






















































































































































































Figure 7. Landsat Thematic Mapper image of the Imperial Valley area, California, with 
structures and linear features identifiable on the satellite data. Line weight (i.e., solid, dashed, 
and dotted) correspond to the level of expression of the mapped feature. Note that northwest­
trending features are probably right-slip faults, north-striking elements may be e:-..1ensional in 
nature, and northeast-trending structures are likely to be left-slip faults. IF, Imperial fault; SHF, 
Superstition Hills fault; SMF, Superstition Mountain fault. 
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INDIO HILLS FIELD-TRIP ROUTE 

STOP 1: Southeastern Indio Hills 
From the Mecca Hills, travel on Highway 111 to Monroe Street. 

Turn north (right) on Monroe toward the Indio Hills, cross 1-10 

and the Coachella Canal and stop atop a berm south of a gravel 

pit. 

At this point, the southwestern flank of the Indio Hills is controlled by the 

trace of the San Andreas Fault. There is a series of small palm tree groves 

located at seeps along the fault trace. The distinctive ledge-and-slope 

topography in the southeastern Indio Hills is formed by sandstone and 

siltstone beds of the Plio-Pleistocene Palm Springs Formation. 

STOP 2: Thousand Palms Oasis, Central Indio Hills Area 

Turn around and travel south on Monroe Street to Varner (42nd) 

Avenue. Turn right (west) on Varner to Washington Street. Turn 
. . 

north (right) on Washington to Ramon/Thousand Palms Canyon 

Road. Turn north (right) on Thousand Palms to Thousand Palms 

Oasis on the left. 

The Mission Creek Fault strand of the San Andreas Fault System creates 

the springs that support the groves of native palm trees at the Thousand 

Palms Oasis. The linear northeastern front of the Indio Hills also is 

controlled by the Mission Creek Fault. The strata exposed in the canyon 

are Pleistocene-age Ocotillo Conglomerate. Thousand Palms Canyon and 

other canyons in the central part of the Indio Hills are classic lateral-ojj:s·et 

drainage along a strike-slip fault (i.e., the Mission Creek right-slip fault). 

Return back to Thousand Palms Can.yon Road, turn. south (right). 

At Ramon Road, turn east (left) to merge with Washington Street 

and proceed south across I-IO. Turn west (right) on Countly Club 

Drive to Monterey Avenue. Turn south (left) on. Monterey, cross 

Highway I I 1 in Palm Desert, and onto Highway 74. Proceed to 

Seven Levels Vista to view the disrupted and displaced landjcJrms 

along the San Andreas Fault in the Coachella Valley, and to 

introduce Mid Tertiary extensional tectonics in the Salton trough 

region. 
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(Driving lime~ approximately 1.5 hours) 

Return to Palm Desert via Highway 74. At the intersection of 
Highway ili, go straight across 111 and you will be on Monterey 
Ave. Proceed north on Monterey Ave. until you reach Country Club 

Drive, right on Country Club Dr. and go about 5 miles t.o Washington 
St., left turn on Washington St. and then a quick right turn onto 
eastbound 1--10 and follow the signs to Junction 86/ill. Exit at 

Dillon Rd., right turn at signal onto Dillon Rd., and go a.bout a 

mi l "' to the:, 8 6 / 1 l I j u n c L i on , make a. i e f t t u r n on to s o u th b o u n d 
86 111. From the 36/111 junction and Dillon Rd., the Lake Cahuilla 
County Pa. r k t urn --of f to the r i g h l i s 4-. 5 rn i i es . Thi s i s a rd c e 
park for a lunch slop that has picnic tables, trees, restrooms and 

a lake, but the entrance fee is $4.00 per· vehjcle. Further south, 
16 miles on Highway 86, you pass Avenue 86 and enter Imperial 
Counly. IJ you wish lo eat lunch at Travertine Rock, you make the 
first right turn on southbound 86 afler you pass Avenue 86 (il's 
about a mile) and then a right on lhe dirl frontage road. Il will 
take you to the base of Travertine Roel<. I£ you have a 4--wheel 
drive, you can almost drive to Lhe Lop of the rock. It's really a 
nice view from on top. Continue south on Highway 86 past Salton 
City and the S22 turn-off to Borrego Springs to State Highway 78 

and make a r i g h t t u r n and p r o c e e d ab o u t 1 5 rn i l es L o t he t own o f 
Ocotilio Wells. 

At Ocotillo Wells, check your mileage and proceed west on Highway 
78. 

2.1 miles Entrance to Headquarters of Ocotillo Well:~ Stale 
Vehicular Recreation Area. 

5.1 miles Buttes Pass Road on right. 

Stop J_, 6. 0 mil es - Pul 1 off road onto wide area on right s 1cte of 

road just beJore bend to left. Harper Canyon across valley to 

left. View of stairslep fault blocks along face of N.E. Vallecito 
Mountains, flank of Yaqui Ridge Dome, tilted fanglomerale and lake 

beds. 

6.6 mil(~S -- Road to Borrego Springs on right. 
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S t o_p 2 , 1 0 . .5 mil es A f t er d r i v i n g t h r o ugh th e co r e o f Y a q u .i 
R i d g e , park on the l e f t or on the r i g h t o f the ups t r e am s i de o f the 
narrows. Walk across the wash to the right to vicinity of the 
power pole for view back across wash to structures at Yaqui Ridge 
Dorne. Back at the highway, walk short distance to outcrop at 
detachment fault. 

l l . 0 mi l es 

12.3 miles 
automobile:. 

13.9 m.iles 
left~ 

Road lo Pinyon Wash lo 1 ef L. 

Turn iefl on Mine Wash Rd., easily passable by 

Slate Park Monument and beginning of rocky hill on 

Slo_p 3, 14.8 m.iles Park off road to right or left. Walk up wash 
to left for 1/2 mile to outcrop of braided stream gravels. 
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STRUCTURAL EVOLUTION OF THE VALLECITO MOUNTAINS 

CHARLES F. LOUGH 

INTRODUCTION 

Since 1982 it has been recognized that detachment faulting exists west of 

the San Andreas fault in the Santa Rosa Mountains (Wallace, English), at Yaqui 

Ridge (Engel, Schultejann), and in the Vallecito Mountains (Stinson, Frost). In 

1990 Stinson did a careful study of the excellent exposures of detachment faults 

along the north side of Whale Peak. Since 1989 I have been mapping the Vallecito 

Mountains at a scale of 111 = 2000', incorporating previous mapping on the margins 

of the range, where appropriate. 
The Vallecito Mountains are of interest because they provide good exposures 

of a detachment fault at or near what may be a breakaway zone at the western edge 

of the southeastern California detachment terrain. The area also provides some 

clues to possible relationships between detachment faults and strike slip faults 

of the San Andreas system. The structure of the Vallecito Mountains is relatively 

simple, but not obvious, because the rock is largely of one type, ma.king mapping 

difficult. 
With the opening of the Salton Trough a majgr~slice of the Peninsular Range 

was detached and slid toward the opening trough. Originally a more or less 

planar surface dipping northeast at an angle of 30° or less, the detachment 

fault has subsequently been warped into a series of domes and cut by both norm~l 

and strike slip faults. 

OUTLINE OF EVENTS 

In this paper the structure of the Vallecito Mountains and the relation­

ship of that structure to the regional picture is explained in the form of a 

reconstruction of the geological history of the area. The following is a summary 

of the main events in the evolution of the range: 

1. Deposition of limestone, shale, and minor amounts of sandstone in Paleozoic 

seas covering much of Nevada, southern Arizona, northwestern Sonora, and 

eastern California. 
2. Intrusion of granitic rocks into the western margin of the Paleozoic sedi­

ments and their basement rocks, with concurrent folding and metamorphism. 

In the Vallecito Mountains small roof pendents and detachment slices of schist 

and marble remain. 
3. Formation of the Ea.stern Peninsular Range Mylonite Zone (EPRMZ) by deep level 

thrusting from east to west during the Cretaceous. This zone is well exposed 

in the Santa Rosa Mountains and around Borrego Valley as far south as Mine 

Canyon. 
4. A long period of stability during the last portion of the Cretaceous and into 

the Paleocene and Eocene. The widespread erosion surface on the Peninsular 

Range formed at this time. During the Eocene rivers originating far to the 

east of the present scarp deposited the Ballena gravels and other related 

gravels on the erosion surface. Braided stream gravels in the Vallecito 

Mountains may have been deposited at this time. 

5. In the Miocene the Gulf of California and its northern extension, the Salton 

Trough, opened. The entire Peninsular Range rotated away from mainland 

Mexico and tilted to the west. 
6. While the Mojave Desert region was experiencing extension along detachment 

faults the Salton Trough was involved in more extensive structural changes. 

The trough under Imperial Valley widened to roughly 50 kilometers and 
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dropped 5.5 kilometers (from the top of the Peninsular Range to basement under Imperial Valley). 
7. Large blocks of the eastern Peninsular Range slid into the Salton Trough along detachment faults which, in part, may be older, reactivated thrust faults (portions of the Eastern Peninsular Ranges Mylonite Zone). 8. As the Peninsular Range tilted and rotated, it also moved north along the San Andreas fault. As the Peninsular Range block impinged on the Transverse Ranges to the north, other strike slip faults formed farther west - the San Jacinto, Coyote Creek, Agua Caliente, San Felipe, Earthquake Valley, and Elsinore faults. 
9. As each slice of the Peninsular Range moved toward the northwest between strike slip faults of the San Andreas system, that slice carried a segment of the mylonite zone, detachment faults, and other pre-existing geologic features along with it. 

10. As each segment was pulled away from the Salton Trough the driving force of gravity was no longer present and movement on that segment of detachment fault ceased. 
11. Removal of overburden by erosion and tectonic denudation allowed the detach­ment zone to rise by isostatic rebound and fold into a series of large domes. This erosion has exposed the structure of the upper and lower plates and the detachment fault. Sediments deposited on the flanks of the range and in the Vallecito-Fish Creek basin provide a partial record of the growth and erosion of the mountains. 
12. Portions of the detachment faults and other faults offset by slrike slip faults record the amount of offset on both active and inactive traces of the strike slip fault system. 

In the remainder of this paper each of these events is discussed in more detail, as it relates to the evidence available in the Vallecito Mountains. The emphasis is on the geologic history from the Eocene on (events 4 - 12). 

ROCK TYPE 

The Vallecito Mountains are composed almost entirely of granodiorite (or tonalite) similar to the La Posta plutons exposed along much of the eastern Peninsular Range in San Diego County. Previous studies (Todd, Glass) have divid­ed the granitic rock into various units based on minor petrographic differences. However, Stinson and I have used mapping units based on the degree of fracturing and chemical alteration, as follows: 

Kgr Unaltered, normally fractured granodiorite 

Ka Highly fractured, fresh granodiorite (Figure 1) 

Kb Hydrothermally altered, non-chloritized granodiorite 

Kc Hydrothermally altered and chloritized granodiorite 
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Figure 1. Highly fractured, unaltered granodiorite (Ka) 
in Harper Flat. 1 cm= 1 meter. 

