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ABSTRACT 

 

 

Constraining the most recent surface rupture on the Garnet Hill strand, San Andreas 

Fault, Coachella Valley, California 

 

By 

 

Jose Cardona 

Master of Science in Geology 

The slip rate and rupture history of the Garnet Hill strand, San Andreas Fault, 

remain the least understood of the Holocene-active strands of the San Andreas Fault 

system in the northern Coachella Valley. Here I report new trenching data that constrain 

the timing of the most recent surface rupture on the Garnet Hill strand from the East 

Whitewater Hill Paleoseismic site located near the Hwy 62/I-10 interchange. The Garnet 

Hill strand is ~30 km-long extending northwest from Edom Hill to the Whitewater River 

area where it appears to merge with the Banning strand of the SAF. At the eastern end of 

the San Gorgonio Pass (SGP), the Garnet Hill strand consists of oblique dextral-slip 

segments with compressive left stepovers.  Quaternary alluvium capped by a thick, 

reddish-orange soil is deformed at one such stepover to the east of Whitewater Canyon. 

The Garnet Hill strand is interpreted to occur here because a) its surface trace at 

Whitewater Canyon forms a ~10 m-high scarp in Holocene alluvium that projects east-

southeastward to where higher sedimentation rates have buried the surface trace, and b) 

an emergent fault is required to construct a balanced cross section across the structure. 

The map trace of the Garnet Hill strand is not well located here due to burial by young 
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sediment but it is mapped in Qfaults at the base of the hillslope as it is inferred to cause 

uplift of the hills. 

The trench excavated for this study revealed no definitive evidence of surface 

faulting. The trench exposed a charcoal-rich colluvial wedge-shaped deposit (Qcf) at its 

north end, with underlying coarse-grained cobble-gravel and overlying finer-grained 

fluvial material. The Qcf is light orangish-brown, matrix supported, with sub-rounded to 

sub-angular clasts and abundant ~1–2 cm-long pieces of detrital charcoal. The color 

suggests that the Qcf is derived from the steep, orangish-brown weathered gravels from 

the hillslope just north of the trench. I interpret that the Whitewater River sourced the 

underlying cobble gravel and smaller drainages north of the site provided the overlying 

finer fluvial material.  

The youngest charcoal ages from the base (A.D. 1404–1435) and top (A.D. 1474–

1635) of the Qcf provide a maximum age for its formation of ~600 years ago. Given our 

inference that the fault lies beneath the trench, two possible hypotheses can explain the 

absence of observed faulting: (1) the colluvial deposit formed after an earthquake with a 

thrust tip that is undetectable (or blind) in the cobble gravels, or (2) the Whitewater River 

eroded and/or buried the near-surface expression of the fault. Both explanations provide a 

minimum age for the timing of the last earthquake at ~600 years ago. These results argue 

against the possibility that the ~A.D. 1690 event observed at sites on the Coachella 

section ruptured through the trench location. However, the data permit that the most 

recent rupture (~A.D.1400) documented to the northwest in San Gorgonio Pass (SGP) did 

rupture at this site and may be continuous with paleoearthquakes on the Coachella 

section.  This interpretation would support a model where ruptures that link the San 
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Gorgonio Pass, the Garnet Hill strand and the Coachella section are less frequent than 

earthquakes that rupture only the Coachella Valley section of the San Andreas Fault.
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INTRODUCTION 

Plate boundaries in continental crust consist of multiple fault zones. Although the 

strain rates across a large plate boundary system might be constant over long periods of 

time, the distribution of strain between individual faults can vary with time and space. 

The distribution of strain and the related seismic hazard is especially important in 

southern California, where over 23 million people live at risk of large earthquakes along 

the Pacific-North America Plate Boundary. Most of the relative Pacific-North America 

plate motion is taken up by the San Andreas Fault System. The San Andreas Fault system 

is most complex in the vicinity of San Gorgonio Pass where I have focused efforts to 

study the Garnet Hill strand of the San Andreas Fault in the northern Coachella Valley 

(Figure 1).  

Southern California consist of a system of faults that increase in complexity 

toward the northwest, from a single right lateral strand at Indio, to an intricate network of 

right lateral-reverse faults in the San Gorgonio pass region (Allen, 1957; Matti and 

Morton 1993) (Figure 1). Specifically, the Garnet Hill, Banning, and Mission Creek 

strands are three fault strands that comprise the San Andreas Fault system at the longitude 

of Palm Springs, CA (Figure 1). The Banning strand, San Andreas Fault is at least 40 km-

long, located about 2.5 km north of the study area. The Mission Creek strand, San 

Andreas Fault is located ~2 km to the north of the Banning strand. To the southeast, these 

three splays merge into a single strand, called the Coachella section, at Indio, 40 km away 

(e.g. Yule and Sieh, 2003). To the west and northwest, the Garnet Hill strand, San 

Andreas Fault continues as the San Gorgonio Pass Fault Zone that transfers slip onto the 

San Bernardino strand of the San Andreas Fault (Yule and Sieh, 2003).  Important 
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questions related to the structural complexity in this region explore whether earthquakes 

on this complex fault system are very large events that involve sections of the fault in 

both the Coachella and San Bernardino-Mojave regions, or are earthquakes in San 

Gorgonio Pass quakes smaller events that involve only the pass and northern Coachella 

Valley regions.  

The Garnet Hill strand is the least understood of three fault splays that comprise 

the San Andreas Fault system in the northern Coachella Valley. Currently, the California 

Geological Survey and U.S. Geological Surveys (Qfaults) data base has the east end of 

the Garnet Hill strand as late Quaternary active, and the west end as Holocene-late 

Pleistocene active. The most recent earthquake forecast for California (UCERF3; 

Dawson and Weldon, 2013) and other related mapping (Yule and Sieh, 2003) consider 

the entire length of the Garnet Hill strand to be active as part of the leading edge of a 

north-over-south oblique collision in San Gorgonio Pass and the northern Coachella 

Valley (Figure 1). In these models other active faults of the San Andreas Fault system, 

including the San Bernardino, Banning, and Mission Creek strands, merge at depth with 

the down-dip projection of the San Gorgonio-Garnet Hill system (Yule and Sieh, 2003).  

In this thesis, I report my findings of the Garnet Hill strand from trenching work 

and field mapping of East Whitewater Hill (Figure 1).  The results cannot unequivocally 

confirm the presence of a surface-rupturing Garnet Hill strand at this longitude, but if the 

fault lies beneath the level of the trench excavation, two competing hypothesis can 

explain the absence of observed faulting: (1) A colluvial deposit that formed as a direct 

result of a blind thrust earthquake, undetectable in the Whitewater river gravels, or (2) 

The Whitewater River eroded and/or buried any surface expression of the fault. I address 
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the two hypotheses in this paper by providing radiometric age data for a colluvial unit 

that formed ~600 years ago, and I estimate slip rates and uplift rates based on our 

mapping.  
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BACKGROUND 

Noble (1926) was among one of the first to observe that the San Andreas Fault 

splays into multiple branches in San Gorgonio Pass. It was not until Allen (1957) came 

along and added significant details about the most important faults (such as the Banning 

strand, San Andreas Fault) that the dextral-reverse slip motion and sedimentary history of 

the area began to be understood. Matti and Morton (1993) gathered previous work and 

refined the active structures of the region, emphasizing the significance of the 

contractional left stepover in the San Andreas Fault and the major role currently being 

played by the active dextral-reverse San Gorgonio Pass fault system. Yule and Sieh 

(2003) further modified earlier mapping of the stepover by focusing their efforts on 

identification of active (Holocene) structures. In this study, I further modify earlier 

mapping of the Garnet Hill strand, San Andreas Fault, with detailed mapping of 

structures indicative of active faulting such as fault scarps in Holocene alluvium, 

deflected drainages, offset ridgelines, and deformed surfaces. 

The Garnet Hill strand is surrounded by two of the highest southern California 

mountain peaks, San Gorgonio Mountain to the north (~35 km) and San Jacinto Peak to 

the south (~20 km). The bedrock at Whitewater comprises three surrounding crystalline 

basement units: (1) the Peninsular Ranges, (2) San Gorgonio Mountains, and (3) San 

Bernardino Mountains (Matti et al., 1985). Peninsular Range basement rocks vary 

lithologically but can be divided into generally more mafic western and felsic eastern 

batholithic domains. The San Bernardino Mountains rocks are composed of three major 

rock types: (1) Proterozoic gneiss and granitoids, (2) Paleozoic sedimentary rocks of the 

Cordilleran miogeocline, and (3) Permian and Mesozoic plutons with a broad range of 



5 
 

compositions and fabrics that have metamorphosed and intruded the miogeoclinal rocks 

(Langenheim et al., 2005). 

