

or following the deposition of Unit 3. The top of the Unit 4 is the top of the lower wall. 

The upper wall is comprised of the Unit 5 and Unit 7. Unit 5 has similar lithology to the 

Unit 4 and is likely the same unit. Unit 7 represents a layered poorly sorted sand unit with 

pebbles and cobbles and a significant mud matrix. Unit 7 is the colluvium sourced from 

the small fan located adjacent to the trench. Faults are shown in red. Blue stars show the 

locations of detrital charcoal samples and the teal ellipsoids show the locations of the 

three IRSL sample locations. 
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Figure 12: Trench log from the south lower wall hand excavation between 14m-16m. The 

hand excavation deepens the base of the trench by approximately 30 cm. A series of 

faults down drop the saprolitic soil (Unit 2) to the NW eventually dropping it below the 

floor of the hand excavation and out of view. The orange line represents the ZT1 and 

caps the saprolitic clay rich soil located beneath it.  The location of the IRSL sample 

MVT-03 is shown by the green ellipse. 

Figure 13: Trench log from the north lower wall hand excavation between 14m-17m. The 

hand excavation deepens the base of the trench by approximately 30 cm. A series of 

faults down-drop Unit 2 to the NW along the base of the trench. The orange line 

represents ZT1 and caps the saprolitic clay rich soil (Unit 2) located beneath it. 

Figure 14: Trench log from south wall hand excavation between 12m-13m. The orange 

line represents ZT1 which caps the saprolitic clay rich soil (Unit 2) below it. The red line 

represents the fault, and the white line represents the possible ZT2 event. The hand 

excavation reveals the top of a fault down dropping Unit 2 to the NW. Above Unit 2 is 

crushed granite and fresh angular granite interpreted to be a boulder and/or talus likely 

deposited after ZT1. The boulder (Unit 3a) is shown filling the scarp left by the fault. The 

blue star shows the location of detrital charcoal sample #11. 

Figure 15: Trench log from north wall hand excavation between 12m-13m. The orange 

line represents the ZT1 which caps the saprolitic clay rich soil (Unit 2) below it. The red 

line represents the fault, and the white line represents the possible ZT2 event. The hand 

excavation reveals the top of a fault down dropping (Unit 2) to the NW. Above Unit 2 is 

crushed granite and fresh angular granite interpreted to be a boulder and/or talus likely 

deposited after the MRE. The boulder is shown filling the scarp left by the fault. 

Figure 16: Enlarged section from the south lower wall between 10-16 m highlighting the 

series of faults cutting Unit 2. The white line is ZT2, orange line is ZT1, and red lines are 

faults. Vertical orange spray paint defines markers spaced every 1 meter, and horizontal 

orange string spaced every 0.5 meters defines a grid along the trench walls. 

Figure 17: Age correlation figure showing stratigraphic position of radiocarbon and IRSL 

samples collected from the Zombie Tr. Paleoseismic trench. Probability distribution 

function curves are plotted for the calibrated radiocarbon ages. 

Figure 18: Paleo-reconstruction of events at Zombie Trail trench for Model 1 (M1).  

Time (a) shows a likely reconstruction for pre-ZT1 event exhibiting the development of 

the fault zone between 10-15 m and the generation of the saprolitic layer. Time (b) is 

after ZT1 showing the down-dropping of the saprolitic soil across the fault zone between 

10-15 m. The fault/fissure wedge located around 5 m possibly formed at this time as 

fracturing. Zone 3a and 3b are deposited into the scarp produced at the 10 m and 12 m 

faults. The funnel shaped fault bound block at 5 m is likely further developed during this 
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possible event. Unit 5 (yellow) is similar to Unit 4 but with slightly less mud and more 

visible alignment of pebbles. 

Figure 19: Paleo-reconstruction of events at Zombie Trail trench for Model 2 (M2).  

Time (a) shows a likely reconstruction for pre-ZT1 event exhibiting the deveopment of 

the fault zone between 10-15 m and the generation of the saprolitic layer. Time (b) is 

after the ZT1 event showing the down-dropping of the saprolitic soil (Unit 2) across the 

fault zone between 10-15 m. Zone 3a and 3b are deposited after the scarp had eroded and 

likely incorporate eroded material from the footwall block of the fault at 10 m. The ZT2 

event occurs after the deposition of Unit 3, and cuts Unit 3 at the 10 m fault. ZT2 only 

breaks along the 5 m and 10 m faults. The fault/fissure wedge located around 5 m 

possibly formed at this time as fracturing. Unit 5 (yellow) is similar to Unit 4 but with 

slightly less mud and more visible alignment of pebbles. 