EASTERN PENINSULAR RANGE MYLONITE ZONE 

An older, deeper structural feature, the Eastern Peninsular Range Mylon­
ite Zone (EPRMZ) predates detachment faulting. The EPRMZ extends for at least 
a hundred kilometers from Palm Springs to Borrego Valley. It is apparently a 
major west directed thrust of Cretaceous age. Since mylonitization occurs at 
the transition between brittle and ductile deformation, motion on the EPRMZ 
must have ceased before the long period of erosion represented by the wide­
spread Eocene erosion surface. 

The relationship between the EPRMZ and the detachment faulting is not 
yet clear. North of the study area detachment faulting has reactivated parts 
of the thrust zone. But the sense of motion is reversed and the detachment 
occurred at a much higher crustal level. Zones of mylonite are clearly exposed 
along the southwest side of Borrego Valley from Montezuma Grade to Yaqui 
Ridge and south to Plum Canyon and Mine Canyon, but appear to die out south 
of Mine Canyon. 

EROSION SURFACE 

The major avant now reflecte:d in the Southern :calif.ornia landscape is_not 
a period of tectonic activity, but rather the long period of stabil1ty during 
the formation of the widespread erosion surface which slopes from the crest of 
the Peninsular··Range westward to the Pacific Ocean. This event took place in 
the late Cretaceous-early Tertiary after formation of the EPRMZ and before 
opening or the Salton Trough. 

The erosion surface extended far to the east of the present Laguna 
Mountain escarpment, possibly as far as Arizona and Sonora. Eocene rivers, 
their headwaters probably in Sonora, crossed this plain leaving channels 
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filled with exotic clasts, a delta (the Stadium or Poway.conglomerate) at the 
edge of the coastal plain, and braided stream deposits in the Vallecito 
Mountains. 

Assuming that the rounded gravels in the Vallecito Mountains are part 
of the Eocene river system that once flowed across the Peninsular Range, they 
must have been downfaulted to their present position (Figure 4). The upper 
plate on which they rest appears to have been displaced down the detachment 
fault without much disturbance of the sediments for they are often near 
horizontal and relatively unbroken by faulting. A rough calculation shows 
the gravel as having moved down a detachment surface dipping 8° over a hori­
zontal distance of 9 kilometers and a vertical distance of 1.2 kilometers. 
An alternative explanation, favored by Kerr, is that the gravels were not 
deposited on the erosion surface, but in a half graben formed early in the 
opening of the Salton Trough. 

OPENING OF THE SALTON TROUGH AND DETACHMENT FAULTING 

It appears that with the opening of the Salton Trough a large slice of 
the Peninsular Range slid toward the trough along a detachment fault (or 
series of such faults). The fault dip may originally been on the order of 30°, 
the present slope of the bedrock surface under the west side of Imperial 
Valley. The present total relief from the top of the Laguna Mountains to the,, 
bottom of the trouu:h is approximately 5.5 kilometers. 

The unusual width of the detachment zone on the north side of Whale 
Peak gives the impression that this was the major break between the Penin­
sular Range and the Salton Trough. For a period of time this zone may have 
been the main point of contact between the North American Plate and the 
Pacific Plate where they ground against each other. As the Peninsular Range 
tilted to the west, the Salton Trough dropped to the east, and the entire 
peninsula of Baja California moved north. There could'have been intense 
crushing at the point of contact between the two plates. 

The detachment is not a simple fault, but rather a very wide zone 
which can be divided into describable and mappable units. All these units are 

Microbreccia 

/ Kgr~ I ::

1
;,:--Hydrothermally altered rock 

I~ Ka ~~- ~ Highly fractured granodiorite 

/ / Normally fractured granodiorite 

✓-. 

/ 
Kgr 

~ 

Figure 2. Map units in the detach­
ment zone. 

very well exposed on the north side of Whale Peak where they were mapped by 
Stinson. There is an equally well exposed and much more accessable section of 
the detachment zone across the nose of Yaqui Ridge east of Highway 78 (Figure 
4 and Section B-B'). 
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The central part of the zone, up to 250 meter~ thick, consists of per­
vasively fractured, crushed, and hydrothermally altered granodiotite. Within 
this unit or at its base is usually a narrow band of microbreccia, marking a 
discrete fault. Where the microbreccia is within the highly altered rock, the 
material above and below exhibit different degrees of alteration. The higher 
unit (Kb) has experienced pervasive potassium metasomatism of feldspar, 
resulting.in distinctive white-gray outcrops. The lower unit (Kc) was at a 
somewhat deeper level during the period of active faulting. The dominant type 
of alteration there was chloritization of hornblende and biotite, resulting 
in green-brown outcrops. 

Above, and in some places below, the altered rock there is a zone of 
unaltered, but highly fracture granodiorite (Ka) on the order of 400 meters 
thick. The boundary between chemically altered and fresh rock is irregular, 
but fairly sharp. 

The outer zone, as wall as the cores of the domes, is unaltered, 
"normally" fractured granodiorite (Kgr). (In the Peninsular Range this rock 
would be considered highly fractured, but in this highly faulted region it 
passes for normal.) The boundary between Ka and Kgr is generally gradational 
and often difficult to map. But, mapping of this contact, however imperfect, 
has helped delineate the doma.l structure of Whale Peak and Yaqui Ridge. 

Some of the fracturing may pre-date detachment faulting, some may be 
associated with doming, and some may be due to later faulting. The intense 
fracturing and hydrothermal alteration of units Kb and Kc, however, are 
clearly associated with the main detachment event. Based on offset of the 
Eocene erosion surface, the hydrothermal alteration could not have occurred 
much deeper than 1.2 kilometers. Chloritization indicates temperatures in 
excess of 300°c, but in the geothermal fields of Imperiai Valley chloritiz­
ation has occurred as shallow as 700 meters and at a temperature as low as 
230° c. 

Du.ring the detachment faulting pervasive fractures would have exposed 
a very large surface area to chemical alteration and greatly facilitated the 
movement of hot water. Each episode of faulting would have locally increased 
the pore water pressure by hydraulic pumping, leading to further fracturing. 
Rapid and widespread increases in pore water pressure by hydraulic pumping 
could lead to instantaneous failure in the main detachment faults. This may 
be the explanation for the thin microbreccia zones which cut through the 
larger zone of pervasively sheared, altered, and fractured rock. 

DOMING 

There are two large domes of granodiorite in the Vallecito Mountains. 
' 0 

Whale Peak dome is 8 Kilometers wide, 16 kilometers long, and trends N60 to 
70° W. Yaqui Ridge dome, with its presumed extension, the northeast Vallecito 
Mountains, is up to 11 kilometers wide, at least 24 kilometers long, and 
trends N35° to 70° W. (The Santa Rosa Mountains dome on the other side of 
Borrego Valley is considerably larger -- approximately 30 by 95 kilometers. 
Preliminary work indicates that it is strongly asymmetrical with the east side 
dipping about 12°, and the west side about :,4°.) 

It is not immediately obvious that Whale Peak is a dome since both the 
core and the carapace are composed of granodiorite. Ex:cept on the lower 
flanks of the mountain the upper plate is entirely stripped away. Reconstuc­
tion of the detachment zone arching over Whale Peak was based on four types 
of evidence: satellite images, aerial photographs, topography, and outcrops. 
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No one line of evidence was sufficient to give a complete picture of the 
extent of the detachment zone, but together they are convincing. 

Not only is the Whale Peak dome difficult to detect, but it is somewhat 
hard to visualize "solid granite" folded into a dome. Perhaps the simplest 
way is to consider an analogy with competent and incompetent strata in an 
anticlinal arch over the top of a rising block of crystalline rock. The core 
of the dome consists of fault bounded, wedge-shaped blocks of granodiorite 
(Kgr). Progressively greater uplift of slices of granodiorite toward the 
apex roughly define the shape of the dome. The faults between slices strike 
northeast and dip steeply. These faults may pre-date the detachment, doming, 
and strike slip faulting, but have been reactivated. 

The first layer of "sediment" over the core is a zone of highly frac­
tured granodiorite (Ka). This unit is analogous to a thick, brittle quartz­
ite bed. Many of the closely spaced fractures are steeply dipping and may be 
cleavage parallel to the axis of the dome. Bending of this unit was accom­
modated by a small amount of slipping .on each ·or the very numerous joints. A 
large part of the motion probably took place along joints parallel to the 
arch of the dome. Some of these joints exhibit a small amount of chloritiza­
tion and incipient slickensides. 

The next higher layer, hydrothermally altered granodiorite (Kc), is 
analogous to a weak shale layer. Bending was easily accommodated by the 
innumerable planes of weakness between grains and along anastomosing frac­
tures. The highest layer exposed on Whale Peak is that portion of highly 
fractured granodiorite (Ka) which occurs above the altered Kc unit. This 
unit is very extensive around the flanks of Whale Peak. 

The uppermost layer of the Whale Peak dome is "normally" fractured 
granodiorite (Kgr) similar to that in the core. Around Whale Peak Kgr on the 
upper plate is found only away from the flanks of the mountain. In the north­
eastern Vallecito Mountains, where more of the structurally high part of the 
Yaqui Ridge dome is preserved, Kgr is common in the upper plate. In some 
places Kgr is cut by narrow zones of more highly fractured rock (Ka), 
generally near steeply dipping faults. 

The core of the Yaqui Ridge dome extenss for 1.2 kilometers southeast 
of Highway 78 where it plunges under upper plate rocks. Mapping clearly 
indicates that the dome extends for at least 2.4 kilometers farther to the 
southeast, and probably merges with the broader, less well defined domal 
structure of the northeast Vallecito Mountains. 

Section B-B', just east of the end of the core, shows three zones of 
granodiorite in the upper plate above the core-: 500 meters of hydrother­
mally altered granodiorite next to the core, 370 meters of highly fractured 
granodiorite, and a minimum of normally fractured granodiorite above that. 

The domal structure of the northeast Vallecito Mountains, farther east, 
is much broader and gentler. The exposed portion is 10.6 kilometers wide. 
Limited evidence indicates that the flanks dip 8°, increasing to 23°on the 
south side and 10°, increasing to 33° on the north side. The lowest zone of 
the upper plate, hydrothermally altered rock, is not exposed, but is assumed 
to be at a depth of roughly 400 meters. 

Yaqui Ridge and the northern side of the northeast Vallecito Mountains 
appear to be affected by the Coyote Creek fault; probably not so much by 
lateral shear, but by relief of pressure. Under a regime of right lateral 
shear the triangular Borrego basin pulled away from the Coyote Creek fault, 
allowing subsidence, erosion, and tectonic denudation into that basin to 
occur. 
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Proceeding from west to east along the south side of Borrego basin the 
style of deformation exposed at the surface changes. At Yaqui Ridge erosion 
and tectonic denudation have progressed the farthest, completely exposing the 
core. The saarp up-arching of the core is probably due to a combination of 
isostatic rebound, erosion near San Felipe Creek, motion on the San Felipe 
fault, and reduction of lateral pressure toward the basin. The upper plate 
has slid into the basin and only fanglomerate is in contact with the core 
(Locality F). 