Seismological studies disagree on the continuity of the San Andreas Fault through 

the Southern Big Bend region, but they do agree that below a depth of ~5 km (top of 

seismicity), the crustal deformation is complex, diffuse, and distributed on both strike-

slip and thrust faults (Jones et al., 1986; Seeber and Armbruster, 1995; Magistrale and 

Sanders, 1996; Carena et al., 2004). The Garnet Hill strand dips to the north, and trends 

slightly more easterly than the Banning strand. The two fault strands are interpreted to 

merge at ~5 km of depth, Yule and Sieh, (2003). However, the Garnet Hill strand 

becomes increasingly steep to the southwest and is near vertical where the fault merges 

with the Coachella Valley segment of the San Andreas Fault, Yule and Sieh, (2003). The 

geometry of the Garnet Hill strand and the Banning strand are constrained by 

microseismicity and aftershocks associated with the 1948 M 6.0 Desert Hot Springs and 

1986 M 5.9 North Palm Springs earthquakes (Nicholson, 1996; Seeber and Armbruster, 

1995) as well as magnetic and gravity data (Langenheim, 1995). Although the Garnet 

Hill and Banning strand are related, they have very different slip histories. The Banning 

strand was the primary San Andreas Fault strand in the Miocene to early Pliocene (Matti 

and Morton, 1993). In response to the complex geometry of the San Andreas Fault at the 

San Gorgonio Pass the Garnet Hill strand developed 120,000 years ago (Matti and 

Morton, 1993).  

Topography of the Garnet Hill strand area is characteristic of an arid environment 

(rainfall is 7 to 10 cm/year) undergoing current tectonism and fluvial erosion. The major 

fluvial landforms include steep canyons and coalescing alluvial fans along the north west-



6 
 

southeast trending front of the hills. Upland surfaces and older alluvial fans are covered 

with moderate- to well-developed desert pavement and desert varnish. The Whitewater 

Hill study area is surrounded by tectonically produced landforms such as: fault scarps, 

beheaded, deflected, or offset drainages, tectonically induced stream capture, sags, 

shutter ridges, pressure ridges, and actively growing folds. 

The Garnet Hill strand has a ~30 km-long surface trace that extends from Edom 

Hill on the southeast to a short distance west of Whitewater River where it appears to 

merge with the Banning strand San Andreas Fault and San Gorgonio Pass Fault Zone 

(Yule and Sieh, 2003). It is considered to dip north-northeast and transition from an 

oblique right-reverse fault at its extreme western end to a right-lateral strike slip fault at 

its eastern end. The Garnet Hill strand consists of a series of left-stepping, NW-trending 

right lateral faults with actively growing folds at each compressive stepover (Plate 1). 

Folds show 30-200 m of relief with east-trending axes. Its slip rate is estimated at 10-20 

percent of the slip rate of the Banning strand (Matti et al., 1992; Matti and Morton, 1993), 

but no quantitative data exist on this rate. Though its rupture history is unknown the 

Garnet Hill strand is expected to rupture along with nearby faults. The western end of the 

fault is mapped as active by the U.S. Geological Surveys and the eastern end as an older 

inactive feature. The eastern Garnet Hill strand therefore does not appear on Alquist-

Priolo zoning maps (http://gmw.consrv.ca.gov/). The U.S. Geological Survey Quaternary 

Fault and Fold Database (U. S. Geological Survey and California Geological Survey, 

2006) depict the fault with a linear surface trace. In contrast the model proposed by Yule 

and Sieh (2003) shows the Garnet Hill strand as a left-stepping strike-slip fault with 

actively growing folds at each stepover, with south-verging reverse or thrust faults 
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bridging the stepovers. Slip on these reverse/thrust faults can help explain the growing 

fold geometries observed at each stepover. 

Studies of the 1986 North Palm Springs earthquake (ML 5.9) and aftershock 

sequence show that the source of the earthquake was at 10 km depth, with a 45º to 50º 

dip, and a N60°W strike. During this event, both the Garnet Hill and the Banning strand 

displayed ground cracking along their respective surface traces in the area between 

Whitewater River and Hwy 62. However, this was concluded to be due to strong shaking, 

not surface rupture (Sharp et al., 1986). 

The 1948 Desert Hot Springs earthquake (MW 6.1; ML 6.3) is another important 

earthquake for the region. The 1948 earthquake likely ruptured the adjacent segment of 

the Banning strand, southeast of the 1986 northern Palm Springs earthquake. The 1948 

earthquake event had a slightly more northerly strike (N55°W) and a steeper dip (60º-70º) 

(Yule and Sieh, 2003). The 1948 earthquake rupture was very similar to the 1986 north 

Palm Springs event in that it initiated at depth, propagated bilaterally and probably did 

not break the surface (Nicholson, 1996). The previously mentioned data is consistent with 

rupture of either the Banning or the Garnet Hill strands. 

Historic earthquakes in 1948 and 1986 and their aftershocks define steeply to 

moderately NE- and NNE-dipping fault planes (Jones et al., 1986; Nicholson, 1996). 

Yule and Sieh (2003) used the aftershock pattern to constrain the down-dip projection of 

surface faults in their 3-D fault model for the pass region.  

No paleoseismic events are published for faults of the northern Coachella Valley 

between Cabezon and Thousand Palms Canyon (Figure 1). The most recent rupture on 
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the San Gorgonio Pass Fault appears to have occurred in the 14
th

 century A.D. at 

Cabazon (Wolff et al., 2014). The Mission Creek strand and Thousand Palms Canyon has 

experienced five large quakes since A.D. 800, the most recent of which occurred at ~A.D. 

1680 (Fumal et al., 2002). This record agrees relatively well with records established to 

the southeast near Indio (Sieh, 1986; Philibosian et al., 2011). A likely explanation for the 

discrepancy in the timing of the most recent earthquake between Thousand Palms and 

Cabezon is that the A.D. 1680 rupture died out in the northern Coachella Valley as it 

approached San Gorgonio Pass. Results from this study rule out the possibility of a 14
th

 

century event, and provide a possibility that the Garnet Hill strand ruptured in the A.D. 

1680 earthquake. 

Slip rates are also poorly constrained but have converged on a common value. 

Slip through the San Gorgonio Pass is probably distributed across a broad region (Yule 

and Sieh, 2003). Slip at individual trench sites in the pass can account for >5 mm/year 

(Yule et al., 2012; McGill et al., 2012). Mechanical (Cooke and Dair, 2011) as well as 

geodetic models (Meade and Hager, 2005; Loveless and Meade, 2011) estimate that 5-10 

mm/year of strike-slip motion carries through the pass. Fumal et al. (2002) report a 1000-

yr slip rate of 4  2 mm/year for the Mission Creek strand and postulate that the low slip 

rate reflects partitioning of slip onto the Banning strand of the San Andreas Fault zone 

and/or the Eastern California Shear Zone. A budget of ~10 mm/year therefore seems 

reasonable to be partitioned between the Banning strand and Garnet Hill strand.  
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METHODS 

The purpose of the study is to investigate the paleosiesmicity of the Garnet Hill 

strand, San Andreas Fault, by excavating a paleoseismic trench across the fault trace. The 

trench location was selected on the basis that the fault trace lays at the base of the steep 

Whitewater Hill (Plate 1). The trench was excavated to try and improve on previous work 

by Yule and Sieh (2003) which maps the fault as an active structure with a right step-over 

creating the doubly-plunging anticlinal structure. 

Geologic Mapping 

Digital elevation models (DEM) were used to identify features typical of faults, 

such as scarps, deflected drainages, and actively growing folds (Plate 1). Geologic 

mapping was conducted at scales of  1:6000 to 1:25000 on a 7.5 minute quadrangle of the 

Desert Hot Springs region, obtained from the USGS (Plate 2) I also used an aerial image 

from 1996 Google Earth satellite imagery with vertical exaggeration of 3x as a base map 

(Plate 3). Other mapping resources included stereo aerial photography (March, 17
th

, 

1969, California Transportation (CalTrans), 1:24000 scale).  

Profiles 

Profiles and cross sections (Plate 4) were constructed to portray relationships 

among units, to evaluate the abrupt relief change on the alluvial fans.  

Excavations 

The trench was dug by an excavator in December of 2014 (Figure 2a and 2b), as 

close to perpendicular to the projected fault trace as possible, given the limited area 
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between the hillslope and a berm along the interstate. It consisted of two vertical tiers (~1 

m high) separated by horizontal benches (~1 m wide) in order to prevent collapse of the 

trench walls in the semi-unconsolidated sediment. The trench was extended to about 112 

m long, at a maximum depth of 3 m. Furthermore, it could not be excavated north-south 

due to Interstate 10 being about 50 m from the base of the hill. Due to the restriction, the 

trench was excavated with a slight curve in an attempt to uncover and evidence of 

faulting. 

I was unable to gain permission to excavate across a fault scarp that lies NE of the 

trench site as the landowners would not allow heavy equipment on their land. However, 

in an attempt to find the SAF here, my colleagues and I dug a 2-3 m deep by 1 m wide pit 

with picks and shovels. 