Figure 20: Ball-bearing pivot model showing counter-clockwise rotation of the triangular 

block bound by and associated with the sinistral PMF, dextral SAF, and dextral southern 

ECSZ faults of the 1992 Joshua Tree and Landers earthquakes. Counter-clockwise 

rotation of the triangular block could possibly allow for extension on MVF as the LSBM 

move southeast. 

 

Table 1: Radiocarbon ages and associated error for 10 detrital charcoal samples collected 

showing both calibrated and uncalibrated ages from the Zombie Train paleoseismic 

trench. The colors represent units in the trench where the sample was collected and 

correspond to the colors on the simplified trench logs (Figures 10 and 11). 

Table 2: IRSL ages and associated error, and stratigraphic position. Age data shows ages 

for three age models. The central age model (CAM) is most commonly used with this 

type of dating method. Ages for the minimum age model (MinAM) yield slightly younger 

ages than the CAM. The final set of ages gives the youngest of the IRSL ages, but is 

theoretical using the highest possible dose rate and 0% moisture, parameters not possible 

on Earth. Colors associate with layers seen on the simplified trench logs (Figures 10 and 

11).  

Table 3: Tabulated geologic history of the Zombie Trail paleoseismic trench for both 

Model 1(M1) and Model 2 (M2). The colors correspond to units in the trench (Figures 

10, 11, 18, and 19). Both ZT1 and the possible ZT2 events are poorly constrained 

between 12,850 and 2,200 years BP.  

Plate 1: Geologic map of Morongo Valley Fault system, Morongo Valley, CA showing a 

set of en-echelon stepping parallel to sub-parallel faults. The Morongo Valley Fault is 

divided into four main sections: MVF A, MVF B, MVF C, and MVF D. The Southern 
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Pinto Mountain Fault zone is labeled S. PMFZ. Faults in general have a down to the 

northwest apparent offset pattern. Faults are solid where visible at the surface or cutting 

basement rock, dashed where concealed, and dotted where inferred. Strike and dips and 

foliation attitudes are plotted showing a dominant NE trending fabric trending parallel to 

sub-parallel to the trace of the MVF. PЄ-K represents crystalline basement rocks of the 

LSBM and the footwall block of the MVF. Qoa1 and Qoa2 represent two different sets of 

older alluvial units. Qoa1 represents remnant alluvial surfaces overlying basement rocks 

that are stranded at higher elevations than the current Morongo Valley basin floor. Qoa2 

represents the alluvial fill for a smaller basin, „Little‟ Morongo Valley bound by MVF D 

to the south and east. Qlf represents local fans. Qa represents modern alluvium in stream 

channels, as well as the modern basin floor of Morongo Valley. A-A‟ and B-B‟ cross 

section lines are shown where they intersect the geologic map. 

 

Appendix A 1.1: Outcrop of Precambrian biotite gneiss showing compositional banding 

and intense deformation. 

 

Appendix A 1.2: Thesis advisor and chair Doug Yule modeling with a steeply dipping 

vertical dike cutting Precambrian gneiss. 

 

Appendix A 1.3: Vertical felsic dike cutting an outcrop of Jurassic to Cretaceous granite 

bedrock. 

 

Appendix A 1.4: Gently dipping Qoa1 near the southern end of MVF C showing layering 

of cobbles and pebbles composed of pЄ-K. 

 

Appendix A 1.5: MVF D splays at „Little‟ Morongo Valley facing southwest. Vegetation 

lineaments and clear break in slope are well displayed. 

 

Appendix A 1.6: Morongo Valley facing northeast standing above Morongo Lakes. Photo 

shows the step-over of MVF B to MVF C and the PMF. 

 

Appendix A 1.7: Southern MVF C fault exposure displaying a clear break in the 

crystalline bedrock juxtaposing granite against gneiss. 

 

Appendix A 1.8: Southern MVF C fault zone showing fractures in crystalline bedrock. 

Rocks are highly fractured, crushed and/or powdered. Possible cataclasite present in 

powdered granite. 

 

 

 

Appendix B 1.1: Road sign for Zombie Trail, the nearest cross street to Zombie Trail 

paleoseismic trench. 
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Appendix B 1.2: Photograph of Zombie Trail trench showing the hand excavations 

between 12-16 m. Unit 2 is exposed on the floor of the trench and is cut by a series of 

faults that are continuous on both sides of the trench. Vertical spray paint and horizontal 

string grid lines are visible. 
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Figure 3 
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Figure 18 
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Figure 19 
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APPENDIX A: FIELD PHOTOS 

 

Appendix A 1.1 
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Appendix A 1.2 
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Appendix A 1.3 
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APPENDIX B: TRENCH PHOTOS
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