Farther east, between San Felipe Creek and Harper Canyon, slices of 
upper plate granodiorite have slid down the detachment fault and wedged up 
lacustrine Borrego(?) formation and Ocotillo (?) fanglomerate. Dips range 
from 60° to 75° north.(Locality G). Two kilometers farther southeast, 1½ 
kilometers in from the mouth of Harper Canyon, lacustrine claystone and 
sandstone are 32° to 55° north. 

East of Harper Canyon a series of upper plate slices have dropped 
stair-step fashion down the detachment fault into the basin. Very likely 
these blocks have also folded lacustrine sediments, now covered by recent 
alluvium and older terrace deposits. As alluvial fill accumulated to the north 
it may have buttressed the sliding blocks, preventing further motion. The 
terrace deposits at the base of the mountains are not visibly disturbed by 
folding or faulting. 

F YAQUI 
RIDGE 

Figure 5. Localities along the north side 
of the Vallecito Mountains ill­
ustrating various styles of 
deformation. 
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Three hypothesis for formation of these domes were considered. One idea 
is that the domes are formed by movement on nested, anastomosing, lens-shaped 
shear zones. Hamilton likens this structure to a pile of fish slithering apart 
under the influence of gravity. In the detachment terrain adjacent to the 
Peninsular Range, Frost has coined the term "ball and socket" to describe the 
structures which result when one fish is pulled out of the pile. Or the 
detachment surface may actually consist of separate faults on opposite sides 
of each mountain, only giving the appearance of converging over the tops of 
apparent domes. 

The hypothesis favored here is that Whale Peak, Yaqui Ridge, and the 
Santa Rosa Mountains are domes formed largely by by decompression folding of 
a previously more or less planar surface. It is assumed that the Whale Peak -
Yaqui Ridge detachment terrane was originally adjacent to the deepest part 
of the Salton Trough and that this terrane has been pulled away from the 
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trough by strike slip faulting. Once tectonic denudation by detachment faulting 
ceased, normal erosion would have proceeded to strip highly fractured rock from 

the upper plate. The former detachment terrane would then be subject to two 
simultaneous and related processes: isostatic uplift and decopression folding. 

Lateral pressure is not necessary to create decompression folds. All 
that is necessary is for the vertical force to be reduced by removal of over­
lying material. In decompression folding there is no actual lateral shortening 
across the area. Instead anticlinal forms are created by volumetric increase 

or "bulking-up" of the rock. 
Both isostatic uplift and decompression folds would be expected in the 

transition region between the scarp of the Peninsular Range and the Salton 
Trough because here there is rapid removal of load by erosion. The present 
configuration of the Whale Peak and Yaqui Ridge domes is considered to be the 
summation of uplift due to isostatic rebound and decompression folding, prob­
ably modified by shearing between parallel strike slip faults. And, too, the 
original shape of the domes may be based, in part, on lens shaped shear zones 
from a deeper crustal level. 

Although much work remains to be done, mapping to date appears to indic­
ate that the detachment faulting in the Vallecito Mountains and vacinity fits 

the warped detachment fault model de~eloped by Lister and .Davis. According to 

this model, as erosion and tectonic unloading remove overburden, the initial 
detachment surface is warped up, flattened, and becomes inactive. Active 
faulting is transferred to successively younger and steeper detachment surfaces. 
Ultimately the oldest detachment fault ends up on the back side of a dome, 

dipping in the opposite direction. 
In the Vallecito Mountains the highest, flattest, and presumably oldest 

detachment surface dips 6° to 12°.The main detachment on the north side of 
Whale Peak dips about 20°. This fault appears to be cut by a younger surface 

dipping 50°. The scatter,ed exposures of mylonitic rock around Plum Canyon and 
Mine Canyon at the west ·end of the mapped area may be part of the upper, tail 
end of the mylonite zone.which is more fully developed at Yaqui Ridge. 

Multipk cletachm<trrt faults 

Figure 6. Model of the development of a metamorphic core complex 
showing upward bowing of the lower plate as a result of 
unloading. (from Lister and Davis) 

SEDIMENTARY RECORD 

The lack of marker horizons in the granodiorite means that the inform­
ation provided by sediments on the margins of the range assumes a critical 
role in interpreting the geological history. The type of clasts in each 
sedimentary unit provides a clue as to what was eroding from the mountains 
at the time of deposition. And the amount of deformation of the sediments 

gives a much more accurate indication of the amount and direction of movement 

than can be obtained from the deformed granitic rock. 
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Braided Stream Deposits 
The oldest sediments in the Vallecito Mountains are river sands and 

gravels of possible Eocene age. Most of the material is clayey, arkosic sand 
with lenses of well rounded "Poway" type cobbles. The very distictive and 
durable "Poway" clasts are red, purple, or gray rhyolite with 50 to 70 per­
cent feldspar phenocrysts. Andesite and quartzite are also common. Since only 
about JO percent of the clasts are of the "Poway" type, these deposits may 
have been reworked from older Eocene deposits. If so, they would be younger 
than the original sediment. In either case, they are not derived from a local 
source in the Vallecito Mountains. Their original source was probably far to 
the east in Sonora, before formation of tho Salton Trough. 

Stream gravels with "Poway" type clasts were mapped and described by 
Abbott, Kies, and Kerr near McCain Spring and by Kerr near the gypsum mine. 
My mapping delineates scattered outcrops of similar gravels along a linear 
trend for 20 kilometers across the Vallecito Mountains. A 110 meter section 
(Locality I)(Figure 7) near Mine Canyon is by far the best exposure of 
these gravels. 
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Figure 7. Braided stream gravels 1 kilometer southeast 
of Mine Canyon. 

Gnl!!tiss Braccia 
The next to oldest sedimentary rocks on the margins of Whale Peak may 

be the Neogene gravels mapped by Abbott near McCain Spring. All of the clasts 
are angular fragments of quartzofeldspathic gneiss which weather to an 
orange-brown color. The few clear exposures appear to indicate that the unit 
is a tectonic breccia, not a sediment. 

Patches of gneiss breccia are scattered along the slopes of Fish Creek 
Wash for a distance of 7 kilometers, with most concentrated east of McCain 
Spring. There is another isolated exposure on the upper plate of a detach-
ment fault at the head of Plum Canyon. The nearest bedrock exposure of similar 
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gneiss is on the southern flank of Granite Mountain (west of Blair Valley). 
The distance between this possible source area and the remaining outcrops of 
gneiss breccia is approximatel 15 kilometers, measured parallel to the 
Elsinore fault. This corresponds closely to the 14 kilometers of estimated 
cumulative offset on various stran1s of the Elsinore fault. 

Based upon this postulated offset and the fact that the breccia appears 
to have been faulted and tilted the same amount as the Eocene(?) gravels, 
the gneiss breccia may be appreciably older than most of the sedimentary 
apron around the range. Possibly it is equivalent to the megabreccia in the 
Fish Creek basin. It may have been derived from the scarp of the Laguna 
Mountains shortly after initiation of detachment faulting, certainly after 
deposition of the braided stream gravels, and before any appreciable lateral 
offset on the Elsinore Fault. 

Vallecito-Fish Creek Basin 

Figure 8. Postulated 
reconstruction at 
time of deposition 
of gneiss breccia 
and braided stream 
gravels in half 
graben. 

The Vallecito-Fish Creek basin southeast of the Vallecito Mountains is 
not part of the study area, but its history is closely related to the form­
ation of the range. It seems likely that the basin was formed behind the Fish 
Creek Mountains as they slid down a detachment fault into the Salton Trough. 
The detachment surface presumed to be below the basin may be the same one 
believed to be under the northeast Vallecito Mountain block. However, for 
much of the time their geologic history has been different. 

Assuming that the braided stream deposits southwest of the gypsum mine 
and those near McCain Spring are equivalent and were deposited along the same 
linear trend, the following scenario is proposed: During an early stage of 
opening of the Salton Trough, before appreciable uplift or detachment fault­
ing, a stream flowing fro~ the east deposited exotic clasts in a shallow 
half graben (or grabens) at the western edge of the hanging wall. Presum­
ably there was a continuous stream course along or near the base of the 
scarp for a distance of at least 20 kilometers. 

From this point in time foreward the northeast Vallecito Mountain block 
and the Fish Creek block developed differently. While the northeast Vallecito 
Mountains slid essentially unbrokerl down the detachment fault, the Fish Creek 
block broke up into a series of upper plate blocks which followed each other 
down the detachment surfaee. As the Fish Creek block(s) tilted and moved into 
the trough it(they) shed coarse alluvial fans into the basin to the southwest. 
At some point, very likely during a major earthquake, when the mountains were 
still high, a rockslide desended into the basin. This unit, with clasts 
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entirely of granodiorite, is the lower megabreccia seen at Split Mountain. 
Based on clast type, this megabreccia may be from the Vallecito Mountains 
rather than the Fish Creek Mountains. 

During a period of restricted circulation, in the Pliocene, gypsum was 
precipitated on the basement~ alluvial fans, and the lower megabreccia. As the 
embayment deepened, chemical precipitation ceased and locally derived turbid­
ites formed. These turbidites are capped by another rockslide, the upper 
megabreccia, which contains clasts of both igneous and metamorphic rocks 
probably derived from the Fish Creek Mountains. 

This rockslide is followed by an orderly progression of fine grained 
Pliocene strata showing a transition from Colorado River-derived turbidites 
up through prodeltaic, delta-front, tidal flat, delta plain, and finally 
basin margin alluvium. 

With the ceasation of detachment faulting, both the northeast Vallecito 
Mountain block and the Fish Creek block rebounded isostatically, but in a 
different way and at a different rate. The northeast Vallecito Mountain 
block arched into a shallow dome and rose isostatically like Whale Peak and 
Yaqui Ridge. Traces of this arch are preserved as tilted braided stream 
deposits and possible high level erosion surfaces. This arching presumably 
sta~ed shortly after detachment since it appears that the amount of erosion 
of overburden has been minimumal. Except for some gneiss breccia on top of the 
braided stream gravels and fanglomerate near Harper Canyon there is little 
evidence of former sedimentary cover. 

The Fish Creek block, on the other hand, appears to have risen rapidly 
due to the rapid rate of erosion of its soft sedimentary cover. Some arching 
probably occurred, but is difficult to detect because of movement on faults 
and rapid erosion of sediments. 

Canebrake Conglomerate and Palm Spring Formation 
The north, east, and south sides of Whale Peak and the north side of 

the northeast Vallecito Mountains are flanked by an apron of fan deposits 
comprised of material eroded from the domes. The oldest fan deposits are the 
Canebreak conglomerate and its lateral equivalent the Palm Spring format1on. 
Immediately adjacent to the mountain front the clasts of the Canebreak are 
angular, range in size from cobbles to very large boulders, with a small 
amount of fine matrix. 

• Away from the mountain front the size and percentage of gravel clasts 
decreases rapidly. At approximately 2 kilometers the fan sediments are pre­
dominately sandstone with occasional lenses of gravel. At the mouth of Sand­
stone Canyon, 5.3 kilometers from the mountain, the sandstone contains occ­
assional reddish brown playa deposits, but almost no gravel. 