Trench Wall Preparation and Logging 

After excavating the trench, the trench walls were scraped and cleaned to provide 

a clear view of the stratigraphy and structural relationships of the layers. After scraping 

the walls smooth, the next step was to setup a grid system (2.0 m x 1.0 m) on each of the 

trench walls. The horizontal lines were created with twisted mason’s string and were held 

in place by 4 inch steel nails; the vertical lines were spray painted. Key strata were 

identified by placing different colored nails on the tops of the layers (Plate 5). Over 800 

photographs of the trench walls were taken in order to produce a photomosaic of the east 

and west trench walls. Images needed to have sufficient overlap in order to import into 

Agisoft Photoscan, in which I created a detailed model of the trench. The photomosaic 

provides a base for initial logging and unit interpretation. Digital productions of logs 
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were created in Adobe Illustrator, version CS6 (Plate 5, and 6). Samples of detrital 

charcoal were collected to determine ages of the stratigraphic unit, and their locations 

were noted on the trench logs. 

A Total Station Theodolite (TST) was used to survey the position of each nail on 

the trench walls (Figure 3a and 3b). A total of 6 benchmarks were used to maintain a 

uniform reference frame, so that whenever the total station was relocated to survey both 

sides of the trench wall I maintained the same point of reference. The total station is able 

to calculate the distance by firing a beam that is reflected by a prism and returned to the 

internal computer of the total station. The data collected from the trench site were then 

plotted on an Excel spreadsheet and were used to create Plate 7a and 7b. 

The colluvial deposit lies between the top of the Whitewater river gravels, and 

below the Post I-10 deposit (Qm) in north-end of the trench. The colluvial deposit (Qcf 

and Qcc) is bounded by the pink open circles (Plate 7a and 7b). The local fan deposit 

(Qlf) is also bounded by the top (black open circles) of the Whitewater river gravels and 

the bottom of the Post I-10 deposit (green open circles) (Plate 7a and 7b).  

Radiocarbon Dating 

The strata at the Garnet Hill strand site contain abundant detrital charcoal within 

the colluvial unit. A total of 38 samples were collected in glass vials with metal tools to 

avoid any contamination. I evaluated the samples based on size and stratigraphical 

positioning, selecting 15 samples for analysis. The samples were cleaned and processed 

at the University of California, Irvine with the guidance of John Southon. The samples 

underwent a pre-treatment process that involved a series of acid-base-acid washes to 
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eliminate any contamination and rinsed with deionized water. The clean samples were 

then placed in a quartz glass tube, each of which contained a detrital charcoal sample, 

along with a 1 cm piece of silver wire and a small amount of copper oxide (CuO) powder. 

All of the quartz glass tubes were then inserted into the equipment. One sample at a time 

the air is evacuated by the turn of the green knob, creating a vacuum (Figure 4). 

Thereafter, the sample must be sealed using an oxyacetylene torch to heat the quartz glass 

to a cherry red color. Once heated a few turns and a slight tug is necessary for the glass 

tube to seal creating a bead at the tip. The next step was to produce and isolate CO2; this 

is achieved by combusting the sample to 900°C in evacuated sealed quartz tubes in the 

presence of CuO oxidizer and silver wire. Following the purification stage the carbon 

dioxide is reduced to graphite in a reaction at 560°C with hydrogen and iron powder 

catalyst (Figure 5a and 5b). The pure graphite sample is then packed into the target which 

is loaded into the Keck Carbon Cycle Accelerator Mass Spectrometer for final analysis 

(Figure 6). Unfortunately, sample 1-17 did not survive the pretreatment therefore no age 

date was obtained for the sample. 

The 
14 

C dating method measures the activity of 
14 

C and CO2 interaction when a 

carbon bearing organisms existed. 
14 

C is naturally produced in the atmosphere with the 

interaction between cosmic rays. The most important reaction occurs when cosmic rays 

interact with 
14 

N. When a carbon bearing organism dies, the 
14 

C begins to decline as 

radioactive decay. If the activity of the 
14 

C is known, then the activity of 
14 

C of an 

organism can be used to calculate the time it died McGill (2002).   
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RESULTS 

Geologic Map 

Map Units 

I identified 5 late Quaternary units in the field area. Nomenclature of Allen (1957) 

will be used here in the description of the units. From oldest to youngest, these are: the 

Cabezon fanglomerate (Qc), a mega-clast conglomerate deposit (Qmc), a prominent soil 

horizon (Qs), a local terrace remnant (Qt), and modern alluvium (Qa) (Plate 2). 

Cabezon fanglomerate. More than 145 m of the Cabezon fanglomerate outcrops 

in the Whitewater Hill, however the total thickness of the unit is not known because the 

base of the unit is not exposed. The overall assemblage contains a medium light grey 

color (N6-this and all subsequent color codes were referenced from a Munsell color 

chart). The Cabezon fanglomerate (Qc) unit consists of variable bed thicknesses, from 

thinly to very thickly bedded (~10 mm to >1 m). The beds encompass alternating layers 

of very coarse sand and up to cobbles (Figure 7a and 7b). The Cabezon fanglomerate 

beds are relatively moderately indurated and the overall unit creates narrow but steep 

gullies. The cobble composition of the Cabezon fanglomerate is highly variable, 

consisting of igneous and metamorphic rocks such as pegmatitic granite and gneiss (see 

Allen, 1957 for further description). The bed contacts within the unit vary from 

gradational to abrupt. However, the unit contact between the Cabezon fanglomerate and 

the soil deposit developed above it seems sharp and abrupt. The sedimentary unit has 

westerly dipping beds in the northwest and easterly dipping beds in the southeast.  

The sediment in the Cabezon fanglomerate is sub-angular to sub-rounded 

suggesting a moderate textural maturity. The sedimentary beds exhibit moderate to 
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poorly sorting. Sedimentary structures observed in the unit are: (1-5 mm thick) parallel 

and cross laminations in the coarse sand, and normal bed grading (~10 cm thick bed) 

(Figure 7a). The sandstone beds within the unit contain high porosity and low 

permeability. 

The lithology of the Cabezon fanglomerate suggests a source of local stream 

channel deposits, similar to the stream channels today such as Whitewater River. 

Carbonate-cemented conglomerate. The Cabezon fanglomerate includes a 

member that I call Qck, consisting of a carbonate-cemented conglomerate unit that 

contains coarsely crystalline cement (crystals as large as 4 cm in length). The cemented 

conglomerate unit is about 10 m thick and occurs between the Cabezon fanglomerate 

(Qc) and mega-clast conglomerate unit (Qmc) (Figure 8). The cemented unit is massive 

with no sedimentary structures. The cemented unit is light olive grey (5Y 6/1). The 

cobble composition of the unit resembles that of the Cabezon fanglomerate unit, and 

contains sediment that ranges from coarse sand to cobbles and boulders. The cobbles are 

sub-angular to sub-rounded and highly resistant to weathering. The cobble composition is 

identical to the Cabezon fanglomerate unit (pegmatitic granite and gneiss). The massive 

layer is poorly indurated; however, it is cemented with carbonate cement that reacts 

vigorously with diluted hydrochloric acid. The bed contacts are sharp and abrupt between 

both the overlying Cabezon fanglomerate and the underlying mega-clast conglomerate 

unit.  
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The Qck member of Qc most likely represents a zone of carbonate precipitation 

from groundwater at the contact between the mega-clast conglomerate units, which is 

most likely an inactive thrust (see Discussion). 

Mega-clast conglomerate. The mega-clast conglomerate (Qmc) unit is about 20-

30 m thick. The mega-clast conglomerate unit is brownish grey colored (5YR 4/1). The 

mega-clast conglomerate unit is massive and contains no clear distinct bedding planes. 

The mega-clast conglomerate unit contains large boulders, up to 3 m in diameter, (Figure 

9). The large boulders in the mega-clast conglomerate unit contain a well-developed 

desert varnish, (thin red to black coating on the exposed rock surface typical of arid 

environments).  

Geologic mapping shows that the mega-clast conglomerate unit is only found at 

the tip/end of the low lying fans in the Southeast end of Whitewater Hill (Plate 2 and 3). 

The mega-clast conglomerate unit has a sharp and abrupt contact with the carbonate-

cemented conglomerate (Qck) unit. The true origin of the 3 m boulders is unknown, 

however, one interpretation is that the Qc (Cabezon fanglomerate) unit was being uplifted 

and folded over and deposited the large boulders on the lower fans as all the other 

(lighter) material being removed by erosion.  

Late Quaternary soil. The late Quaternary soil (Qs) is an uplifted brick-red soil 

that has developed on tilted strata of the Cabezon fanglomerate. The soil horizon is 1-5 m 

thick (Figure 10). The old soil horizon is found extensively throughout the San Gorgonio 

Pass region. However, in our area it is found on the hilltop and on the tops of some of the 

alluvial fans in the southeastern end of our map. The deformed layer defines an anticline, 
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with shallow dips (4°-6°) in the northwest and steeper dips (15°-18°) in the southeast 

(Plate 2 and 3). 

Terrace remnant. The local terrace remnant (Qt) is located ~100 m northeast of 

the trench site. The remnant is about 50 m long and 10 m wide and form a 1-2 m riser 

against modern alluvium (Qa) to the west. The south edge of the terrace remnant ends at 

a 1 m high scarp. The Qt unit is composed of alluvium, and contains a yellowish grey 

(5Y 8/1) surface color. The terrace remnant unit has a higher creosote bush population 

than the Qc and Qa units.  

Modern alluvium. The modern alluvium (Qa) unit is found primarily in the lowest 

elevation parts of the study area where the Whitewater River and side canyons flow 

during flooding. The Qa unit is loose, unconsolidated sediment that has been eroded from 

the exposed surrounding units. The alluvium is dominantly composed of detritus derived 

from the Qc unit, which gives it a grey color on the surface. I interpret the modern 

alluvium as a combination of colluvial material that is also being influenced by fluvial 

processes.  

Structure 

Folds. Yule and Sieh (2003) identified East Whitewater Hill as a doubly-

plunging, south-vergent fold growing at a compressive stepover in the Garnet Hill strand, 

San Andreas Fault trace (Plates 2 and 3). Folding is expressed both in the late Quaternary 

soil and the Cabezon fanglomerate. The late Quaternary soil (Qs) mantles the hill except 

for most of the south face where it has been eroded, although two small soil remnants are 

present here (Plates 2 and 3). The fold in the soil is an open fold with gently-dipping 
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north limb (<6°) and a more steeply-dipping south limb (10-18°). The interlimb angle in 

folded Qs is ~160°. Folding in the Cabezon fanglomerate is also an E-W doubly plunging 

fold, but has a smaller interlimb angle and the hinge of the fold lies to the south of the Qs 

hinge. Bedding orientation within the Cabezon fanglomerate define a 20-30° N-dipping 

limb and a 15-25° S-dipping limb (Plate 2). The interlimb angle is 135°. 

Faults. Faulting in the study area consists of a northern thrust separating units Qc 

and Qmc. A southern thrust may exist at the south edge of Whitewater Hill (Plates 2 and 

3). These faults are splays of a thrust system in the compressive left stepover in the 

overall dextral strike-slip Garnet Hill strand, San Andreas Fault. 

Northern thrust. Geologic mapping revealed a carbonate-cemented unit (Qck) 

between Qc and Qmc. The contact has a zone (~10 m thick) in the Cabezon fanglomerate 

with abundant carbonate (Figure 8). The carbonate-rich zone clearly dips to the north, 

and cuts across bedding in the Cabezon fanglomerate, and is underlain by the mega-clast 

conglomerate unit. The truncation of units on either side of this contact supports the 

interpretation that it is a north-dipping thrust in the Garnet Hill strand. 

Southern thrust. A southern thrust is inferred here (Plates 2 and 3) based on three 

observations. 1) Motion on the northern thrust cannot explain the full topographic relief 

of Whitewater Hill suggesting that another thrust splay exists at the base of the hill. 2) 

The south-dipping remnants of Qs appear to form the hanging-wall forelimb of a fold. A 

southern thrust splay is necessary to carry this forelimb in its hanging wall. 3) The 

southern truncation of Qt may record Holocene(?) motion across the southern thrust. 
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Other possible interpretations of these three features are addressed in the Discussion 

section. 

Cross sections. Cross section A-A’, shows all units and their relationships to one 

another (Plate 4). The cross sections portray a very gentle anticline in Qs (~165° 

interlimb angle), and a tighter fold in Qc (~145° interlimb angle). The uppermost (Qs) 

unit is 1-5 m thick, (exaggerated thickness in cross-section). The northern-most fault is 

bounded by a zone in which the Qc unit has been completely modified, it is highly 

calcareous and contains large calcite crystals (up to 2 cm long), marked with a “Qck”. On 

the south side of the northernmost fault the mega-clast conglomerate unit (Qmc) has a 

minimum thickness of 18 m. The southern thrust splay might be a blind or eroded thrust 

fault. What is evident is a thin veneer of quaternary alluvium which lies above the Qmc 

unit, (not drawn to scale on the cross-section). The red star symbolizes the location of the 

trench site. The true thickness of the mega-clast conglomerate unit is unknown.  

Cross section B-B’ illustrates the two faults and the layers it cross-cuts. However 

in this cross section I interpret the extrapolation of the eroded Qs unit and how it has been 

displaced by the bounding faults. Notice the speculative Qs surface below the young 

alluvium (Qa) (Plate 4). 

Cross section C-C’ shows the deformed old alluvial surface (Qs). Additionally it 

shows the underlying Qc layer below it, which shows the same dipping direction and 

magnitude as the surface expression. Cross section C’-C” (looking south 25° east) shows 

the southernmost end of the fault. In the cross section I illustrate the fault propagation 



19 
 

fold; although the true depth of the fault is unknown, the hill is a direct response to the 

compression being experienced in the area (Plate 4). 

Cross section D-D’ (looking due south) shows the abrupt relief change where Qs 

(and underlying Qc) appear to be truncated. Additionally, it shows the abrupt unit change, 

where the old alluvial surface is in contact with the young alluvium (Plate 4). 

Site Description 

The Garnet Hill strand trench site is located at the base of the Whitewater Hill 

near the Interstate-10 and Highway 62 interchange (Plate 2). South-flowing small 

catchments drain the south face of Whitewater Hill and expose the Qc and Qmc units. 

The Qmc unit outcrops in the hillslope immediately above the trench site.  The south-

flowing drainages supply alluvium into the trench location. Deposits of a local fan 

prograding south are exposed in the trench. Construction of Interstate 10 has modified the 

site. 

Trench Unit Stratigraphy 

The 112 m-long, 3 m-deep trench was benched, with two vertical walls separated 

by a 1-2 m horizontal bench (Figure 2). The trench stratigraphy is subdivided into five 

units (Plates 5 and 6). In stratigraphical order from oldest at the base to youngest at the 

top (Figure 11) the units are: a distal alluvial fan gravels deposited by Whitewater River 

(Qdf), coarse and fine colluvium (Qcc, Qcf), alluvium from the local fan (Qlf), and 

modern, post I-10 deposits (Qm). The trench unit stratigraphy has been plotted with 

distance in the x-axis and elevation in the y-axis, (distance in m). A simple trench unit 

correlation shows lateral discontinuity in units Qlf, Qcc/Qcf, and in Qm (Plate 8). 
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Unit Qdf. The Whitewater River deposit (Qdf) has a minimum thickness of 1 m 

(Plates 5 and 6). The Whitewater River deposits is mostly a massive unit, however, it can 

exhibit faint and discontinuous layering of pebbles (Figure 12). The sedimentary layer 

contains a very pale blue color (5B 8/2). The unit is clast-supported and it contains a 

range of rock types including granite, diorite, gneiss, and schist. The boulders that make 

up the unit are sub-rounded to sub-angular, and highly resistant to weathering. The unit is 

moderately- to well-sorted and is unconsolidated. Sedimentary structures in the 

Whitewater River deposit consisted of faint, discontinuous alignment of pebbles, with a 

gentle southeast dip. The Whitewater River deposit also contains geomorphic features 

such as gravel bars and sand lenses. The sand lens found has both, cross and parallel 

laminations. 

I interpret the Qdf unit as being sourced from the Whitewater River. The 1 km-

wide mouth of Whitewater Canyon is 3 km to the west of the site (Plate 1). The hydraulic 

power of the Whitewater River is evidenced by the abundance of large boulders that litter 

the landscape at the mouth of the canyon and south of Interstate 10. Large boulders are 

also present to the east of the trench site on the north side of I-10. Furthermore, 

topographic contours define the large alluvial fan sourced by the Whitewater River and 

shows that the trench site is located at the northern edge of this fan.  

Unit Qlf. A small local fan deposit has formed on top of the Whitewater River fan 

(Plates 1, 2, and 3). In the trench exposure (Plates 5 and 6), Qlf is thickest at the apex of 

this small fan (~2 m thick) and laterally thins out to 0-0.2 m at both ends of the trench. 

The local fan deposit is greyish orange pink (5YR 7/2) colored; the unit is mostly 

massive and is moderately indurated (Figure 13). The sedimentary unit is matrix 
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supported and contains cobbles up to 15 cm in diameter. The local fan deposit has 

laterally discontinuous thin lamination of coarse sand and gravel. The cobbles and scarce 

boulders in the unit are dominantly granitic and gneiss (similar to Whitewater River). The 

exterior of the cobbles and boulders is fresh with no evidence of weathering. The shapes 

of the cobbles and boulders are sub-angular to sub-rounded. The local fan deposit is 

poorly sorted. The strata has faint and discontinuous thin laminations within the matrix. 

The matrix is composed of about 65% mud and 35% very coarse sand. The bed contact is 

sharp and abrupt between the local fan deposit and the modern alluvium. The poorly 

sorted sand and cobble dominated layer is typical of alluvial fan deposits. 

I interpret the Qlf unit as a local fan deposit because there is a clear geomorphic 

fan feature currently present with its apex at the mouth of a gully the drains the south side 

of Whitewater Hill. The fan is derived locally from the Whitewater Hill, from a 

steep/narrow gullies located directly north of the trench site and has a gentle (~15°) dip 

towards the southeast. The fan is controlled by both, debris flows deposits, from the 

weakly indurated Qc unit, and fluvial processes from the occasional rain storms. 