In Sandstone Canyon the clasts in the lower portions of both the Palm 
Spring formation and the Canebreak conglomerate are up to 50 percent meta­
morphic rocks. These probably represent either initiaL.stripping of the 
metamorphic cover from the dome or transport over the site of the dome 
before it formed. Up section the percentage of metamorphic rocks rapidly 
decreases to zero and the percentage of granodiorite clasts increases to 100 
percent. Where bedrock includes a greater amount of metamorphic rock, such 
as near Mine Canyon, the conglomerate has a much greater percentage of 
metamorphic clasts. Farther west, at the head of Lizard Canyon, the fanglom­
erate is composed largely of schist fra'gments. 

Where exposures are good, at the east end of Whale Peak and the north 
side of Yaqui Ridge, it appears that the Canebreak conglomerate is in fault 
contact with a detachment surface. As the domes continued to grow, they 

104 



apparently pushed up through the debris apron. Or seen another way, the 
fanglomerate slid off the domes. 

Right Lateral Faults 

FAULTING, ROTATION, AND FOLDING 
SUBSEQUENT TO DETACHMENT FAULTING 

During most of the history of the formation of the Salton Trough it was 
widened by detachment and high angle normal faulting along its margins. But 
as the peninsula of Baja California rotated away from the mainland and 
commenced its northward motion, normal faulting decreased and strike slip 
faulting became dominant. As the Peninsular Range impinged against the 
Transverse Ranges it simultaneously slid past and rotated against the North 
American block. With the constant combination of rotation and northward 
pressure the area undergoing maximum slip was transferred progressively 
westward. As each strike slip fault slice was retarded, a new strike slip 
fault develope farther west, and motion was in part transferred to the new 
fault. 

As the fault slices between the San Andreas, San Jacinto, Elsinore, and 
other strike slip faults moved to the northwest each slice and everything 
attached to it moved away from the Salton Trough. Each slice includes: a 
mountain block, sometimes a portion of the Eastern Peninsular Range Mylonite 
Zone (Sharp), detachment faults, and a small portion of the Salton Trough. 
The triangular shape of BorregovValley and of Clark Valley can be visualized 
as having been caused by the pulling of segments of the Salton Trough scarp 
back into the mountains. The steep mountain front on the west sides of these 
two valleys may be portions of the steep scarp which originally faced the 
trough. 

In the Vallecito Mountains the initial fault movement was probably 
entirely dip slip along detachment zones into the Salton Trough; but, once 
the area was pulled away from a position opposite the deep part of the trough 
detachment faulting could not continue. Then other tectonic forces -- strike 
slip faulting, isostatic uplift, and doming -- became dominant. 

The history of movement within the Elsinore fault zone near the Valle­
cito Mountains appears to reflect a general trend of transfer of strike slip 
movement from east to west. The original location of the Elsinore fault may 
have been the main detachment zone north of Whale Peak. It is not clear wheth­
er the detachment fault initially had a strike slip component or whether lat­
eral movement on the detachment surface represents a reactivation of the fault 
under a new stress regime. The original direction of motion was down to the 
north at an angle of about 23°. The new direction, marked by the plunge of 
striations, was up and to the west at an angle of 6°. 

The Whale Peak block appears to have temporarily remained attached to 
the Peninsular Range block and moved away from and out from under the north­
east Vallecito Mountain block for a distance of approximately 7 kilometers. 
The amount of movement is based largely on apparent displacement of similar 
fault scarps at the east end of Whale Peak and the east end of the nor.theast 
Vallecito Mountain block. Based on rather tenuous evidence, the northeast 
Vallecito Mountain block may have rotated as much as 27° counterclockwise 
during this movement. If it is back rotated 27° clockwise, the northeast 
trending faults in that block more or less line up with those in the Whale 
Peak block; and the Vallecio Mountain fault is parallel with the fault at the 

east end of Whale Peak. 
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Subsequently, lateral motion may have been transferred to a now inact­
ive strike slip fault at the west end of Whale Peak. This fault segment is an 
18 or 19 kilometer eastward extension of the still active Earthquake Valley 
fault. Exposure~ are poor, but this fault can be traced by offset canyons and 
a line of 13 or so small alluvial valleys. Motion on this segment ceased long 
enough ago that none of the smaller physiographic features commonly associated 
with recent strike slip movement remain, and a well developed soil does not 
appear to be displaced. 

All of the current strike slip motion on the south side of the Vallecito 
Mountains appears to be on the Elsinore and Earthquake Valley faults. Because 
the Elsinore is a relatively recently formed fault with limited displacement 
there does not yet appear to be a single, clean.break developed. Rather, the 
lateral motion is probably distributed along a nu.~ber of irregular fault 
surfaces, possibly including gently dipping detachment surfaces. 

The location of hypocenters of microearthquakes seems to indicate that 
the Elsinore fault has an important component of underthrusting (Magistrale). 
Presumably this is due entirely to the reactivation of a local pre-existing 
dipping surface rather than to any regional thrust component to the strike 
slip fault. At the southwestern corner of the Vallecito Mountains the Penin­
sular Range block may be wedging under the Vallecito block, possibly along a 
reactivated detachment surface, creating the ridge north of Highway S2, block­
ing the drainage from filair Valley and Little Blair Valley, and activating 
several very large bedrock landslides (Pinault, Hart). 

Left Lateral Faults 
A series of north to northeast trending faults are distributed across 

the Vallecito Mountains .and the adjacent Vallecito-Fish Creek basin. In the 
basin sediments, where the sense and amount of movement can be detected, these 
faults are left lateral and up on the west side. These short faults appear to 
be conjugate to the major right lateral faults bounding the range and basin. 
Most of the clockwise rotation caused by the right lateral torque is probably 
taken up by movement on these short, left lateral faults. The northeast trend­
ing faults may be an older set, rotated to an inactive position, and replaced 
by a slightly more recent north trending set. 

These same short, left lateral faults are also part of the mechanism 
involved in doming. West across the Fish Creek basin toward the northeast 
Vallecito Mountains dome each narrow fault block is slightly higher than the 
adjacent block to the east. Since the postulated, underlying detachment fault 
is not exposed, it is not clear whether these faults terminate at a warped 
detachment zone or cut that zone. Since northeast trending faults in the Whale 
Peak dome do not appear to cut the detachment fault, it would seem likely that 
under the basin sediments they terminate at the detachment. 

Vallecito Mountain Fault 
The Vallecito Mountain fault extends for approximately 8 kilometers 

along the east end of the northeast Vallecito Mountains. It is parallel to 
the northeast trending faults in the Fish Creek basin, but is longer and the 
sense of motion is different; that is, the east side is up. 

The Vallecito Mountain fault probably accomodates different rates of 
isostatic uplift and doming between the.northeast Vallecito Mountain block 
and the Fish Creek basin. Because of rapid erosion of soft sediments from the 
Fish Creek basin that block has been uplifted roughly 120 meters higher than 
the northeast Vallecito Mountain block. The break is not at the bedrock-
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sediment contact, but a short distance to the west. A½ to 1½ kilometer wide ~or· granodiorite has been lifted with the basin sediments. The grano­diorite in the wedge is banded and might be part of the lower plate. For a distance of 8 kilometers along both sides and within the Vallecito Mountain fault zone there are fossiliferous basin margin fanglomerate and basin sandstone, mudstone, and claystone of the Imperial formation, lifted to a present elevation of 490 meters (1600 feet). Assuming a Pliocene sea level 90 meters higher than present, this would indicate a minimum uplift of 0.4 kilometer. 
A similar fault, trending N45 E, is located 1.7 kilometers southeast of the nose of the Whale Peak dome. This fault is not as well exposed as the Vallecito Mountain fault, but it appears to have a similar sense and amount of displacement. It is more or less parallel to anticlines and the contact between fanglomerate and sandstone on the basin margin. None of the faults within the Vallecito Mountains arer·known to cut recent alluvium, older alluvium, terrace deposits, or the Mesa conglomerate, indicating that the range must have achieved a state of balance between erosion and tectonic denudation on one hand and isostatic uplift and doming on the other. Furthermore, the range seems to be detached from the Peninsular Range and moving as a unit, without appreciable internal deformation between the Elsinore and the Coyote Creek faults. 
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Landslides in The Peninsular Ranges, 

Southern California 
MICHAEL W. HART 

Consultant, 10365 Banywood Way, San Diego, Calijomia 92131 

INTRODUCTION 

Many types of previously little-studied landslides including 

earthflows, wedge-slides, complex slides, and rock avalanches 

have occurred in the Peninsular Ranges of southern California. 

This fact is remarkable because, for the most part, the ranges are 

made up of crystalline rocks of the Peninsular Ranges Batholith 

with pre-batholithic and volcanic rocks underlying a much smaller 

area. In this study, four large landslides are described. Also 

presented are hypotheses accounting for their probable 

mechanisms of failure and runout. 

The Peninsular Ranges are northwest-southeast oriented 

structural blocks extending 200km from the Transverse Ranges on 

the north to the Mexican border and another 1250km to the tip of 

Baja California, Mexico. They are bounded on the east by the 

Imperial Valley and the Gulf of California and on the west by a 

gently sloping coastal plain underlain principally by Tertiary and 

Late Cretaceous marine and fluvial sediments. 

Figure 1. Location Map. (1) Tin Can Flat Landslide, 

(2) Vallecito Megabreccia, (3) Vallecito Land­

slide Complex, (4) Oak Mountain Landslide 

Major northwest trending active faults separate many of the 

individual structural blocks within the Peninsular Ranges. The 

Elsinore and related faults form a complex fault system that 

extends from the Santa Ana Mountains southward into Mexico_ 

The San Jacinto fault system extends from the Transverse Ranges 

on the north, crosses the Peninsular Ranges towards the south and 

extends southeasterly into the Colorado Desert and Mexico 

(Fig. 1). Additionally, recent studies by Eric Frost (personal 

communication; Schultejann, 1984; and Engel and Schultejann 

1984) indicate that in addition to major right-lateral strike slip 

movement along the Elsinore and San Jacinto fault zones, Miocene 

detachment faulting has occurred as a result of east-west extension 

in the extreme easterly part of the Peninsular Ranges. These 

faults dip 5 to 45 degrees northeast and separate a lower core of 

gneissic Late Cretaceous granodiorite and Jurassic metasediment­

ary rocks from unconsolidated, unmetamorphosed megabreccia of 

Eocene to Miocene-age (Schultejann, 1984). 

In many areas, the presence of faults and the highly fractured 

and jointed rocks associated with the wide fault zones have created 

conditions conducive to landsliding. The four landslides discussed 

in this paper; the Tin Can Flat Landslide, Vallecito Megabreccia, 

Vallecito Landslide Complex, and the Oak Mountain Landslide are 

all situated adjacent to faults that likely played an important role 

in the landsliding process. 

THE TIN CAN FLAT LANDSLIDE 
introduction 

The Tin Can Flat Landslide, named after a prominent 

topographic bench located near the head of the landslide, is the 

largest of many similar landslides that occur on the southern 

slopes of the Palomar Mountains in San Diego County, California 

(Figs. 1 and 2). These landslides were first recognized by the 

California Division of Mines and Geology and appeared on a geo­

logic map of San Diego County compiled by Weber (1963). 