Evidence to support the interpretation can be seen from the exposed stratigraphy (Plate 

5). Boggs (2012) stated that arid and semi-arid environments usually have an abundance 

of gravity driven flows and debris flows. The typical stratigraphy found in such fans 

includes poorly sorted sediment; the lack of extensive sedimentary structures, reverse 

graded bedding and can contain large clasts. The features observed in our trench site 

reflect Boggs description. 

Units Qcc and Qcf. The colluvium deposit is wedge shaped and it is found only 

on the northern end of the trench (0-40 m). The colluvium is stratigraphically above the 



22 
 

Whitewater River deposit (Qdf) and below the modern deposit (Figure 14). The colluvial 

deposit is divided into two different units, the coarse colluvium (Qcc) and the fine 

colluvium (Qcf). At the apex of the Whitewater Hill the colluvium is composed of coarse 

sediment with laminations that dips at 35°. In contrast, the fine colluviums laminations 

dip at a gentler angle of 10°-15° to the south. 

The coarse colluvium deposit (Qcc) is greyish orange (10YR 7/4). The deposit is 

composed dominantly of cobbles and boulders. The deposit is mostly massive, but does 

exhibit faint alignment of cobbles and boulders. The cobbles and boulders that make up 

the unit are sub-rounded to sub-angular and are poorly indurated. No sedimentary 

structures are found. The unit has a sharp and abrupt contact with the modern (organic 

rich) deposit. 

I interpret the Qcc deposit as gravity driven slope wash sediments. Geologic 

evidence for this interpretation is the steep (~45°) slope located directly above the unit 

(trench site). The boulders found in Qcc are identical to those found on the surface of the 

slope. Furthermore, the faint layering contains identical dip direction and magnitude. 

The fine colluvium deposit (Qcf) is moderate orange pink (5Y 8/4) colored. The 

deposit is dominantly mud (>80%), sand (~15%), and (~5%) boulders (Figure 14).The 

deposit is mostly massive; however, it does have faint and discontinuous alternating 

layers. The deposit is moderately indurated and is matrix supported, with sporadic 

cobbles and boulders. Identical to the Whitewater River deposit the cobbles and boulders 

of the colluvium deposit have a fresh and unweathered exterior surface. The shape of the 

cobbles and boulders is sub-angular to sub-rounded. The colluvium deposit has a 



23 
 

maximum thickness of ~2 m. The fine colluvium deposit contained all of the detrital 

charcoal that was sampled and analyzed. The fine colluvium has an irregular and abrupt 

contact with the Whitewater River deposit. 

The fine colluvial deposit is discussed in further detailed in the upcoming 

discussion section. In summary, the depositional environment of the colluvial material is 

sourced from the alluvial material from the Whitewater Hill, which includes sediment 

from the Qc (Cabezon fanglomerate) unit, and some from the Qs (soil horizon). 

Unit Qm. The youngest unit, the modern deposit (Qm) is dusky red (10R 6/6) 

colored on the east wall. The modern deposit is 30 cm thick on the east. The strata are 

moderately indurated, and are moderately to poorly sorted. The eastern deposit has an 

abundance of tree roots and organic material; it also has the occasional back filled 

burrows (krotovina). The eastern wall has minor sedimentary structures which include, 

parallel laminations in the thin lamina of very coarse sand and mud. The sedimentary unit 

is matrix supported and is composed primarily of mud (>60%) and (~40%) sand. The Qm 

deposit forms an irregular contact with the local fan deposit. 

The modern deposit is pale yellowish brown (10YR 6/2) on the west wall and has 

a maximum thickness of 1.2 m on the western trench wall. The modern deposit is 

moderately to well-sorted; roots and organic material are very scarce. Sedimentary 

structures observed on the western wall are: rhythmic bedding, between very coarse sand 

and fine gravels. Additionally, the unit has parallel and cross laminations found in the 

medium sand. The Qm unit also shows normal grading. An important feature found in the 

strata is the discovery of a Styrofoam cup and potato chip bag (~1 m) below the surface 
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(Figure 15). The modern deposit on the west is matrix supported and it is composed of 

(>70%) sand and (~30%) mud. The modern deposit has an abrupt and irregular contact 

with the Whitewater River deposit on the western wall. 

The western wall contains very young, distinctly laminated local channel deposit 

consisting of coarse sand sediments. I was informed by CalTrans that a channel was cut 

parallel to the I-10 freeway. The channel sediment was then used to create a berm to 

guide any runoff or flash flood originating from the local channel (northwest of trench 

site) to guide any event away from the highway and direct it through a culvert under the 

highway. This channel sediment was then later exposed by our trench excavation and 

shows up on the western wall as a thick (~1.2 m) package of sediment. 

Radiocarbon Age Data 

Unit Qcf is the only unit that contained detrital charcoal. No samples were found 

nor collected from any other unit. These radiocarbon ages from this unit can therefore 

constrain its depositional age. A total of 38 samples were collected from the Qcf unit. I 

obtained radiometric dates for 14 of these samples, which were processed at the Keck 

Carbon Cycle Accelerator Mass Spectrometry Program at the University of California, 

Irvine (Table 1). 

The conventional radiocarbon ages for all of the samples were calibrated using the 

OxCal v4, 2.4 Bronk Ramsey (2013) IntCal13 calibration file. Since the calibration curve 

is not a straight line some of the radiocarbon ages intercept the curve at more than one 

location, leading to more than one possible calibrated date range that is significant at the 

2σ level (Figure 16) showing multiple high peaks. I report calibrated calendar ages (A.D.) 
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to the nearest year (Table 1). The preface “GH” was removed from the sample number in 

our tables and figures, to make it easier to read. Additionally, “e” stands for east wall, and 

“w” signifies west wall (Figure 16). 

Selecting the most reliable charcoal age (A.D.) depends upon several issues that 

are applicable to all paleoseismic sites. The depositional age of any sedimentary layer 

which contains detrital charcoal is likely to be younger than the age of the charcoal (e.g., 

McGill et al., 2002). The reason for this is because there is a lag time between the time 

the interior of the plant stops exchanging carbon with the atmosphere. Additionally, there 

is also a lag time from when a wildfire burns the branch/bush, falls to the ground surface, 

and is transported by wind, streams, etc. and is finally deposited in a sedimentary layer. It 

may also be possible that the charcoal may have been reworked from older deposits, 

increasing the time difference between charcoal age and depositional age. Therefore, 

each calendar age presented here provides a maximum limiting age for the Qcf unit 

because the charcoal samples are all detrital pieces and thus there is an unknown amount 

of time required to incorporate the charcoal into sediment once formed.  

The stratification of unit Qcf suggests that it accumulated over a period of time 

(not all at once). The youngest ages from three levels of the unit are used to constrain its 

depositional age.  These four samples are highlighted in red as shown in Figure 17. The 

four ‘preferred’ ages for constraining the depositional age of unit Qcf are stratigraphically 

inconsistent with each other. I believe that the other charcoal sample ages are too old.  

The rejected ages in this scenario are considered ‘too old’ based on the argument above, 

that they have been reworked or have a significant lag time lying at the surface before 

getting deposited. Previous studies support this interpretation in which several detrital 
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charcoal samples were collected within a layer have shown to vary from 100-1000 years 

(e.g., McGill et al, 2002). This is typical in a region in which large trees dominate in an 

area as trees can live several hundred years and can die and last even a few more hundred 

years before being deposited. 

It is also possible that the charcoal samples are younger than the layer that they 

were collected. This occurs when bioturbation is present. However, Qcf did not contain 

any obvious burrows (krotovina). For example Qcf contains undisturbed faint pebble 

layers and stratification throughout, so I am confident that none of the detrital charcoal 

samples are younger than the Qcf unit.  

The four preferred radiocarbon samples yield in-sequence ages that best  

represents the depositional age of Qcf (Table 1 and Figure 17), and support a depositional 

age of 600-400 years ago. Figure 18, illustrates the relative charcoal depth and distance 

from base of hill in meters. Ten of the samples are considered too old, possibly being 

reworked from other sediment (grey probability distributions, Figure 17). However, the 

charcoal sample possibly had a lengthy lag time before being deposited. 

Using the radiometric age obtained from the colluvial deposit a sedimentation rate 

can be obtained. In order to find the sedimentation rate of the colluvial unit I use the 

following equation: 

 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 𝑜𝑓 𝑐𝑜𝑙𝑙𝑢𝑣𝑖𝑎𝑙 𝑢𝑛𝑖𝑡 =
(𝐶𝑜𝑙𝑙𝑢𝑣𝑖𝑎𝑙 𝑢𝑛𝑖𝑡 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠)

(𝑂𝑙𝑑𝑒𝑠𝑡 𝑎𝑔𝑒−𝑦𝑜𝑢𝑛𝑔𝑒𝑠𝑡 𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑢𝑛𝑖𝑡)
 

The sedimentation rate of the colluvial deposit equals the thickness of the 

colluvium over the age of the unit. The colluvial deposit (Qcc and Qcf) yielded a 
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depositional age between 1434 and 1631 A.D. (Table 1). At the base of the unit the 

detrital charcoal yield a calibrated age 1434 A.D. an age of 1530 and/or 1630 A.D. at the 

uppermost part of the unit (Figure 17 and 18). Since the two uppermost ages do not have 

a fairly straight CO2 calibration curve the ages are broaden to a larger time span. 

Therefore I will use the two extreme ends to calculate a depositional rate. Assuming a 

depositional age between 1434-1530 A.D (96 years) and a unit thickness of 2 m (2000 

mm) yields a sedimentation rate of 20.83 mm/year. However, using the generous age 

between 1434-1630 A.D (196 years) the sedimentation rate is lowered to 10.2 mm/year. 

The sedimentation rate of the Whitewater River gravels could not be obtained 

because no detrital charcoal was found nor collected for 
14

C age dating. But because the 

unit underlies unit Qcf, their age can be inferred to be older (>400-600 yrs ago). The local 

fan surface also did not contain any detrital charcoal pieces. This local fan buries unit Qcf 

and therefore must be younger (<400-600 yrs old). The post I-10 deposit is very young (< 

50 yrs old) and contains roots and other organics. 
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DISCUSSION 

Provenance 

The Cabezon Fanglomerate (Qc) contains clasts that identify its source from rocks 

that comprise the San Bernardino Mountains in the north-northwest of the study area, 

Allen (1957). Distinctive clast types include peimontite-bearing quartzite, vesiculated 

basalt, and epidote-rich gneiss. The average clast size of the sediment is cobble size with 

lesser amounts of boulder–sized material. The sediment is deposited in an alluvial fan 

setting.  

 The occasional but intense storms can quickly flood the canyons sending surges 

of water downslope. Where the river passes through narrow passages the water flow 

rapidly gains speed and strength (just like placing your thumb over a garden hose). The 

fast moving water then picks up loose debris. The faster the water moves the larges the 

sediment it can transport. Once the water reaches the open valley, (without the 

constriction of the valley walls), it begins to slow down, dropping its sediment load. The 

largest rocks drop out first; this might well be the source of the Qmc unit, which are large 

boulders. The unit may signify a large flood event.  

What do Qcf and Qcc represent? 

Sudden vs prolonged deposition. Several lines of evidence point toward a ~200 yr 

period to deposit the colluvial material (Qcf and Qcc) from 600-400 yrs ago. First, the 

internal, thin (cm-scale) stratification of unit Qcf (fine colluvium) supports construction 

of the wedge-shaped deposit by individual rainfall events. This stratification seems most 

consistent with a sustained rain event that can shed surface (sheet?) water flow down the 
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steep south face of Whitewater Hill. Such an event would carry coarse sand and fine 

gravel, but would quickly loose its velocity at the base of the hill and contribute to a cm-

scale layering. This would require ~50 rain events to produce the 1-2 m thick wedge-

shaped unit. This seems consistent with an ~200 yr long period of deposition if hard rain 

falls at the site on average once every several years. Secondly, the four preferred charcoal 

ages define an in-sequence progression of ages consistent with a 200 yr period of 

deposition, rather than forming the unit all at once. If all at once, one would expect to see 

the same age pieces of charcoal at both the base and top of the deposit. 

Prolonged deposition in response to a fault vs flood event. When I looked at a 

regional topographic map noted the very large alluvial fan of the Whitewater River. The 

Whitewater River contains a large drainage mouth located about 1 km west-northwest of 

the trench site. Remnants of such a large and powerful fluvial system is seen throughout 

the region by the large boulders (>1 m) that litter the landscape to the south as Highway 

111 (~5 km from canyon mouth). A river with such power seems more than capable of 

eroding enough material from the base of the hill slope of Whitewater, and removing any 

evidence of faulting. 

Flooding induced. It is not difficult to imagine a large flood event, which at some 

point in time meandered, cut and incised into the base of the Hill, eroding away Qt (and 

leaving a small remnant), Qmc, and the Qs unit (Plates 2 and 3). The same large boulders 

that are found throughout the region are also very evident in the bottom of the trench, 

beneath units Qcf and Qcc, as well as beneath the local fan (Qlf). In this scenario, it is 

completely plausible that a large flood event occurred in the Whitewater River prior to 
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units Qcf and Qcc and Qlf deposition and may have completely eroded away any 

evidence of a fault rupture.  

Faulting (earthquake) induced. The Qcf and Qcc units may have formed in response 

to an earthquake that occurred in the San Gorgonio Pass in 1400 A.D. If true, the 

earthquake would have most likely produced a fault scarp as the Whitewater Hill thrusted 

upward and shaken sand and gravel loose that eventually would have been washed to the 

base of the scarp, forming the wedge-shaped deposit. However, no definitive evidence 

exists of a fault or fault scarp today or at the trench site. In this model, either the trench 

did not reach deep enough to uncover the tip of the thrust, or the fault is blind.  

The age of the colluvial unit does raise the question of faulting the timing can be 

correlated to that of earthquake events that have occurred in both, to the north of the 

study area (Cabezon-San Gorgonio Pass) and to the south (Coachella section of the San 

Andreas Fault) (see below). 

Climatic influence. The colluvial deposit (Qcc and Qcf) yielded a depositional age 

between A.D. 1404 and 1631 (Table 1). The significance of the age is that it states that 

the colluvium unit took time to accumulate and deposit. McDonald and Case (2005) 

conducted a study in which showed a positively elevated Pacific Decadal Oscillation 

(PDO), between A.D. 1450 and 1550 indicating a wet time period in southern California. 

Additionally, Graham (2013) has evidence for a wet time period in California through 

studies done on tree rings (dendrochronology). This would imply that the colluvial unit 

was deposited in response to a wet time period, and would not be a direct response to 

faulting. Furthermore, the colluvial deposit is 2 m thick by about 40 m long, which seems 
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like a naturally tapering of slope wash rather than a wedge formed by faulting. However, 

the colluvial unit has a depositional age that can be correlated to that of earthquake events 

that have occurred in both, to the north of the study area (Cabezon-San Gorgonio Pass) 

and to the south (Coachella section of the San Andreas Fault).  

Fault models. 

Blind thrust. In my cross sections (Plate 4) I have adopted the convention of using the 

dip of the back limb of the fold as to constrain the dip of the thrust. I assume that this is 

the fault dip in model A. Model B (Figure 11b) shows a fault-propagation fold that occurs 

as a propagating thrust fault loses slip and terminates upsection by transferring it’s 

shortening to a fold developing at its tip. A fault propagation fold absorbs the slip that 

otherwise would have been required by faulting. In effect, the fold replaces the upper 

reaches of the fault. In the case of crustal shortening, the ramp fault is a thrust which tips 

out upward into an anticline as shortening by folding replaces the shortening by faulting. 

Fault propagation folds assume constant bedding thickness during the progressive 

deformation. However, the unit thickness does not always remain constant during 

folding, especially in the front limb of a fault-propagation fold, and the back limb is not 

always parallel to the fault.  

Emergent thrust (now eroded?). For model A to be valid (Figure 11a), the Whitewater 

River - located west of the study area - must have eroded and/or buried the thrust tip at 

the southern edge of the hill. The hydraulic power of the Whitewater River is impressive 

as evidenced by the abundant 2 m boulders that litter the modern fan surface to the south 

of I-10. It is not difficult to imagine that the Whitewater River may have eroded all 
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evidence of recent faulting if it migrated to the base of East Whitewater Hill in the recent 

past. It is therefore possible that the thrust fault is present immediately beneath the 

Whitewater River deposit. 

The trench depth was limited by the presence of a 1-3 m boulder-rich layer at ~2-3 m 

depth at a uniform depth for the entire length of the trench. The excavator was not able to 

dig any deeper than this layer. The top of this boulder-rich layer has an ~1 m-high 

vertical step, up on the north, between meter 10-16 (Plates 5 and 6). This feature is either 

an ~6 m-wide fault zone (up on the north) or the edge of a channel or gravel bar. This 

subtle step is located where one might expect to find the thrust, but proving that this step 

is thrust-related is equivocal at best in boulder alluvium. Perhaps the fault did rupture at 

this site and may be continuous with paleoearthquakes on the Coachella section. If 

faulting is expressed in the bottom of the trench, then the colluvial deposit would overly 

the tip of the thrust. This interpretation would support a model where ruptures that link 

San Gorgonio Pass, the Garnet Hill strand and the Coachella section are less frequent 

than earthquakes that rupture only the Coachella section. The colluvial deposit could 

have been a direct response of the 1400 A.D. surface rupture observed northwest in the 

San Gorgonio Pass. 