However, no details of the landslides were discussed in the text of 

his report. 

The Palomar Mountains, and the contiguous Agua Tibia 

Mountains to the northwest, are an approximately 30km long, 

rectangular fault block bounded by the Elsinore Fault on the south 

and the Aguanga Fault on the north. This block is made up 

principally of Cretaceous plutonic rocks of the Peninsular Ranges 

Batholith. Pre-batholithic rocks, chiefly Julian Schist, locally 

form large roof pendants and near the Tin Can Flat Landslide 

make up the principal rock type at the head of the landslide. The 

lower part of the slide mass consists primarily of weakly-foliated 

tonalite. 
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Figure 2. The Tin Can Flat Landslide. Pauma Creek at left edge of photo; Jaybird Creek center; Harrison Cyn., right 
center; Sycamore Cyn, right edge of photo. Tin Can Flat lies at base of scarp at upper center. Landslide toe 
lies just beyond bottom edge of photo. 

Slide Geometry and Morphology 
The Tin Can Flat Landslide is approximately 3km long, 3km 

wide, and up to 150m thick. The southern distal edge of the 
landslide is partially buried by fanglomerates emanating primarily 
from Harrison Canyon (Fig. 2). The northern part of the distal 
edge of the slide, however, is well exposed along the banks of 
Pauma Creek and several of its minor tributaries. Erosion along 
one of these tributaries has exposed the slip surface and overlying 
breccia shear zones (Fig. 3, Pt. 1). The eastern limit of the 
landslide where it lies in contact with plutonic rocks, is not well­
exposed. However, aerial photographs that predate the present 
orchards, show low lateral and distal pressure ridges that represent 
the limits of landsliding. 

The arcuate headscarp above Tin Can Flat is well preserved 
and not heavily modified by erosion. This is in contrast to the 
highly eroded southern portion of the scarp at the head of 
Harrison and Sycamore Canyons. 
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The slide surface is characterized by topographic benches that 
step down toward the southwest, and probably represent the heads 
of small, secondary landslides. Three major canyons dissect the 
landslide; Jaybird Creek, Harrison, and Sycamore Canyons 
(Fig. 2). Harrison and Sycamore Canyons cut completely through 
the landslide and provide good exposures of its lithology, 
structure, basal rupture zone, and substrate. 

Composition, Structure and Contact Relationships 
The headscarp above Tin Can Flat is underlain by well-foliated 

pre-batholithic schist and gneiss. Foliation planes strike nearly 
parallel to the general trend of the scarp and dip 55° to 85° to the 
southwest. Gneissic rocks form the highly dissected scarp area 
south of Tin Can Flat. 

Exposures along Nate Harrison Grade and in Harrison and 
Sycamore Canyons reveal the structure and composition of the 
landslide mass. In the upper part of Harrison Canyon below Tin 
Can Flat the steep, southwesterly dipping slip surface is exposed 
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Figure 3. Geologic Map of Tin Can Flat Landslide 
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SECTION A-A' THE TIN CAN FLAT LANDSLIDE 

LEGEND 

Qsw I _____ Slopewash 1
-1· ,.k r-?- I =~ -:-,-•-~------Tonalite 

/// ~/ 
~,_P_K_~/ ______ Schist, well-foliated 

LANDSLIDE DEBRIS 

~I ____ Tonalite, massive highly fractured, with basal slip surface 

1~~%1_ _____ Tonalite and Schist, thoroughly comminuted and 
flow-banded with basal flow-banded mudstone. 

-..... 
.... ._ ______ Elsinore Fault 

Figure 4. Section A-A', Tin Can Flat Landslide (see Fig. 3 for location of section) 

near the base of a wide zone of sheared and crushed rock (Fig. 3, 
Pt. 2). Relatively unfractured, poorly-foliated, gneissic tonalite 
occurs below the shear zone and in hand-specimen appears 
identical in composition to the tonalite located above the shear 
zone. 

Most of the distal slide mass is composed of thoroughly sheared 
and crushed granitic and metamorphic rocks that display flow­
banding and slip surfaces within clayey gouge zones. The contact 
between the fractured but relatively intact-looking rock mass that 
makes up the eastern part of the slide and the completely 
comminuted western part is not exposed, but is probably 
gradational as depicted on Fig. 4. 

The base of the western portion of the slide is well-exposed in 
the 15m to 20m high, vertical stream cuts of Harrison and 
Sycamore Canyons (Fig. 3, Pt. 3). Here the slide debris, 
consisting of thoroughly sheared or comminuted, flow-banded 
materials with fragments generally less than a few millimeters in 
size is in gradational contact with an approximately lm thick, 
moderately well-cemented, crudely-stratified and deformed, dark 
brown to grey, flow-banded mudstone. The mudstone is, in turn, 
underlain by fanglomerate consisting of well-rounded, granitic and 
metamorphic cobbles and boulders in a well-sorted matrix of 
medium- to coarse-grained sand. Contact relationships between 
the fanglomerate and slide debris indicate a minimum runout onto 
a preexisting alluvial fan of approximately 1700m (Fig. 4). The 

contact between the slide breccia and mudstone is sharp but no 
slip surface is present. 

In Harrison Canyon a elastic dike (Fig. 5) extends approxi­
mately 2m upward from the mudstone unit into the slide breccia. 
Similar elastic dikes have been reported in the Blackhawk 
Landslide by Johnson (1978) and in the Vallecito Megabreccia 
described later. 

Mechanics of Failure and Runout 
The mode of failure and mechanics of runout are of two of the 

most interesting aspects of landsliding. To determine the mech­
anics of failure, one must know the basal rupture surface and slide 
mass characteristics, geometry, and something of the landslide's 
erosional history. For example, the contrast between the well­
preserved headscarp above the Tin Can Flat and the nearly 
obliterated portion of the headscarp to the southeast of Tin Can 
Flat suggests that there may have been at least two episodes of 
sliding separated by a sufficient amount of time to nearly erase the 
oldest headscarp. However, the stratigraphy of the slide debris on 
the west side of the canyon is identical to that on the east. Also, 
the basal rupture zone lies about the same elevation on the west 
and east sides of the canyon. It, thus, seems more likely that the 
landslide occurred as a single event, but that various components 
of the slide have been subject to differing rates of erosion. 
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Figure 5. Base of Tin Can Flat Landslide in Harrison Cyn. A = Comminuted landslide debris; B = Basal 

mudstone, arrow points to elastic dike approximately lm in length; C = Fanglomerate. 

The presence of a steep shear zone between fractured blocks of 

slide debris and in-place gneiss at the head of the slide and the 

broad topographic bench at Tin Can Flat suggest slumping as a 

mode of failure. Such failure was, therefore, probably initiated 

along foliation planes or along a possible continuation of the 

Elsinore Fault that has been mapped to the western edge of the 

landslide (Vaughan, 1987). The presence of flow-banded and 

comminuted rock in the western three-quarters of the slide and a 

long runout distance of 1700±m over fanglomerate suggests a 

rock-avalanche mode of failure. Most rock-avalanches, of which 

the author is aware, however, are completely detached from their 

source area and have travelled great distances relative to their drop 

height over nearly horizontal terrain. The ratio of height drop to 

length of runout (H/L) is a commonly used measure to determine 

if a landslide has excessive runout length and whether or not it can 

be classified as a "classic" rock-avalanche. Rock-avalanches 

generally have H/L ratios of less than 0.5 (Melosh, 1987). The 
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Tin Can Flat Landslide has a H/L ratio of approximately 0.24, a 

ratio that could qualify it as a long runout rock-avalanche. 

The above observations suggest a hybrid mechanism of failure; 

namely, slumping at the head of the slide followed by a rapid 

runout of the slide debris on a pressurized mud-slurry represented 

in outcrop today by the flow-banded mudstone in Harrison 

Canyon. The elastic dike at this location is evidence of the 

depressurization of the mud-slurry after the avalanche came 

to rest. 

THE V ALLECITO MEGABRECCIA 

(A POSSIBLE LONG RUNOUT LANDSLIDE) 
Introduction 

The Vallecito Megabreccia is located approximately 2.5km 

southeast of the Vallecito Mountains, a series of 1600m high, 

tonalite peaks (Todd, 1977) that form the northern boundary of the 

Vallecito-Carrizo Badlands of Anza-Borrego Desert State Park 

(Fig. 1). The megabreccia, consisting of tonalite blocks, occurs 
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Figure 6. Geologic Map ofVallecito Megabreccia 

within the lower member of the Palm Spring Formation, an 
approximately 3000m-thick sequence of Middle Pleistocene folded 
and faulted fluvial and lacustrine sediments (Woodard, 1963). In 
the Vallecito area these sediments lap onto the basement rocks 
along the northern and western edge of the basin. To the south 
and east, the Palm Spring sediments extend into the Imperial 
Valley and the Salton Trough. The Palm Spring Formation is 
overlain by and interstratified with the Pleistocene Canebrake 
Conglomerate, a massive, coarse, well-rounded boulder and 
cobble fanglomerate (Woodard, 1963). 

Compared to other previously described megabreccia deposits 
(Kreiger, 1977; Yarnold and Lombard, 1989) interbedded in 
Cenozoic sedimentary rocks of the southwest, the Vallecito 
Megabreccia is unimpressive both in thickness and extent. How­
ever, its significance lies chiefly in that its structure and 
stratigraphy indicate a unique mode of failure first suggested by 
Johnson (1978) for the Blackhawk Slide located on the northern 
slopes of the San Bernardino Mountains. 
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Other megabreccias occur in lower Neogene sediments of the 
Fish Creek Mountains located approximately 15km to the east of 
the Vallecito Megabreccia (Robinson and Threet, 1974) and (Kerr, 
1984). These landslide deposits are much thicker and have a 
greater areal extent than the Vallecito Megabreccia. The clast 
composition also differs markedly in that it consists of rounded 
granitic and metamorphic clasts supported throughout the section 
by a clayey matrix. Thus, their structure and stratigraphy suggest 
a much different mechanism of emplacement than that proposed 
for the Vallecito Megabreccia. 

Slide Bl,ock Geometry 
The Vallecito Megabreccia is well-exposed on the dip slope of 

a 160m-high cuesta near Sandstone Canyon, a major stream course 
that cuts through the breccia unit (Fig. 6). The breccia outcrop is 
presently 1.5km wide; however, a tonalite talus deposit exposed 
on the southern slope of the cuesta, beyond the current edge of the 
breccia unit, indicates that the megabreccia once extended at least 
500m to 600m further to the southwest. 



Figure 7. Crackle-breccia facies near upper Sandstone Cyn. Largest blocks are approximately lm in greatest dimension. 

The breccia averages 30m to 40m thick over most of outcrop 

length and thins over a distance of a few hundred meters to less 

than lm at its northern edge. The nearly constant thickness and 

planar upper and lower contacts with fine-grained sediments of the 

Palm Spring Formation indicate than the Vallecito Megabreccia is 

essentially tabular-shaped body. 