I-10 fault location. Another hypothesis is that no fault exists at the base of the hill but 

lies to the south, perhaps adjacent and parallel to I-10 (U.S. Geological Survey and 

California Geological Survey, 2006). However, if the USGS fault map is accurate, 

motion on this fault cannot explain the youthful topography of Whitewater Hill. For these 

reason I think the location by the U.S.G.S of the Garnet Hill strand, San Andreas Fault to 

be in error, and this hypothesis can be eliminated.  
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Summary of fault models. Evidence points to the southern splay being blind. With the 

exception of the possible truncation of Qt (Plate 2 and 3), the southern splay has no 

surface expression and no clear expression in the trench. To the east of the trench site, 

two south-dipping remnants of Qs are unbroken (no obvious fault scarp at base of hill) 

where buried by current alluvium (Qa) (Plate 2 and 3). It is therefore possible that the 

south limb of the East Whitewater Hill is not broken by faulting at the surface, but is 

folded by a fault that terminates in the subsurface. This would explain why no evidence 

of faulting was found in the trench site, we simply missed the fault, and needed to trench 

higher up the hill. If true, then the formation of the Qcf is entirely depositional, and not 

fault controlled. The colluvial deposit (Qcc and Qcf) yielded a depositional age between 

1404 and 1631 A.D. (Table 1).  

Comparison of trenching results with nearby sites and implications for the Garnet Hill 

strand 

The surface expression of the Garnet Hill strand is not as easily identifiable as that of 

the Banning and Mission Creek strand, San Andreas Fault. The Garnet Hill strand is 

affected by aeolian deposition and is subject to erosion by the nearby Whitewater River. 

It is logical to assume that the Garnet Hill strand is significantly involved in transferring 

slip due to the ~10 m-high scarp at the mouth of Whitewater River canyon, ~3 km to the 

west of the trench site described here. In addition, an inactive (?) thrust is exposed in the 

steep topography of the Whitewater Hill, and the mapped mineralized contact in the study 

area (Figure 8). It is plausible that the Garnet Hill strand has a recurrence interval of 

several hundred years; however, no direct measurements of earthquake timing or 

recurrence have been measured for the Garnet Hill strand, so the rupture history is still 
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not well known. Due to the lack of paleoseismic constraints for the Garnet Hill strand and 

the inferred slip rates, I cannot determine if this might be the future rupture path for the 

next southern San Andreas Fault earthquake. Current earthquake hazard models should 

consider multiple rupture paths, such as models that involve a combination of the 

Banning and Garnet Hill strand, Banning and Mission Creek strand, and models that 

involve all three fault strands. Therefore, it is important to continue research along all 3 

strands to improve the understanding of fault evolution and to better understand and 

estimate earthquake hazard, in southern California. 

The San Andreas Fault is relatively straight and simple, southeast of the city of Indio 

(Ca); however it is highly complex northwest, where slip is being distributed along an 

intricate network of faults along the SGPFZ (Figure 1). Although equivocal, the slip rate 

calculations are small at the Garnet Hill strand, from 6.82 mm/year to 0.46 mm/year (see 

below). Therefore it is not surprising that an earthquake rupture might be absent or very 

poorly preserved in the study area.  

The colluvial unit has a depositional age that can be correlated to that of earthquake 

events that have occurred in both, to the north of the study area (Cabezon-San Gorgonio 

Pass) and to the south (Coachella section of the San Andreas Fault). Solely dependent on 

the fact that the Colluvial unit (Qcc) was deposited after an event that occurred around 

600 years ago, a correlation can then be made to try and link earthquakes that occurred on 

Burro Flats, Millard Canyon, Thousand Palms, and Coachella. It is of utmost importance 

to determine the rupture lengths of paleo-earthquakes in order to estimate the damage 

potential of future earthquakes. Philibosian et al. (2011) correlated the (mid-1400s) 

Coachella Valley rupture (Coa-3) with the BF-4 (Burro Flats), PiC-4 (Pitman Canyon) 
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and WW-5 (Wrightwood) documented by others. Future work needs to be conducted, 

however, from the collected data we can infer that through going earthquakes from the 

Coachella Valley section does not usually rupture simultaneously with the Mojave 

section of the SAF. Although, paleo-earthquake records show that both the Coachella 

Valley segment and the Mojave section of the SAF have multiple ruptures that do not 

correlate, it does have evidence for ruptures that occur around the same time, which 

allows for the speculation that a 500-600 km-long rupture along the SAF is possible. 

Slip rate based on geometry and age of Qs 

The elevation at the trench site is about 354 m (1160 ft), and about 524 m (1720 ft) at 

the top of the Whitewater Hill. Many attempts have been made to age date the Qs unit, 

such as Be
10 

dating techniques (Heermance et al., 2015) and U-series dating of pedogenic 

carbonate rinds on boulders (Owen et al., 2014). However, the age of the Qs unit is not 

well constrained, and ranges from 50-750 ka. With the following elevation and age range 

I can extrapolate an uplift rate: 

𝑈𝑝𝑙𝑖𝑓𝑡 𝑅𝑎𝑡𝑒 =
(𝐿𝑜𝑤𝑒𝑠𝑡 − 𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛)

( 𝐴𝑔𝑒 𝑜𝑓 𝑄𝑠 𝑢𝑛𝑖𝑡)
 

Assuming that the topography was initially flat before the formation of the soil 

horizon above the Cabezon fanglomerate unit, I subtracted the lowest and highest 

elevation and yielded a relief of 560 ft (171m). By using the youngest age proposed by 

Owen et al. (2014) of 50,000 years old, the results are an uplift rate of 3.41 mm/year. By 

using the older age proposed by Heermance et al. (2015) of 750,000 years old the 

resulting uplift rate is decreased to 0.23 mm/year.  
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By using a geometric right triangle, I can infer a slip rate. By obtaining the uplift rate 

I have solved for the short leg of the triangle. Assuming a 30° dip (typical of thrust faults 

and it is also the angle of the back limb of the fold) provides the angle for the short leg, 

this will allow us to solve for the hypotenuse of the triangle, giving an estimate of slip. 

Applying the uplift of 3.41 mm/yr. into our short leg of our triangle, would yield a slip 

rate of 6.82 mm/yr. applying the smaller uplift rate of 0.23 mm/yr. yields a slip rate of 

0.46 mm/yr. 

 

 

 

 

  

Short leg = Uplift Rate 
Hypotenuse = Slip Rate 

30° 
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FUTURE WORK 

More extensive mapping of the San Gorgonio Pass region and additional trench 

site locations should be considered. Geologic mapping would assist in identifying any 

possible fault scarps, and stream channel offsets. Another, important issue to consider is 

to date the remaining detrital charcoal pieces in order to better constrain the age of the 

colluvial unit (Figure 8) allowing to fill the data gap. In the pursuit of filling in the data 

gaps, we should take into consideration digging out small pits by hand throughout the 

region (since many places do not allow heavy equipment to be driven onto their 

property). If both permit acquisition and economics were not an issue, then we could 

perhaps drill a few test sites to better understand the regional stratigraphy and structure.  
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CONCLUSIONS 

1. The youngest charcoal age at the base of the colluvium (A.D 1404-1435) 

and top (A.D. 1474-1635) of the colluvium provide a maximum age of formation at about 

600 years ago. These age data show that there has not been a surface rupturing 

earthquake in this area for at least 600 years. This age rules out the possibility that the 

A.D. 1690 event ruptured through our study area. If the colluvial deposit is a direct 

response to the ~A.D. 1400 earthquake documented to the northwest of the San Gorgonio 

Pass, earthquakes in this area may be concurrent with paleoearthquakes on the Coachella 

Valley section.  

2. Earthquake evidence in this area suggests that through-going San Andreas 

Fault ruptures, if they occur, happen relatively infrequently.  

3. The site is located at a left stepover in the Garnet Hill, San Andreas Fault. 

Fault motion through this stepover has produced the 170 m-high Whitewater Hill. This 

requires some type of convergent structure (fold and/or thrusts) in the stepover, not a 

linear fault trace parallel to I-10, as mapped by the U.S.G.S.   
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Appendix A: Figure Captions 

Figure 1. DEM figure modified from McGill et al. (2012). White lines represent 

Holocene faults (U.S. Geological Survey and California Geological Survey, 2006). White 

boxes show the location and the slip rates along the San Andreas and San Jacinto fault, 

with slip rate estimates in mm/yr. Inset map of California shows the location of Figure 1. 

Az-Anza (Blisniuk et al., 2011, Rockwell et al., 1990); B-Banning strand (Gold et al., 

2015); BC—Badger Canyon (McGill et al., 2010);BF-Burro Flats (Orozco, 2004; Orozco 

and Yule, 2003; Yule and Spotila, 2010); BP—Biskra Palms (Behr et al., 2010; Fletcher 

et al., 2010; see also van der Woerd et al., 2006; Kelleret al., 1982); Cb—Cabazon (Yule 

et al., 2001); GH-Garnet Hill strand; GT—Grand Terrace (Prentice et al., 1986); MC-

Mission Creek; ML-Mystic Lake; Pa—Pallett Creek (Salyards et al., 1992); PC-

Pushwalla Canyon (Blisniuk et al., 2013, AGU abstract); Pl—Plunge Creek (this paper); 

Pt—Pitman Canyon (McGill et al., 2010); SGP-San Gorgonio Pass; SGPFZ-San 

Gorgonio Pass Fault Zone; WC—Wilson Creek (Harden and Matti, 1989). Outlined 

black box shows the location of Plate 2.  

Figure 2. Photographs of the trench site, view looking south-southeast. A) Trench 

excavation with trench perpendicular to the fault line. Large boulders (>1 meter), at the 

base of trench, prevented the excavator to dig deeper. B) Completed trench excavation. 

The local alluvial fan surface (with abundant creosote bushes) slopes downhill from left 

to right across the photos, towards Interstate 10.  

Figure 3. Photographs of crew surveying the trench. A) Ryan D. Witcowsky uses the 

Total Station to survey the position of all of the nails from the trench walls. Brittney 

Huerta holds the mini prism used to reflect the laser. Note: Vertical painted lines were 
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spray-painted every 2 meters to create a 2x1 meter grid. B) The control panel and the 

monocular of the Total Station. Note: colleagues cleaning the bench between the eastern 

green and red walls.  

Figure 4. Photograph showing detrital charcoal in the evacuated sealed quartz glass tubes 

in the presence of copper oxide (CuO) and 1 cm piece of silver wire that are used to 

oxidize the sample. 

Figure 5. A) Photograph of sample after the combustion stage (black-graphite sample 

inside the tube). Note: tube with the white powder is a desiccant used to trap any water 

molecules that are produced during the purification process. B) Photograph shows the 

heaters used to heat the samples to 560° C.   

Figure 6. Photograph images of the Keck Carbon Cycle Accelerator Mass Spectrometry. 

The pure graphite sample is then packed into targets and loaded into the accelerator mass 

spectrometer.  

Figure 7. (a) Photograph image of the Cabezon fanglomerate unit showing variable bed 

thicknesses, from thinly to very thickly bedded (~10 mm to >1 m). The beds encompass 

alternating layers of very coarse sand and up to cobbles. (b) Sedimentary structures 

observed in the unit are: (1-5 mm thick) parallel and cross laminations in the coarse sand, 

and normal bed grading (~10 cm thick bed). 

Figure 8. View of mega-conglomerate (Qmc) unit. The large (3 m) boulders in the mega-

conglomerate unit contain a well-developed desert varnish, (thin red to black coating on 

the exposed rock surface typical of arid environments).This boulder is typical of a mega-
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conglomerate deposit (Qmc) that outcrops beneath a thrust and forms the low slopes to 

the north of the trench site. 

Figure 9.  Geologic mapping revealed a carbonate-cemented unit (Qck) between Qc and 

Qmc. The contact has a zone (~10 meter thick) in the Cabazon fanglomerate with 

abundant carbonate. The carbonate-rich zone clearly dips to the north, and cuts across 

bedding in the Cabazon fanglomerate, and is underlain by the mega-conglomerate unit. 

The truncation of units on either side of this contact supports the interpretation that it is a 

north-dipping thrust in the Garnet Hill strand. Upper right image is a close up of large (~4 

cm) calcite crystals coating boulders. Note: the contact likely represents a zone of 

precipitation from groundwater which may be an active thrust. 

Figure 10. The late Quaternary soil (Qs) is an uplifted brick-red soil that has developed 

on tilted strata of the Cabazon fanglomerate. The soil horizon is 1-5 meters thick. The old 

soil horizon is found extensively throughout the San Gorgonio Pass region. However, in 

our area it is found on the hilltop and on the tops of some of the alluvial fans in the 

southeastern end of our map. The deformed layer defines an anticline, with shallow dips 

(4°-6°) in the northwest and steeper dips (15°-18°) in the southeast. 

Figure 11. Schematic representation of trench units. In stratigraphical order from oldest 

at the base to youngest at the top. Brief unit description on the right, and unit thickness on 

the left of each column. Note: unit length signifies bed increasing in induration along the 

x-axis.  

Figure 12. The Whitewater River deposit (Qdf) has a minimum thickness of 1 m. The 

boulders that make up the Qdf unit are sub-rounded to sub-angular, and highly resistant 
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to weathering. The unit is moderately- to well-sorted and is unconsolidated. (A) 

Sedimentary structures in the Whitewater River deposit consisted of faint, discontinuous 

alignment of pebbles, with a gentle southeast dip. (B) Note the very coarse sand lenses 

(~3 m-long) that was exposed at the base of the trench. 

Figure 13. A small local fan deposit (Qlf) has formed on top of the Whitewater River 

fan. The sedimentary unit is matrix supported and contains cobbles up to 15 cm in 

diameter. The local fan deposit has laterally discontinuous thin lamination of coarse sand 

and gravel. The strata does have faint and discontinuous thin laminations within the 

matrix. (A) shows the lateral extent of the fan in the trench. (B) and (C) show 

sedimentary structures, and provide a close up of the composition of the Qlf unit. 

Figure 14. . The colluvium deposit (Qcf) is wedge shaped and it is found only on the 

northern end of the trench (0-40 m). The pink ribbon identifies the location of detrital 

charcoal sample. Note the sharp and irregular contact with the Whitewater River deposit 

below. The deposit is moderately indurated and is matrix supported, with sporadic 

cobbles and boulders. 

Figure 15. The youngest unit, the modern deposit (Qm) is 30 cm thick on the east and 1.2 

m on the western trench wall. (A) Sedimentary structures observed on the western wall 

are: rhythmic bedding, between very coarse sand and fine gravels. Additionally, the unit 

has parallel and cross laminations found in the medium sand. An important feature found 

in the strata is the discovery of a Styrofoam cup and potato chip bag (illustrated by the 

black arrow) (~1 m) below the surface. (B) The eastern deposit has an abundance of tree 

roots and organic material; it also has the occasional back filled burrows (krotovina). 
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Figure 16. Four plots of radiocarbon age vs. calibrated calendar age. The calibration 

curve is shown blue. The area of intersection between the pink curve (radiocarbon age) 

distribution and blue calibration curve gives calibrated calendar age range (in grey). Grey 

curve = probability distribution functions of calibrated ages; peaks = higher probability, 

valleys = lower probability. The oldest (considered) sample (# 21) contains a calendar 

age of 1404-1435 A.D and is at a depth of 2.7 meters below the surface. The following 

sample (# 8) contains a calendar age of 1430-1460 A.D with a depth of 2.2 meters. 

Sample # 15 contains two age possibility peaks 1474-1531: 1539-1635 A.D. However, it 

contains a 33.6% certainty that the age is between: 1474-1531 A.D and 61.8% probability 

that it is 1539-1635 A.D. The youngest sample (# 14) for the colluvial deposit contains 

three peaks with the following ages: 1453-1524 (57.6%), 1559-1563 (0.9%) and 1571-

1631 (37.0%) A.D. and is at a depth of 1.7 meters below the surface. Note: the four plots 

are in-sequence age samples that best represent depositional age (see discussion). 

Figure 17. Plot showing charcoal samples in stratigraphical order, collected from the 

colluvial deposit. Grey/Red curves represent the probability distribution functions of the 

charcoal ages. Grey curves have been excluded due to being reworked charcoal ages. Red 

highlighted samples (red pdfs) have been selected as depositional age representation of 

the colluvial unit.  Calibrated calendar age is plotted along the x-axis. Note the colored 

squares; blue rectangle includes samples that were collected from the base of the 

colluvial unit, green rectangle represents a group of samples selected from the middle of 

the colluvial unit, and the red rectangular box are samples that were collected from the 

uppermost section of the colluvial unit. 
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Figure 18. Plot showing stratigraphic position on y-axis relative to along-trench position 

of detrital charcoal samples. Highlighted samples represent youngest detrital ages and are 

interpreted to best record age of deposition (see Discussion of detrital ages). Note the 

colored lines, they correspond to the stratigraphical position. Detrital charcoal samples 

were collected at the base, middle, and top of the unit to constrain an age of the colluvial 

unit.  

Figure 19. Model (A) is a visual representation of a typical emergent thrust. The model 

indicates the classic dip behavior. Note: The opposing dip direction when crossing the 

fault. Model (B) illustrates the dip behavior of a blind thrust. Note: the opposing dip 

directions before it encounters the fault projection. 
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Appendix B: Figures  

Figure 1
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APPENDIX C: TABLE 

 

 

 

Table 1. 

Whitewater Hill, Garnet Hill Fault. Dated C14 Samples as of August 2015

Sample #

Meters from

N-end of

Trench

Radiocarbon

Age (years old)

Sigma errors

± (yrs)
Calibrated Calendar Age (A.D.) Comments

19 17 610 15 1298-1370 : 1380-1400 Older than samples below

14 17 365 20 1453-1524 : 1559 : 1571-1631

15 18 340 20 1474-1531 : 1539-1635

9 23 875 15 1058-1075 : 1153-1216 Older than samples below

8 E 22 440 15 1430-1460

3 22.5 730 15 1263-1286 Older than samples below

6 16 1540 20 427-575 Older than samples below

4 21 780 15 1223-1272 Older than samples below

1 21 880 20 1049-1084 : 1124-1137 : 1150-1218 Older than samples below

32 28 900 15 1044-1099 : 1118-1189 Older than samples below

21 E 24 520 15 1404-1435

7 25 755 20 1224-1234 : 1242-1284 Older than samples below

22 E 31 875 15 1058-1075 : 1153-1216 Older than samples below

11 28 880 15 1052-1081 : 1151-1215 Older than samples below