The breccia's presently exposed distal edge lies approximately 

2km southeast of its inferred buried contact with tonalite basement 

rock of the Vallecito Mountains, the closest possible source of 

tonalite blocks that make up the breccia sheet. It is not known 

how much further the megabreccia may have travelled from its 

source area since erosion has removed any indication of its former 

presence to the southeast. Yarnold and Lombard (1989), 

however, developed a facies model for similar rock-avalanche 

deposits that presented characteristics of the proximal, medial, and 

distal edges of megabreccia deposits that are of use in determining 

where a particular outcrop might lie in relation to those positions 

on the slide. Their model for the distal zone indicated that 

deformation of the fine-grained sediments is generally intense 

immediately beneath the rock-avalanche/substrate interface, that 

the breccia sheet is relatively thick, and that there is a well­

developed basal disrupted zone with abundant matrix-rich breccia 

and laterally extensive slip surfaces. Clastic dikes are reported to 

be characteristic of both the medial and distal zones. Because the 

Vallecito Megabreccia displays all the above characteristics except 

extensive deformation of the substrate, it is believed that the 

presently exposed distal edge of the deposit lies somewhere 

between the original medial and distal zones. 

To approximate of the original volume of the rock-avalanche, 

the maximum observed dimensions previously discussed were 

reduced somewhat arbitrarily to account for the gradual thinning 

and narrowing of the breccia unit that most likely occurs toward 

its source area in the Vallecito Mountains. Assuming an average 

thickness of 20m, width of 1000m and length of 2500m, the 

volume of the Vallecito Megabreccia is estimated to have 

been 50x106m3• 
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Figure 8. BaseofVallecito Megabreccia,Sandstone Cyn.; A= matrix-rich facies; B = mudstonefacies; C = sandstone 
of Palm Spring Fm. Arrow points to flame structures, elastic dike to left of hammer. 

Megabreccia Structure and Stratigraphy 
The Vallecito Megabreccia, as exposed in its most distal part, 

is essentially a two-layer system. Each layer is approximately 
15m to 20m thick and is subdivided into two sublayers or facies 
members. The upper layer consists of a thin cap of boulders 
(upper facies) underlain by angular clasts separated by little or no 
matrix (crackle and jigsaw breccia facies of Yamold and 
Lombard, 1989). The lower layer consists of an upper matrix-rich 
facies underlain by a thin basal mudstone facies. 

The boulders exposed on the megabreccia surface are well­
rounded and generally large, some attaining 5m to 8m in diameter. 
The rounding probably began immediately after the avalanche 
event by exfoliation and continued more recently after exhumation 
of the avalanche's surface by erosion. All internal clasts of both 

the upper and lower layers are angular and show no evidence of 
weathering or rounding. 

In Sandstone Canyon, the crackle-breccia facies that makes up 
the bulk of the upper layer consists of shattered rock resembling 
undisturbed basement outcrops and angular pebble- to boulder­
sized blocks fitting tightly together with little no matrix (Fig. 7). 

The matrix-rich facies of the lower layer is separated from the 
upper clast-supported layer by a 5±m thick contorted zone of 
flow-banded breccia. There is a wide range of both clast size and 
percentage of matrix within this facies of the deposit. In general, 
the matrix makes up approximately 50 to 90 percent of the 
deposit, and the angular clasts vary in size from approximately lm 
to a few centimeters. At least 80 percent of the clasts, however, 
are cobble- to pebble- sized. The matrix in the lower half of the 
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Figure 9. Clastic dikes in Sandstone Cyn. (arrow above rock hammer). A = matrix-rich facies; B = mudstone facies; 

C = Sandstone of Palm Spring Fm. 

megabreccia is made up of rock flour and sand- to grit-sized 

material similar to that of the upper half present in the deposit. 

The basal mudstone facies is approximately 0.5m thick and has 

a gradational contact with the overlying matrix-rich facies. The 

mudstone exhibits crude flow-banding that is generally parallel to 

bedding of the Palm Spring Formation. The mudstone also 

exhibits flame structures that indicate a southeast direction of 

transport (Fig. 8). Less than 10 percent of the mudstone volume 

consists of rounded pebbles and gravel derived from the under­

lying pebbly sandstone of the Palm Spring Formation and angular, 

cobble-sized clasts of tonalite. 

There are four elastic dikes in Sandstone Canyon that extend 

upward from the top of the mudstone in a branching, lightning­

bolt-like pattern 2.5m to 5m into the overlying breccia facies 

(Fig. 9). Similar features have been observed in the Blackhawk 
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Slide (Johnson, 1978) and in other large rock-avalanches in the 

southwest, described by Yamold and Lombard (1989) and Kreiger 

(1977). 

Contact Relationships 

The base of the megabreccia is well exposed for almost its 

entire outcrop width below the top of the cuesta and in Sandstone 

Canyon. Typically, one or more subparallel slip surfaces form the 

contact between the breccia and the underlying deformed basal 

mudstone. Southwest of Sandstone Canyon and near the top of the 

cuesta, the slip surface is exceptionally well-developed and 

exhibits striae that are oriented in a northwest-southeast direction. 

In Sandstone Canyon, the contact between the basal mudstone and 

Diablo member of the Palm Spring Formation is gradational. 

Well-developed bedding within the pebble conglomerate and 



medium-grained sandstone is essentially parallel with flow-banding 
in the mudstone and slip surfaces. Folding of the substrate 
sediments described by Yarnold and Lombard (1989) as being 
typical of the distal part of other large rock avalanches was not 
observed. 

Origin and Mode of Emplacement 
Todd (1977) first mapped the tonalite breccia as an allocthonous 

block lying in thrust fault contact with sandstones of the Palm 
Spring Formation. Todd also indicated that the deposits may be 
of landslide origin. The conformable nature of the contact 
between the breccia and underlying sandstone northeast of 
Sandstone Canyon, the generally matrix-supported nature of the 
lower part of the breccia unit, and its slab-like form and 
disconformable relationship to overlying sandstone of the Palm 
Spring Formation all indicate that the Vallecito Megabreccia was 
not emplaced by thrust faulting but rather by some type of land­
sliding process. The nearest source oftonalite lies in the Vallecito 
Mountains approximately 2.5km to the northwest of the distal edge 
of the megabreccia unit. Steep, deeply incised canyons along the 
southeastern flank of the mountain front reveal an. intensely jointed 
rock mass with closely-spaced joint planes dipping parallel to the 
mountain slope. Remnant megabreccia deposits exposed at an 
elevation of approximately 1160m on the southeast flank of the 
Vallecito Mountains are further evidence that the landsliding that 
produced the Vallecito megabreccia originated in this area. 

Landslides that have had excessive travel distance or runout, 
such as the Blackhawk, Elm and Saidmarreh landslides (Voight 
and Pariseau, 1978; Hsu, 1975) as well as older Late Cenozoic 
landslides described by Yarnold and Lombard (1989) and Kreiger 
(1977) all have a characteristically low H/L ratio. These types of 
landslides have seemingly travelled far greater distances from the 
source areas than normal frictional resistance would allow. The 
Blackhawk Landslide, for instance, travelled over 7km from the 
base of the mountain source area (Shreve, 1968a; Johnson, 1978). 
Excessive travel distance requires very low shear resistance 
between the sliding materials and the base over which it is 
travelling. It is probable that the Vallecito Megabreccia travelled 
a distance (L) of at least 3.5km as measured from the upper edge 
of the landslide (megabreccia) remnant at an elevation of 1160m 
in the Vallecito Mountains (Fig. 6 and 10d). The total vertical 
drop (H) is more difficult to determine because of folding and 
faulting of the breccia unit and erosion that has removed evidence 
of the slide scarp and distal edge. However, it seems reasonable 
to assign the upper limit of the scarp to the top of a 1460m-high 
ridge that forms the eastern flank of the Vallecito Mountains. 
This ridge is approximately 250m higher than the elevation of the 
megabreccia remnant exposed south of the ridge (Fig. 6). If the 
Palm Spring Formation is unfolded, then the original elevation of 
the distal edge of the breccia unit may have terminated at an 
approximate elevation of 350m. H/L is then equal to approxi­
mately 0.32, a value comparable to that reported for long runout 

rock-avalanches such as the Elm Landslide of Switzerland (0.26), 
and the Frank, Alberta Landslide (0.28). Exceptionally long 
runout slides such as the Blackhawk, Saidmarreh, and El Capitan 
Landslides have H/L ratios of0.13, 0.10 and 0.19, respectively 
(Kreiger 1977). 

There are four primary mechanisms thought capable of 
explaining the apparently very low angles of internal friction that 
must account for the long travel distance of some rock avalanches. 
These are: (1) air-layer lubrication (Shreve, 1968a); (2) two-layer 
composite debris flow (Johnson, 1978); (3) dust suspension (Hsu, 
1975); and (4) acoustic fluidization (Melosh, 1987). Hsu's theory, 
based on his study of the Elm Slide, does not seem to be the 
mechanism in this case because there is very little of the required 
rock dust or fines in the breccia except in its lower half. The 
acoustic fluidization hypotheses (Melosh, 1987) is difficult to test 
since no one knows exactly what diagnostic features to look for in 
a slide mass that travelled by such a mechanism. Melosh (1987) 
suggests that one-half the total shear would be concentrated in the 
lower 7.4 percent of the moving debris. Since the Vallecito 
Megabreccia is approximately 30m to 40m thick, the basal shear 
zone would be approximately 2m thick. Such a shear zone might 
consist of crushed or highly abraded relatively small rock 
fragments (in comparison to the overlying rock debris) with a 
matrix of rock flour generated by crushing and shearing during 
transport; however, no such zone is present. 

Critically important to the air-lubrication hypothesis of Shreve 
(1968a) is the rate of air leakage through the slide breccia. 
Shreve calculated that the permeability of the Blackhawk Slide 
would be sufficiently low to support the slide mass (Shreve, 
1968b). Erismann (1979), however, concluded that the 
permeability required to entrap the air is implausibly low. In 
other words, even though it may be reasonable for the slide to 
have a sufficiently low permeability during a relatively 
consolidated runout phase, the permeability of the mass at 
maximum dilation during air launch and landing would be too high 
to entrap air. If the relatively fine-grained marble breccias of the 
Blackhawk Landslide had too high a permeability to entrap air, 
then it seems probable that the much coarser-grained Vallecito 
Megabreccia would have had an even higher permeability. Thus, 
an air-layer mechanism of failure seems improbable. Based on the 
presence of fluid-like intrusion structures, elastic dikes, and 
limited exposures of a mudstone layer near the base the slide 
Johnson (1978) proposed a new, albeit much less dramatic, 
mechanism of failure for the Blackhawk Landslide. He suggested 
that the Blackhawk Slide traversed the alluvial apron north of 
the source area on Blackhawk Mountain as a two-layer composite 
debris flow in which an upper non-fluid rock mass rode "piggy­
back" on a highly pressurized mud and rock slurry. Johnson 
concluded that the composite debris flow model could only be 
a crude working hypothesis since the basal section of the land­
slide was too poorly exposed to make determination of the correct 
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Probable sequence of landslide events: (a) Tonalite rock slab detaches from Vallecito Mtns. along well­

developedjoint system and begins to impact shallow lake; (b) megabreccia unit travels over shallow lake 

bed as two-layer system on pressurized mud slurry (see inset); (c) megabreccia buried by fluvial sediments 

of Palm Spring Fm.; (d) Section A-A', Fig. 6. Folding and faulting from late Pleistocene to present tilts 

Palm Spring beds to north and erosion exposes megabreccia; 

Qmb = megabreccia, Qc = Canebrake Conglomerate, 

Qps = Palm Spring Fm., Kt = tonalite. 

121 



~-<,,\' ~ 

~~--J\. ~ 
\. -·· Kf:i. '\ - .. -.. ,,, .. _)~~,) 

,.:-c--~·..,___ ~ Qal .·D,c 
~--;-_ C\ --- I •• 
, I . "'-. I - <y<:c.,;,r-:_:'?f:: _ , 

3 

Qf'' 

LEGEND 
QaL .. 
Qf 
Qof 
Qls 
Kt 
Jm -­....,.....,. 

-,--
-,-
---

Alluvium 
Fanglomerate 
Older fanglomerate 
Landslide 
Tonalite 
Mixed granitic rock and metasediments 

Attitude of foliation 
Active scarp 
Attitude of shear surface 
Attitude of bedding 
Attitude of Joint 

A Landslide designation 'see text) 

© Location of slide feature discussed in text 
FB Flow banding 

PA Ponded alluvium 
OT Debris train 
sz Shear zone 

PR Pressure ridge 
SHV Side hill valley 
AS Active scarp 

Figure 11. Geologic Map of Vallecito Landslide Complex 

mechanism. The occurrence of intrusion structures similar to 
those present at the base of the Blackhawk Slide and the presence 
of a flow-banded basal mudstone indicates that a once highly fluid 
mud-slurry was present beneath the Vallecito Megabreccia. 

The foregoing observations suggest that the rock-avalanche 
began as a large slab failure along joint planes that dip parallel to 
the steep slopes forming the southeast side of Vallecito Mountains 
(Fig. 10a). The triggering mechanism for the initial failure is not 
known, however, the area lies between the active Elsinore Fault 
Based on the presence of fluid-like intrusion structures, elastic 
dikes, and limited exposures of a mudstone layer near the base of 
and San Jacinto Fault systems and major earthquakes along either 
system could have triggered the initial slope failure. The rapidly 
moving rock-avalanche (Figs. 10b through 10d) then impacted 
what must have been a nearly horizontal flood plain occupied by 
a braided stream system or swamp (Woodward, 1963). The 
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sudden loading of the saturated sediments beneath the rock­
avalanche created high pore-pressures and sufficiently low shear 
strength to allow a minimum 2km runout over the valley floor. 
The upper part of this two-layer composite debris flow consisted 
of a nearly dry, non-fluid, rock rubble mass whereas the lower 
part was a saturated, highly fluid mud and rock slurry. The mass 
slowed as water escaped and pore pressures lowered. During the 
final few feet of movement, slip surfaces formed in the rapidly 
consolidating mud. Clastic dikes, feeding from the depressurizing 
mud, extended upward into the breccia during the final few 
moments before or after the slide came to a halt, since they are 
not significantly deformed. 

Of great importance to this sequence of hypothetical events 
is required saturation of the sediments impacted by the rock­
avalanche. Woodard (1963) described the coarser sediments 
of the Diablo member of the Palm Spring Formation as massive 



Figure 12. Vallecito Landslide Complex, Ghost Mtn. top center; slide designations A-E same as Fig. 11 

sheet-flood deposits laid down by sediment-choked streams. The 

siltstones and mudstone deposits within the Diablo member were 

accumulated in low-lying marshy or swampy areas which were 

periodically inundated by northerly transgressions of the Gulf of 

California. Conditions such as these would have been ideal for 

providing the saturated sediments required for the two-layer 

composite debris-flow model. 

V ALLECITO LANDSLIDE COMPLEX 
Introduction 

The Vallecito Landslide Complex is located in the Anza­

Borrego Desert north of County Route S-2 and west of the 

Vallecito Stage Station County Park in San Diego County, 

California (Fig. 1). The slide complex consists of at least six 

individual slide masses of different ages that occupy approxi­

mately 5.5km 2 (Figs. 11 and 12). The primary rocks represented 

in the slides and source areas are quartz diorite, and pre­

batholithic schist. Late Pleistocene alluvium and fanglomerate 

underlie portions of the toe of the landslide complex. Middle 

Pleistocene fluvial sediments of the Palm Spring Formation lie in 

contact with the basement rock south and east of the slide 

complex. The Elsinore Fault has been mapped by Pinault (1984) 

along the southern edge of the landslide complex and has, in 

places, offset landslide debris. 
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Geometry and Geomorphology 
The Vallecito Landslide Complex is approximately 3km wide 

and 2.4km long (Fig. 11). The northern limits of the Complex are 

clearly expressed on aerial photographs by tonal differences 

between undisturbed rock and landslide debris. The western edge 

of the slide is not well exposed; however, there is a well-defined 

lithologic contact between coarse-grained porphyritic tonalite and 

biotite gneiss along the western portion of the mapped area that 

probably represents the limit of landsliding. In this same area 

there is also a several-meters-thick shear zone coinciding with the 

lithologic contact that may represent the western slide limit. An 

alternative interpretation for the shear zone is that it may only 

represent a small surficial slide or possibly a relatively shallow 

debris-flow deposit. 

The height of the scarp measured from the crest of Ghost 

Mountain to the topographic bench at the head of Slide A, 

probably the oldest of the slide masses (Fig. 11), is approximately 

130m. Another minor scarp resulting from the second largest 

slide event (Slide B) is located along the eastern limit of Slide A 

and is approximately 90m high. Superimposed on Slide C is a 

"secondary" landslide (Slide D) with a subtle scarp 10m to 15m 

high. The surface of Slides C and D is hummocky and strewn 

with large, rounded to subangular boulders, some of which are 

10m or more in dimension. Slides D and E are probably 



secondary landslides that formed sometime after the parent slide 
events. 

Several small, unlabeled slides, occur on the backscarp of the 
slide complex below the crest of Ghost Mountain. West of these 
small slides, the remnant of a "debris train," designated DT on 
Fig. 11, forms a flat-iron on the scarp. 

The west side of Slides C and D projects over 900m onto the 
floor of Vallecito Valley as measured from the face of Slide A. 
The east side of the Slide CID complex, however, extends Jess 
than 600m onto the valley floor past the most southerly limit of 
Slide B from which it originated. These distances do not neces­
sarily indicate the distance travelled by the landslides because of 
the irregularities that may have been present in the shape of the 
toe of the parent slide mass. A better measure of the minimum 
travel distance was obtained at the toe of Slide B where it has 
over-ridden alluvium (Fig. 11, Pt. 1) for a distance of approxi­
mately 60m. 

Composition, Structure and Contact Relationships 
Glimpses of the composition and structure of the several 

landslides making up the Vallecito Landslide Complex occur along 
numerous drainages occurring within the slides and in relatively 
good exposures near the toe of Slides B and C. A deep canyon 
near the western edge of Slide A has exposed fractured and 
relatively undisturbed-looking tonalite in the lower half and 
progressively more disturbed and sheared tonalite, schist, and 
gneiss in the upper half of the slide. Several excellent exposures 
of 2m to 3m wide shear zones occur just below the upper bench 
in Slide A at elevations between 2400 and 2600 feet. Movement 
along one of these steep southerly dipping shear zones has resulted 
in brittle drag-folding ofadjacent metasedimentary rocks (Fig. 11, 
Pt. 2). 

The slide debris is well exposed in a drainage that cuts through 
Slide C (Fig. 11, Pt. 3). In this locality, the slide debris consists 
of mostly large (1 ±m), angular blocks of fresh tonalite that fit 
closely together with little or no interstitial matrix. Elsewhere, 
however, clasts varying in size from a few centimeters to several 
meters or more are set in a matrix of pulverized rock. 

The best exposures of the basal rupture zone occur on the 
easterly side of the slide complex. Several poorly exposed basal 
shear zones are located just west of Slide C a few meters above 
the alluviated valley floor and in a minor drainage at the toe of 
Slide D. At Pt. 4, (Fig. 11) near the toe of Slide A, there is an 
interesting exposure of what Todd (1977) mapped as Middle 
Pleistocene Palm Spring Formation. Here, the Palm Spring Form­
ation is steeply tilted and displays several minor faults. This 
tilting and faulting may have been caused by either the bulldozing 
effect of the landslide or possibly by activity along strands of the 
Elsinore Fault mapped by Todd (1977) and Pinault (1984). 
Pinault (1984) interpreted the very unusual outcrop of tonalite at 
Pt. 5 (Fig. 11) as part of the toe of Slide A that has been displaced 
northward along the Elsinore Fault. The evidence for this inter-
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pretation is strong because the rocks at this locality could not have 
originated by sliding from an uphill area that is mostly underlain 
by schist and gneiss. 

Several excellent exposures of the basal rupture zone of Slide B 
occur along the eastern edge of the slide complex. The best 
exposures are located just south of Slide F (Fig. 11, Pt. 6). The 
rupture zone at this locality lies horizontally on granitic residuum 
and consists of a upper 10m to 15m thick matrix-rich breccia 
containing angular metamorphic and granitic clasts Jess than .Sm 
in size and a lower 30cm thick black clay gouge containing 
numerous slickensided slip surfaces. 

It is within this clay gouge that most of the frictional sliding 
occurred. X-ray analysis of the clays by Richard Berry at San 
Diego State University revealed that they consist primarily of 
expandable smectite with quartz making up approximately 50 
percent of the sample. Also present in nearly equal amounts were 
feldspar, illite, calcite, and a trace of manganese oxide. In order 
for the slide to have occurred, there must have been a preexisting 
zone of low shear resistance such as that represented by the clay. 
How did the nearly horizontally-dipping shear zone originate? It 
is hypothesized that landsliding may have occurred on a low-angle 
detachment fault since such faults have been reported in nearby 
areas. 

Thin-sections of the clay in the shear zone, however, revealed 
nothing diagnostic of a deep-seated origin for the shear zone. On 
the contrary, a relatively shallow origin of the shear zone is 
suggested by the presence of brittlely-fractured quartz grains that 
make up 50 to 70 percent of the samples. No plastically deformed 
or highly strained mineral grains that might be indicative of deep-­
seated tectonism were o_bserved. In fact, under the microscope, 
the claystone appears as a debris-flow deposit in microcosm con­
sisting of minute, highly angular quartz clasts set in a matrix of 
clay and quartz flour. Because the deformation in the shear zone 
occurred at a relatively shallow depth, no definite conclusions can 
be drawn as to whether clays originated as a detachment fault. 

Age of Sliding 
There are several lines of evidence that indicate differing ages 

for the several landslides making up the Vallecito Landslide 
Complex. Relative ages can be determined from the degree of 
dissection, surface roughness, and degree of scarp degradation. 
Based on the above criteria, the landslides in order of decreasing 
age are designated Slides A through F. 

The numeric age of Slide A can be determined approximately 
by observing to what degree, if any, the toe of slide is offset by 
the Elsinore Fault and dividing the offset by the estimated yearly 
slip rate. Pinault (1984), for example, observed that the toe of 
Slide A is offset by approximately 1km. He also determined that 
the slip rate for the Elsinore Fault in the Coyote Mountains, 
approximately 25km to the south, is 3.4 to 5.5mm/year (mini­
mum). If it is assumed that the slip rate in Vallecito Valley 
is essentially the same as in the Coyote Mountains, then Slide A 



Figure 13. Oak Mountain Landslide Complex. Dashed line is base of slide complex (see Fig. 1 for location). 

is a maximum of 180,000 to 290,000 years old. Slides C, D, 

and E are apparently not displaced by faulting and, hence, may be 

only a few thousand or even a few hundred years old. In one 

small area (Fig. 11, Pt. 7) within Slide E, there is a fresh lm 

to 2m high vertical scarp that displaces present-day alluvium in a 

sidehill valley. This feature indicates that at least portions of 

Slide E are still active. Movement on this most recently active 

part of the landslide was most-likely triggered by seismic activity 

since it is unlikely that groundwater is present above the slip 

surface. 

A late Pleistocene age of sliding for Slide B is suggested at 

Pt. 1 (Fig. 11) where a fanglomerate, whose upper surface is 

approximately 25m above the present active fan surface to the 

east, has been buried by the landslide. 

Mechanics of Failure 
Flow-banding observed on the surface of Slides C and D 

suggests that they had some characteristics of a slow-moving, 

highly viscous mass. The arcuate headscarps on all slides 

indicates slumping, at least at the heads of the slides. Horizontal 

slip surfaces observed at the toe of the slide complex suggest 

translational movement. The presence of a matrix-rich flow­

banded breccia at the base of Slide B suggests a two-layer 

composite debris-flow mechanism of failure similar to that 

previously described for the Tin Can Flat Landslide and Vallecito 
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Megabreccia. The mechanism of failure then could be described 

as extremely complex and in need of more study in order to 

fully understand. 

OAK MOUNTAIN LANDSLIDE COMPLEX 
Introduction 

The Oak Mountain landslide complex is located in southern 

Riverside County near Vail Lake (Fig. 1 and 13). This group of 

superimposed and coalescing slides is approximately 4.8km wide, 

800m long, and occurred in coarsely crystalline gabbro. 

Although shallow landslides and flows in gabbroic residuum are 

common in the Peninsular Ranges (Hart, and Farkas, 1983), 

massive, deep-seated landslides involving large volumes of 

relatively unweathered gabbroic rock are rare. The Oak Mountain 

Landslide Complex represents one of the few such deep-seated 

slides in gabbroic rocks that is sufficiently exposed to permit study 

of its structure and mechanism of failure. 

The toe of the landslide complex is well-exposed at an elevation 

of 500m± and may be observed in several roadcuts approximately 

400m north of Vail Lake. The upper limits of the slide complex 

are approximately defined by a series of nearly horizontal 

topographic benches that lie at elevations of 630m to 700m. Many 

smaller and younger slides, some of which are active, occur along 

the toe of the main slide mass. The oldest and largest of these 

secondary slides probably originally extended much further to the 



south, and perhaps at one time temporarily blocked Temecula 
Creek in the area below Vail Dam. 

Composition and Structure 
The landslides consist of loose to moderately well-cemented 

breccia containing clasts varying from a • few millimeters to 
approximately 4m in longest dimension and set in a light grey, 
silty to clayey matrix of rock flour. The basal shear zone contains 
multiple planar rupture surfaces that dip several degrees to the 
south. Exposures of the toe of the landslide complex reveal a 
complex relationship with the underlying Temecula Arkose, a 
Pliocene fluvial and lacustrine sandstone and claystone unit that 
overlies the gabbro beyond the limits of landsliding. Exposures 
of the Temecula Arkose that now underlie the landslide locally 
reveal multiple imbricated, shallow northward-dipping slip 
surfaces similar to those produced by large-scale thrust faults. 
The primary shear zone lies at the base of the gabbro breccia that 
is in one locality approximately 10m above the lowest series of 
slip surfaces observed in the Temecula Arkose. This relationship 
suggests a complex mode of failure in which movement of the 
slide mass produced sufficient drag forces below the primary 
rupture surface to cause additional shearing at greater depth in the 
underlying claystones. 

Mechanism of Failure 
The triggering mechanism for the two largest landslides 

comprising this complex group is not known; however, the region 
is located in an area of high seismicity between the active Elsinore 
Fault to the south and the San Jacinto Fault to the east. The 
Lancaster Fault has been mapped to the eastern limits of the slide 
complex. Movement along this fault probably resulted in 
extensive fracturing in the gabbro that eventually contributed to 
the sliding process. 

Several outcrops that expose the head of the slide complex 
suggest that the largest and oldest slides began as large rock-slides 
failing along fault planes just below the crest of Oak Mountain. 
The sliding rock mass then impacted gently southerly-dipping 
slopes of Temecula Valley. The existence of debris-flow-like 
sediments now exposed at the base of the slide just east of Vail 
Dam suggest that the substrate was wet or saturated at the time it 
was overridden by the slide mass. The sudden impact of the 
overriding slide could have created sufficiently high pore-pressures 
in the wet sediments to temporarily reduce shear strengths and 
allow a longer run-out than one would expect based on the nature 
of the rock involved in sliding. 

SUMMARY AND CONCLUSIONS 

Landsliding is an important geomorphic process in the 
crystalline and metamorphic rocks making up the Peninsular 
Ranges of southern California. While there are examples of most 
major types of landslides including earth-flows, wedge-slides, 
slumps, .complex slides, and rock-avalanches, the complex 
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landslides (combinations of slumps and translational slides) are 
most common. While examples of rock-avalanches are rare, the 
Vallecito Megabreccia, an erosional remnant of a large rock­
avalanche, is preserved as an interbed in the Middle Pleistocene 
Palm Spring Formation. 

The complex landslides are generally very large. The Tin Can 
Flat Landslide and the Oak Mountain and Vallecito Landslide 
complexes, for example, have areas of 5 to 6km2

• Debris-flow­
like sediments that are present to some extent beneath all land­
slides studied suggest that water was a factor in the mechanism of 
failure. Water was a major factor in the failure mechanisms of 
The Tin Can Flat Landslide and the Vallecito Megabreccia. Both 
of these landslides occurred as two-layer systems in which an 
upper non-fluid rock mass rode "piggy back" on a pressurized 
mud-slurry. Another common feature of all four landslides 
discussed in this study is the presence of faulting. The landslides 
have either utilized fault planes along portions of their failure 
surfaces or the faults have set the stage for sliding by extensively 
fracturing the host rock. 

In most cases, the relative ages of sliding can only be esti­
mated by the degree if dissection; however, the toe of the one 
slide within the Vallecito Landslide Complex has been dis­
placed approximately 1km by the Elsinore Fault. A maximum 
age of sliding, based on the faults's estimated slip rate of 3.4 
to 5.5 mm/yr, is 180,000 to 290,000 years. 
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The Martinez Mountain Landslide. This slide occured in granitic rock on the 
Martinez Mountain near Palm Springs. Width of the toe is approximately one-half 
initiated near the top of Martinez Mountain and traveled over 5 miles to a point 
mouth of Toro Canyon (left side of photo) 1 Photo by Mike Hart. 
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DETACHMENT-RELATED LANDSLIDE DEPOSITS IN THE WESTERN SALTON 
TROUGH REGION OF SOUTHEASTERN CALIFORNIA 

Eric G. Frost and Gerry D. Beckett 
Department of Geological Sciences 

San Diego State University 
San Diego, California 92182 

Major landslide, or debris flow, units are present in the western Salton Trough area 
and are composed largely of fragments of the Peninsular Ranges batholith and its country 
rocks. These landslide deposits are mostly mapped as Cretaceous crystalline rocks, but are 
actually probably of Miocene age. Because these landslide-debris flow units are so exten­
sive and composed of such large blocks of batholithic rock, they have been widely mistaken 
for outcrops of the batholith. Clasts within the deposits vary from boulder size to building 
size and sit within a crush-breccia matrix of the same material as the clasts. Most clasts are 
quite angular, many are composed of shattered and only slightly separated pieces of larger 
fragments. The long axes of many of the clasts show a parallelism with the apparent bed­
ding defined by the large-scale changes in clast size. Clast compositions are largely 
monolithologic in areas such as near Tamarisk Grove campground (Vallecito Mtns.), but are 
more varied in areas such as east of Whale Peak (Fish Creek Mtns.). The deposits have a 
distinctive weathering pattern with rounded boulders on the surface, but no distinct out­
crops on cliff faces. Thematic mapper images of the terrane appear to differentiate these 
deposits quite well from the actual batholithic rocks themselves. 

These landslide deposits occur in the upper plate of a regionally developed system 
of major low-angle normal faults, or detachment faults, that are responsible for the initial 
opening of the Gulf of California. These faults are widely exposed on the western side of 
the Salton Trough and are a continuation of a regional normal fault system extending 
eastward from the Colorado Plateau to the California Borderland. Major fault scarps were 
developed during this detachment faulting as a -product of long-term seismic movement of 
the upper crust. The landslide deposits are thought to represent the collapsed fa ult scarps 
of the major detachment. Collapse probably occurred during discrete seismic events. 
Reconstruction of the source terrane for the landslide deposits would help define the 
geometry and regionality of the detachment faulting in the western Salton Trough. These 
deposits have since been dissected and offset from each other by faults of the San Andreas 
transform system, such as the San Felipe and Elsinore faults. 

From an engineering standpoint, these supposedly Cretaceous batholithic rocks 
would actually represent a fundamentally different type of bedrock for any type of build­
ing or construction. As landslides contained within the Tertiary section, they would have 
very different strength characteristics and different responses to seismic shaking. On the 
positive side, they could represent large-scale aquifers of significant importance. Because 
the detachment fault has an antiformal-synformal shape, the water within the landslides 
may be localized within the synforms versus the antiforms. Offset on the strike-slip faults 
would create effective barriers to groundwater flow by juxtaposing both low permeability 
fault gouge and low permeability crystalline rocks against the high permeability landslide 
deposits. Three-dimensional understanding of the geometry of the landslide deposits would 
then be extremely useful for defining the regional extensional tectonics, but also the en­
gineering and hydrologic constraints for much of the western Salton Trough region. 

Submitted to "Landslides in Crystalline Basement Rocks," San Diego Association of 
Geologists Special Publication, James Evans, ed. 
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Figure 4. Sketch map showing the six Imperial Formation (Pi) outcrops in the Coachella Volley. Dotted line represents possible subsurface extent of Imperial Formation, as may be encountered in cores. Lake Cahuilla shoreline dashed. Present maximum elevation of Imperial beds in San Gorgonio 
Poss is 2500 feet pbove sea level, indicating that much uplift since mid-Plipcene (San Gorgonio Pass exposures ofter Allen, 1957; Lower Coachella 
Valloy oxpoiuroJ aflor Dlbbloo, 1954). 
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BACK COVER - map reproduction of an 

area southwest of the Salton Sea, April 1907. 
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